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From: In Defense of Animals on behalf of Donna Lozano
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Wednesday, November 25, 2015 1:08:15 PM


Nov 25, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Donna Lozano
20617 Business Highway 77
Harlingen, TX 78552-4004
donna.lozano@sbcglobal.net
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From: Kristen Monsell
To: R9RoseCanyon
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
Date: Thursday, January 14, 2016 8:48:07 AM
Attachments: Marine Aquaculture in the United States_ Environmental Impacts and Policy Options (1).pdf


mchuron-ea-et-al-da.pdf
Metian - 2009 - Fishing for Feed or Fishing for Food Increasing G.pdf
nihms-530873.pdf
Ocean Dead Zones Are Getting Worse Globally Due to Climate Change _ Science _ Smithsonian.pdf
Ocean Noise and Marine Mammals (1).pdf


Attached is the fifth batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:45 AM
To: 'R9RoseCanyon@epa.gov'
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
 
Attached is the fourth batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:43 AM
To: 'R9RoseCanyon@epa.gov'
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
 
Attached is the third batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:37 AM
To: 'R9RoseCanyon@epa.gov'
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
 
Attached is the second batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:36 AM
To: 'R9RoseCanyon@epa.gov'
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
 
Attached is the first batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:34 AM
To: 'R9RoseCanyon@epa.gov'
Subject: Comments on Scoping for Rose Canyon Aquaculture Project
 
Hello,
 
Attached please find comments from the Center for Biological Diversity on the Rose Canyon
 Fisheries offshore aquaculture project. I will be sending several additional emails with the
 references cited in the comments attached.
 
A copy of the comments and cited references are also being sent via first class mail.
 
Cheers,
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Abstract



Global aquaculture production is growing rapidly, with production more than doubling in weight and by value from
1989 to 1998. With many capture fisheries catches peaking, scientists, governments, and international organizations
all point to aquaculture as the most important means to increase global fish supplies.



The aquaculture industry in the United States, which is dominated by freshwater catfish (Ictalurus punctatus)
production, generates about one billion dollars each year. Marine aquaculture comprises roughly one-third of U.S.
production by weight, and despite rapid increases in salmon and clam production, growth of U.S. marine aquaculture
has been slow on average. Efforts to develop marine aquaculture in the open ocean could catalyze future growth.



Aquaculture has a number of economic and other benefits. But if it is done without adequate environmental
safeguards it can cause environmental degradation. The main environmental effects of marine aquaculture can be
divided into the following five categories:



1.  Biological Pollution: Fish that escape from aquaculture facilities may harm wild fish populations through
competition and inter-breeding, or by spreading diseases and parasites. Escaped farmed Atlantic salmon
(Salmo salar) are a particular problem, and may threaten endangered wild Atlantic salmon in Maine. In the
future, farming transgenic, or genetically modified, fish may exacerbate concerns about biological pollution.



2.  Fish for Fish Feeds: Some types of aquaculture use large quantities of wild-caught fish as feed ingredients,
and thus indirectly affect marine ecosystems thousands of miles from fish farms.



3.  Organic Pollution and Eutrophication: Some aquaculture systems contribute to nutrient loading through
discharges of fish wastes and uneaten feed. Compared to the largest U.S. sources of nutrient pollution,
aquaculture’s contribution is small, but it can be locally significant.



4.  Chemical Pollution: A variety of approved chemicals are used in aquaculture, including antibiotics and
pesticides. Chemical use in U.S. aquaculture is low compared to use in terrestrial agriculture, but antibiotic
resistance and harm to nontarget species are concerns.



5.  Habitat Modification: Marine aquaculture spreads over 26,000 marine hectares, or roughly 100 square miles.
Some facilities attract marine predators, and can harm them through accidental entanglement or intentional
harassment techniques.



A number of technologies and practices are available to prevent or mitigate these environmental problems. Options
to make U.S. aquaculture environmentally sustainable include:











Developing strong effluent guidelines for aquaculture under the Clean Water Act;
Supporting National Marine Fisheries Service and Fish and Wildlife Service activities under the Endangered
Species Act to protect wild Atlantic salmon;
Establishing an environmentally protective permitting program for offshore aquaculture;
Improving state oversight of aquaculture;
Championing research and development investments and cost-share incentives for sustainable aquaculture
practices;
Establishing a federal approval process for transgenic fish that mandates environmental protection;
Supporting market incentives for environmentally sound fish-farming;
Developing bilateral agreements with Canada to study and to minimize the impact of salmon-farming on wild
salmon stocks.



Aquaculture and Mariculture Glossary



Aquaculture is the farming of aquatic organisms, including finfish, shellfish (mollusks and crustaceans), and
aquatic plants. Farming implies some form of intervention in the rearing process to enhance production, such as
regular stocking, feeding, and protection from predators. Farming also implies individual or corporate ownership of
cultivated stock (FAO, 2000a).



Eutrophication is the process by which a body of water becomes enriched with organic material from algae and
other primary producers (e.g., photosynthetic organisms). Eutrophication can be stimulated to harmful levels by
the anthropogenic introduction of high concentrations of nutrients such as nitrogen and phosphorus.



Forage fish are small bony, pelagic fish such as anchoveta, sardines, pilchard, blue whiting, sandeel, sprat, and
capelin. These fish constitute roughly one-third of the global annual fisheries catch, and they are mostly processed
to produce fish meal and fish oil used in fish, poultry, and livestock feeds.



Mariculture is saltwater aquaculture, including coastal and offshore aquaculture operations as well as saltwater
pond and tank systems. Prominent examples in the U.S. include Atlantic salmon and mollusk farms.



Netpens are netlike enclosures used to contain fish in bays, estuaries, lakes, and other water bodies.



Offshore aquaculture refers to aquaculture operations located in an exposed, open-ocean environment, such as
the U.S. Exclusive Economic Zone, or EEZ (federal waters usually situated between 3 and 200 miles offshore).



Recirculating systems are enclosed aquaculture ponds or tanks that clean and recycle water.



 



I. The Practice of Aquaculture in the United States



Aquaculture’s Role in Global  Food Supplies



Most Americans would be surprised to discover that their last seafood meal may have been raised on a farm rather
than caught in the wild. Farmed fish (finfish and shellfish) supply one-third of the seafood that people eat world-wide,
and that fraction is increasing (Tacon and Forster, 2000). In the United States, aquaculture provides almost all of the
catfish and trout people consume, along with roughly half of the shrimp and salmon. Aquaculture is an increasingly
important contributor to our diet and some experts assert it is the fastest-growing segment of U.S. agriculture.



Growth in aquaculture has many benefits, from job creation to new sources of seafood for consumers. However,
aquaculture’s growth also presents challenges. The industry is coming of age at a time when concern about the
environment, including protection of marine ecosystems, is high. This report provides an overview of U.S.
aquaculture and its potential environmental impacts, with a focus on effects from marine aquaculture, or mariculture.
This report also discusses methods to prevent or mitigate environmental impacts, and suggests a number of policy
options for making U.S. aquaculture more environmentally sustainable. It does not address aquaculture used in
stocking programs that augment wild fish populations.











Worldwide Growth in Aquaculture



Since the mid-1990s, total global wild fisheries catch has plateaued at roughly 185 to 200 billion pounds (85 to 90
million t) (FAO, 2000b). At the same time, growing human population and affluence are increasing the demand for
seafood. As a result, the global per capita supply of seafood from capture fisheries dropped from 23.99 pounds per
person (10.88 kg) in 1984 to 23.32 pounds (10.58 kg) in 1998 (Tacon and Forster, 2000). Scientists, governments,
and international organizations all point to aquaculture as the most important means to boost per capita fish supply.



Worldwide, aquaculture is growing rapidly (Figure One). Global production expanded at a rate of more than ten
percent per year over the past decade, reaching 87 billion pounds (39.4 million t) in 1998.* The total value of farmed
aquatic products also more than doubled during the 1990s, jumping from 25.6 billion dollars in 1989 to 52.5 billion
dollars in 1998 (FAO, 2000a). Mariculture currently comprises one-third of global seafood farming by weight, and
cultivation of marine finfish and shellfish has been the fastest growing segment within aquaculture (FAO, 2000a).



Aquaculture in the United States



The aquaculture industry’s growth in the United States has been less pronounced but just as steady as global
production. Instead of depending largely on fish-farming to meet demand, the U.S. has relied on high levels of
seafood imports. While the U.S. ranks third in national consumption of seafood and fourth in total fisheries catch
(NMFS, 2000a), the country ranks eleventh in aquaculture production with just 1.1 percent of global production by
weight, or 1.6 percent by value (FAO, 2000a).



By live weight, U.S. aquaculture production in 1998 was roughly one billion pounds (445,000 t) (FAO, 2000a). This
harvest was valued at just under a billion dollars (NMFS, 2000a), a 44 percent increase over 1991 production values
(FAO, 2000a). In comparison, the value of the annual U.S. wild fishery catch over the past decade has been
relatively steady at roughly 3.5 billion dollars (NMFS, 2000a).



There are approximately 4,000 aquaculture facilities in the United States (NASS, 1999), with an average annual
production worth 243,000 dollars per farm. Except for salmon farms, which are typically owned by foreign
multinationals (Jensen, 2001), these facilities tend to be small companies. Spread across all fifty states, U.S. farms
collectively raise over 100 different species of aquatic plants and animals. Types of facilities include earthen and
concrete ponds, netpens and cages, trays and longlines, raceways, and tank systems. They use fresh, brackish, or
salt water (Figures Two and Three).



The bulk of U.S. aquaculture production is located in the South, particularly around the Mississippi Delta--the center
of catfish-farming. Channel catfish (Ictalurus punctatus), a freshwater species, account for more than 70 percent of
seafood raised on farms in the United States by meat weight (NMFS, 2000a). Animals raised in marine and brackish
water include salmon, clams, oysters, and shrimp; they accounted for 284 million pounds (129,000 t) of U.S.
production in 1998 (FAO, 2000a). While the production of some marine species, such as the American oyster
(Crassostrea virginica), fell significantly over the past decade, growth of other species including hard clams
(Mercenaria mercenaria) and Atlantic salmon (Salmo salar) was substantial (FAO, 2000a). Production of farmed
Atlantic salmon grew by 468 percent between 1989 and 1998, and the industry continues to expand.











The Future of U.S. Aquaculture



With supplies of wild seafood limited and demand rising, aquaculture will likely continue to expand in the United
States. Citing the nation’s 6.2 billion-dollar seafood trade deficit in part, the U.S. Department of Commerce (DOC)
has called for a fivefold increase in U.S. aquaculture production by 2025 (DOC, 1999). However, a number of
economic, regulatory, and technological factors will influence the industry’s growth rate.











One factor retarding the growth of the U.S. industry, and particularly mariculture, is the lack of available high-quality
sites. Aquaculturists typically establish their mariculture operations in protected areas with abundant access to
unpolluted water. The coastal zone is used for a variety of activities including fishing, recreation, wildlife protection,
shipping and navigation, and aesthetic enjoyment. Frequently aquaculturists are hard-pressed to locate their facilities
in appropriate coastal areas. Alaska--the state with the longest coast-line--has altogether prohibited netpen and cage
farming in coastal waters for the protection of native salmon populations and the human communities that depend
upon them.



The lack of coastal sites has generated substantial private and government interest in developing an offshore
aquaculture industry. Locating aquaculture in the U.S. Exclusive Economic Zone (EEZ)--federal waters usually
between 3 and 200 miles offshore--has the advantages of access to improved water quality, limited conflict from
coastal landowners and other users, and independence from state regulations. While there are no purely commercial
operations outside of state waters to date, several experimental operations have demonstrated the technical and
possibly the economic feasibility of offshore aquaculture (Offshore, 2001; Helsley, 2001; Kent and Drawbridge, 2001;
Langan, 2001). The higher costs associated with more durable offshore cage systems and their maintenance will
likely necessitate that high-value species be raised in large quantities to make operations financially feasible.



The largest barriers to the expansion of aquaculture into the EEZ are 1) economic costs of operating offshore, 2)
high economic and ecological risks from storm damage, 3) an unclear regulatory structure, and 4) ecological and
other concerns associated with the large-scale use of the EEZ. To address the third problem, the National Oceanic
and Atmospheric Administration (NOAA) * under the Clinton Administration submitted an offshore aquaculture
leasing procedure to the Office of Management and Budget, which has not so far become law.



* NOAA is part of the U.S. Department of Commerce, and includes the National Marine Fisheries Service (NMFS).



A second option for expanding mariculture is the use of recirculating systems. Properly sited onshore tank systems
that filter and recirculate their water are a convenient way to avoid user conflicts concerning coastal water areas.
Due to the relatively high costs associated with tank systems, less than ten percent of the 4,000 aquaculture
facilities in the U.S. currently employ closed recirculation tanks (NASS, 1999). However, for some high-value
animals such as marine shrimp, the added benefits of disease prevention, year-round production, and effluent control











have stimulated a trend toward recirculating systems (Clay, pers. comm.).



An emphasis on high-value carnivorous marine fish is driving much of the current investigation into new species for
United States aquaculture production. These species include moi (Pacific threadfin), which is experimentally farmed
in waters off Hawaii (Helsley, 2001); cobia, (Kilduff et al., 2001); mutton snapper (Benetti et al., 2001a); red drum
(Holt, 2001); yellowtail amberjacks (Benetti et al., 2001b); and both white (Drawbridge, 2001) and black seabass
(Cotton and Walker, 2001). Many of these fish are thought to have considerable market potential. A recent report
suggests that production from the nascent U.S. halibut-farming industry may overtake wild halibut catches within two
decades (Forster, 1999a). In addition to new species, the production traits of such traditionally farmed species as
catfish and salmon are altered through selective breeding and genetic engineering (NWAC, 2000; Reichhardt, 2000;
Zitner, 2001).



Overall, developments in offshore aquaculture, recirculation technology, and animal production traits will likely
catalyze the U.S. marine aquaculture industry’s growth. However, this growth rate may slow if market factors such
as relatively inexpensive imports or negative public perception affect production. If the public perceives aquaculture
as an environmentally damaging industry, aquaculture will certainly encounter increased resistance.



 



II. Aquaculture and the Marine Environment



Like other forms of animal production, aquaculture can lead to environmental degradation. The environmental
impacts of aquaculture vary considerably with the type of organism raised and the production system used; some
aquaculture systems have little environmental impact at all. The main environmental effects of marine aquaculture
can be divided into five categories: 1) biological pollution, 2) fish for fish feeds, 3) organic pollution and
eutrophication, 4) chemical pollution, and 5) habitat modification.



Biological  Pollution



Animals and other organisms themselves can be an important form of "pollution." Aquaculture facilities in the United
States unintentionally release farmed fish and their parasites and pathogens into the environment. Some of these
escaped organisms can harm native fish populations.



Introduced Species



Introduced species are animals released through human activities in areas outside their natural range. By feeding on
native species or competing with them for food and habitat, introduced fish can reduce levels of biodiversity and
even cause the displacement or extinction of native populations (OTA, 1993).



Historically, aquaculture has been an important source of foreign introductions. Many of these introductions resulted
from intentional stocking efforts, legal or otherwise; however, some of the introductions occurred when non-
indigenous species escaped from aquaculture facilities. Almost every major aquatic species farmed in the United
States is either non-native or is farmed outside of its native range (USGS, 2000). Examples of currently farmed non-
indigenous marine species include Pacific whiteleg shrimp (in Texas and South Carolina), Pacific (Japanese) and
Eastern oysters on the West Coast, and Atlantic salmon in Washington State (USGS, 2000).



Farming Atlantic salmon in the Pacific waters of the West Coast has been especially controversial. Each year
Pacific fishermen catch Atlantic salmon that have escaped from aquaculture operations in Washington State and
British Columbia (McKinnell and Thomson, 1997). Some escapes occur through normal operational "leakage," where
only a few fish are lost; large-scale escapes can occur when storms, marine mammals, vandalism, or human error
damage the netpens. Between 1987 and 1996, scientists documented at least a quarter million Atlantic salmon
escapes on the West Coast (McKinnell and Thomson, 1997), with another 350,000 escapes in 1997 alone (Fuller,
2000).



Although farmed escapees have lower survival rates than wild salmon (McKinnell and Thomson, 1997), they still
compete with wild Pacific salmon stocks for food, habitat, and spawning grounds. As a result of continuing
introductions, the number of Atlantic salmon seen returning to rivers and streams on the West Coast is increasing,
and Atlantic salmon are now successfully reproducing in British Columbia rivers (Volpe et al., 2000).



Native Species











Escapes of native species of farmed fish can also harm wild stocks, particularly when substantial genetic
differences exist between the farmed and wild populations. Genetic differences often occur when farmed fish are
specifically bred for aquaculture or are moved from one area to another.



Farmed fish that have been selectively bred for particular traits can be markedly different from wild fish. Highly
selected strains often have smaller fins, larger bodies, and more aggressive feeding behavior (Fleming and Einum,
1997). Compounding these differences due to selective breeding, the genetic makeup of some fish, such as wild
Atlantic salmon, varies significantly between regions due to evolved local adaptations (Hindar, 2001; Johnson, 2000).
When farmed salmon escape, they can interbreed with wild salmon frequently enough to change the genetic makeup
of some wild stocks (Hindar, 2001; McGinnity et al., 1997). This interbreeding can decrease the fitness of wild
populations through the loss of adaptations and the breakup of beneficial gene combinations (HSRG, 2000), and wild
stocks may be unable to readapt if escapes continue (Hindar, 2001).



In Maine, escaped farmed Atlantic salmon may threaten the survival of endangered wild stocks by flooding the wild
salmon gene pool (FWS/NOAA, 2000). Maine salmon populations are particularly susceptible to genetic
perturbations because of their very low abundance levels. For example, a December 2000 storm resulted in the
escape of 100,000 salmon from a single farm in Maine, more than 1,000 times the number of documented wild adult
salmon (Daley, 2001). Similarly, in the Magaguadavic River in neighboring New Brunswick, 82 percent of the young
salmon (smolts) leaving the river in 1998 were of farmed origin (FWS/NOAA, 2000). Aquaculturists’ use of European
milt (sperm) exacerbates the risk of genetic consequences. The genetic makeup of farmed Atlantic salmon in Maine
is now about 30 to 50 percent European (NMFS/FWS, 2000).



Transgenics



Transgenic organisms have genes from other species inserted into their DNA via genetic engineering techniques,
usually to introduce or to amplify an economically valuable trait such as faster growth. Farming of transgenic fish will
likely heighten concerns about escapes of farmed fish. Scientists have genetically engineered at least 35 species of
fish worldwide (Reichhardt, 2000), although no transgenic fish products are yet commercially available (Figure Four;
FAO, 2000b). In the United States, the company Aqua Bounty Farms™ has applied to the FDA for permission to
market genetically engineered Atlantic salmon* (Reichhardt, 2000; Zitner, 2001). These fish have an added growth-
hormone gene from chinook salmon that may cause them to grow significantly faster than nontransgenic fish (CEQ,
2000).



* Transgenic Salmonid Fish Expressing Exogenous Salmonid Growth Hormone, United States Patent No. 5,545,808, August 13, 1996.











Like other farmed fish, escaped transgenics could damage wild stocks through increased competition and predation
(Abrahams and Sutterlin, 1999; FAO, 2000b). Some transgenic salmon have 50 to 70 percent elevated basal
metabolic rates; their increased appetites could raise the frequency of starvation for both escaped and wild fish in
food-limited systems (Kapuscinski and Brister, 2001; Abrahams and Sutterlin, 1999). The main concern regarding
transgenic fish, however, is that their introduced genes could spread throughout wild populations, and ultimately
weaken them. Computer models indicate that, under certain conditions, breeding between wild fish and faster-
growing transgenic fish could drive local fish populations to extinction (Hedrick, 2001; Muir and Howard, 1999).



In an effort to mitigate concerns about interbreeding with wild stocks, Aqua Bounty Farms™ states that it will sell
only sterile female fish for use in netpens if its transgenic salmon are approved for commercialization. However, the
technique Aqua Bounty Farms™ would use to make fish sterile may leave a small percentage of fish fertile, while
wild males’ attempts to reproduce with escaped sterile females may depress reproduction rates (Kapuscinski and
Brister, 2001).



Overall, the use of transgenic fish in aquaculture represents a major new environmental uncertainty, and their
approval will be highly contentious. Ironically, a new study questions the advantages of fast-growing transgenic fish
(Devlin, 2001). Both transgenesis and traditional breeding increase fish growth rates; however, transgenesis does not
appear to markedly increase the growth rates of fish already bred for fast growth (Devlin, 2001).



Disease and Parasites



Many diseases and parasites are capable of spreading between farmed fish and wild stocks. Historically, a number
of diseases and parasites were introduced through aquaculture operations, and aquaculture can magnify the level of
those diseases already present (NMFS/FWS, 2000). In the early 1900s, for example, the Japanese oyster drill and a
predatory flatworm were introduced to the West Coast with the Pacific oyster, and at that time they contributed to the
decline of native oyster stocks (Clugston, 1990). Accidental disease and parasite introductions are now much better











controlled, but recent experiences in salmon- and shrimp-farming indicate that problems remain.



Some disease outbreaks on salmon farms appear to impact wild populations today. Sea lice--parasites that eat
salmon flesh--are a serious problem on salmon farms and can even kill fish (McVicar, 1997; Finstad et al., 2000).
Norwegian field studies observe that wild salmon often become heavily infected with sea lice while migrating through
coastal waters (Finstad et al., 2000), with the highest infection levels occurring in salmon-farming areas (McVicar,
1997; Hindar, 2001). While these parasites are relatively common, sea lice epidemics have occurred in wild salmon
and trout in every major salmon-farming country (Finstad et al., 2000). Sea lice may also serve as a host for other
lethal diseases, such as Infectious Salmon Anemia (ISA) (Johnson et al., 1997).



In January 2001, ISA was detected for the first time in the United States at a Maine salmon farm, and has since
shown up in two more farms (Journal, 2001). ISA appears to be moving south from New Brunswick, where it made
its first North American appearance in 1996. Since then, the disease has been detected in both escaped farmed fish
and wild fish (FWS/NOAA, 2000; NMFS/FWS 2000). To protect Maine’s Atlantic salmon from ISA and other
introduced diseases, the National Marine Fisheries Service (NMFS) is considering mandatory escape-prevention and
sea-lice control measures (NMFS/FWS, 2000).



Farmed shrimp also experience elevated disease incidence because the animals are often raised in high densities
and are physiologically stressed. During the 1990s, the shrimp-farming industry in the United States and abroad was
rocked by viral diseases that spread throughout the world, costing the industry an average of one billion dollars
yearly since 1994 (Lightner, 1998). The presence of at least two of these shrimp viruses has now been documented
in wild shrimp in the Gulf of Mexico (JSA, 1997; Ray, pers. comm.). However, marine viruses are little studied and
there is only one known example--the "IHHN" virus in Mexico--where shrimp farm outbreaks might have depressed
wild shrimp populations (JSA, 1997).



To reduce the effects of biological pollution, aquaculture facilities can grow fish that are unlikely to harm wild fish
populations. Raising native fish species is generally preferable to raising non-natives unless escaped non-natives are
unable to survive and reproduce outside of the farm (e.g., due to cold winters). Problematic genetic interactions can
be reduced by farming fish away from endangered or threatened populations of the same species, and by escape-
proofing facilities (FWS/NOAA, 2000). Options for minimizing escapes include using improved cage and pond
designs, and moving fish out of netpens and into land-based facilities.



Stocking certified pathogen-free fish, reducing fish stress, and filtering or ozonating effluent from pond and
recirculating tank systems can minimize disease transmission. The state of Texas requires shrimp facilities with
virus problems to retain their wastewater until viral particles become inactive (Ray, pers. comm.).



Fish for Fish Feeds



Although aquaculture is sometimes promoted as an alternative to capture fisheries, some types of aquaculture use
huge quantities of wild-caught fish as feed in the form of fish meal and fish oil, and thus indirectly affect marine
ecosystems thousands of miles from fish farms (Naylor et al., 2000). Fish meal and fish oil are produced primarily
from processing small, oily fish such as anchovies, sardines, and menhaden, which are caught for this purpose. A
huge quantity of these "forage" fish--roughly a third of the global catch--is turned into fish meal and fish oil each year
(FAO, 2000b). Salmon, eels, striped bass, and many other marine and brackish water species are carnivores, and
they rely on large amounts of fish meal and fish oil in their diets (Figure Five). Some omnivorous animals such as
shrimp are also fed large amounts of fish meal and fish oil (Tacon and Forster, 2000).



Fish meal is used in feeds for a variety of farmed animals including poultry, pigs, and fish. In 1998, compound
aquaculture feeds--pelleted fish food--consumed more than 40 percent of total fish-meal production (the equivalent of
twenty billion pounds of forage fish) and over three-quarters of the world’s fish oil—shares that have increased
markedly in the past decade (Tacon and Forster, 2000). However, total world fish-meal and fish-oil production has
not changed significantly in recent years (FAO, 2000b; Tacon and Forster, 2000). Many industry experts expect that
within a decade, the global aquaculture industry will use two-thirds of world fish-meal production, and there may
already be a serious fish-oil shortage (Starkey, 2000). Others predict that ongoing industry efforts to reduce the
amount of fish meal in feeds may be more successful, ultimately decreasing fish-meal and fish-oil consumption by
aquaculture (Tacon and Forster, 2000).



If the demand for fish meal continues to rise, market pressure to produce fish meal will increase. Fish meal prices
have risen over the past several decades (FAO, 2001), and could double in coming years (Hardy, 2000a). Most
harvested forage fish stocks are already fished to their maximum, and the average trophic











level of fish raised in aquaculture is rising (Pauly et al., 2001). Nevertheless, several stocks such as krill and certain
mesopelagic fish could be further exploited if the price of fish meal rose high enough (FAO, 1997; FAO, 2000c).
Increased catches of forage fish would reduce the amount of food available for predators such as large fish, marine
mammals, and seabirds (Naylor et al., 2000).



A November 2000 study by the European Commission’s Scientific Committee on Animal Nutrition found that among
the many animal feed ingredients studied, fish meal and fish oil were the most heavily contaminated with dioxins and
PCBs (EC, 2000). The committee is now considering measures to limit dioxin and PCB levels in human food and
animal feed. Some of the fish meal and fish oil used in North American fish feeds comes from the same sources
used in Europe. However, there are no publicly available data on dioxin and PCB levels in U.S. farmed fish or the
extent to which dioxins and PCBs accumulate in the marine environment near aquaculture operations. A small
Canadian pilot study found that a single serving of farmed salmon contained three to six times the World Health
Organization’s recommended daily intake limit for dioxins and PCBs (Easton, 2001).



Feed is the largest cost component in many intensive aquaculture production systems. As the price of fish meal
rises, feed manufacturers are likely to substitute grains, oilseeds, fish and meat trimmings, and processing wastes
(Hardy, 2000a). Currently, these substitutes are less digestible than high-quality fish meal, and their use can result in
slower growth and increased levels of organic waste such as fecal matter (Adelizi et al., 1998; Hardy, 2000a).



Replacing fish oil is particularly problematic. Vegetable oil substitutes may decrease fish growth rates, change fish
flavors, and reduce the concentration of healthful omega-3 fatty acids in some species (Adelizi et al., 1998; Hardy,
2000a). Ongoing research is attempting to address these problems.



Farming noncarnivorous fish such as catfish, tilapia, and carp requires less marine protein, and already forms the
basis of aquaculture within developing countries (Tacon and Forster, 2000). Encouraging farmers to raise and
consumers to purchase fish that are relatively low on the food chain would help reduce aquaculture’s dependence on
forage fish.



Organic Pollution and Eutrophication



Nutrient pollution, particularly nitrogen pollution, is a primary cause of environmental degradation in marine waters
(NRC, 2000; Boesch et al., 2001). Half of U.S. estuarine waters are already moderately to severely eutrophied--
overenriched with organic material. Eutrophication is expected to worsen in 70 percent of coastal areas over the next
two decades (EPA, 2001). The adverse effects of eutrophication include low dissolved oxygen levels, murky water,
death of seagrasses and corals, fish kills, low- or no-oxygen "dead zones," and possibly harmful algal blooms











(Boesch et al., 2001; EPA, 2001).



Like terrestrial livestock and poultry operations, aquaculture (except farmed shellfish) can contribute to nutrient
loading. However, unlike terrestrial operations, aquaculture wastes often enter the aquatic environment directly,
either because fish are farmed in natural bodies of water (e.g., salmon in netpens) or aquaculture effluents are
emptied into them (e.g., some shrimp and catfish ponds). Organic wastes from aquaculture may include uneaten
food, feces, urine, mucus, and dead fish. As much as 70 percent of total phosphorus and 80 percent of total nitrogen
fed to fish may be released into the water column through organic wastes (Beveridge, 1996), and approximately 80
percent of those nutrients are available to plants and may contribute to eutrophication (Troell et al., 1997).



Though aquaculture’s share in national nutrient loading is small, eutrophication is a cumulative problem. EPA
recognizes that aquaculture "contributes nutrients and pathogens to environmentally sensitive areas such as the
Gulf of Mexico, the Chesapeake Bay, and other estuaries, rivers, lakes, and streams throughout the country" (EPA,
2000a). Eutrophication is difficult to address precisely because it is often caused by many, predominantly small,
sources.



Nutrient loading from aquaculture can be significant on a local scale. A salmon farm of 200,000 fish releases an
amount of nitrogen, phosphorus, and fecal matter roughly equivalent to the nutrient waste in the untreated sewage
from 20,000, 25,000, and 65,000 people, respectively (Hardy, 2000b). In some areas with intensive cage farming,
such as L’Etang Inlet in New Brunswick, Canada, nitrogen and phosphorus additions from aquaculture are the largest
anthropogenic source of nutrients (Strain et al., 1995). In 1997, four of about twelve salmon netpens in Washington
State discharged 93 percent of the amount of "total suspended solids" into Puget Sound as the sewage treatment
plant serving the city of Seattle (Whiteley, pers. comm.).



Netpen farming can also alter the seabed. A wide body of literature documents raised levels of organic matter
underneath cage operations (Beveridge, 1996), which change the chemical and biological structure of the sediment.
Effects reported from salmon-farming include a dead zone under pens in severe cases, surrounded by a ring of
decreased animal diversity. Impacts can extend roughly 500 feet (150 m) from the site (Beveridge, 1996), although
100 feet (30 m) is a more usual limit (EAO, 1998).



In nutrient-limited waters, modest additions of nutrients from netpens can increase biodiversity and productivity,
which may be desirable to fishermen. In most cases, however, siting netpens in areas with high flushing rates is
critical to preventing problems from wastes. Seaweed biofilters can also reduce nutrient loads around netpen
operations (Chopin et al., 1999; Troell et al., 1997). Seaweeds can improve water quality by removing ammonia and
phosphorus, and by oxygenating the water. If marketable plants are farmed next to netpens and the use of
pesticides and other chemicals is limited, the pollution-control method can pay for itself. For example, the seaweed,
Porphyra--commonly known as nori--is used in sushi rolls. Porphyra is an excellent nutrient pump, as well as a high-
value cash crop that can be integrated into salmon-farming operations (Chopin et al., 1999).



Pond aquaculture is typically less detrimental to water quality than netpens since pond walls contain the water.
However, eutrophic effects depend on the frequency and volume of discharges, as well as the characteristics of the
receiving waters. If ponds are rarely discharged, nutrient pollution is reduced because microbial processes and
deposition inside ponds remove nutrients and organic matter (Lutz, 2001). Frequently drained shrimp ponds,
however, have been a problematic source of water pollution in Texas (Boyd and Clay, 1998; Baker, 1997).



Effluents from aquaculture ponds can be readily treated. Constructed wetlands or settling ponds (where effluents lie
quiescent so solids can settle out) can remove nearly three-quarters of the nitrogen and phosphorus in the effluent,
and 96 percent of the total suspended solids (Boyd et al., 2000). Management practices, such as using grass cover
on embankments and proper placement of water exchange pipes can reduce levels of suspended solids (Boyd et al.,
2000). After the recent enactment of environmental regulations in Texas, several shrimp farms changed
management practices and built retention ponds, reducing discharged solids and ammonia levels by over 98 percent
(Hamper, 2001).



Not all forms of aquaculture contribute to nutrient loading. Filter-feeding mollusks can clarify the water by consuming
plankton in aquatic ecosystems, significantly improving water quality. Mussel farms can remove nitrogen from water
at a 70 percent higher rate than occurs in surrounding waters (Kaspar et al., 1985). Before their population crash in
the 1950s, oysters in the Chesapeake Bay filtered the water in the entire estuary every three to four days (CBP,
1999). Moreover, shellfish farmers are often among the loudest advocates for clean water.



In some instances, mollusk-farming has harmed the marine environment by depriving wild filter-feeders of food
(FAO, 1991) and generating anoxic sediments through feces deposition (Grant et al., 1995; Kaspar et al., 1985).
However, these negative impacts occur only when farms are too large and densely seeded. Such impacts have not











been reported in the United States.



Chemical  Pollution



A wide range of chemicals are used in aquaculture, including antibiotics, parasiticides (parasite-killing drugs),
pesticides, hormones, anesthetics, various pigments, minerals, and vitamins. Chemical use varies widely from
sector to sector (Figure Six). For example, finfish farms and hatcheries typically use a variety of chemicals, while
mollusk systems rarely use chemicals. The concerns about the use of chemicals center on both their potential
effects on human health and on natural ecosystems.



Drug Use in Aquaculture



Since the market for most aquaculture drugs is relatively small and the FDA approval process is costly, only five
drugs have been approved by the FDA for disease-treatment in U.S. aquaculture (Schnick, 2000). Additionally,
veterinarians may prescribe any human or animal drug for certain nonapproved uses in animals, including food fish
(NRC, 1999a), and FDA allows the use of Investigational New Animal Drugs (INAD) for experimental purposes.











Two of the FDA-approved aquaculture drugs are antibiotics. There is limited data on the extent of antibiotic use in
animal agriculture (Mellon et al., 2001), including aquaculture. U.S. aquaculturists, however, cannot legally feed their
fish antibiotic-containing feed on a daily basis (FDA, 1997a), and thus rely much less on antibiotics than do most
terrestrial animal producers or some overseas fish producers.



Concerns About Drug Use



The application and containment of drugs in aquaculture is more complicated than in terrestrial livestock operations
because drugs typically must be administered in water, often as components of fish feed (NRC, 1999a). Once in the
water, drugs readily disperse into the environment, where they can have an impact on or accumulate in nontarget
species.



The use of parasiticide drugs to control sea lice is particularly controversial in the U.S. and abroad. Maine salmon
farms use the parasiticide cypermethrin as an INAD (Belle, pers. comm.). Aquaculturists apply cypermethrin by
holding salmon near netpens in tarps filled with a mixture of seawater and parasiticide. When the treatment is
completed, the farmers dump both the salmon and the parasiticide-laden water back into the netpen (Ernst et al., in
press). One Canadian study demonstrated that plumes of cypermethrin, which is toxic to marine invertebrates, can
remain in the water up to five hours and travel distances up to half a mile (Ernst et al., in press). The industry is
pursuing FDA approval of ivermectin (Schnick, 2000), a relatively toxic parasiticide that kills parasites in cattle and
swine (FDA, 1997b) and is used to treat sea lice in Europe and South America.



Antibiotic Resistance



Antibiotic use in U.S. aquaculture does not significantly threaten the marine environment. The use of antibiotics,
however, is arguably a health risk for people and farmed fish, since it promotes the spread of antibiotic-resistance in
both human and fish pathogens. At least a few types of bacteria associated with fish, such as Streptococcus, can
be pathogenic to humans (Weinstein et al., 1997). If strains of these bacteria develop higher levels of resistance to
antibiotics, infections by these bacteria may be difficult to treat. More generally, resistance can potentially spread to
other types of bacteria, including human pathogens, through gene transfer mechanisms special to bacteria (Dixon,
2000).



Several important fish pathogens have become resistant to many drugs used in aquaculture, including the two
commercially available antibiotics approved by FDA (Dixon 2000), making them more difficult to control. A U.S.
Center for Disease Control and Prevention (CDC) literature review indicates that certain antibiotic resistance genes in
Salmonella--bacteria that can cause severe food poisoning in people--might have emerged following antibiotic use in
Asian aquaculture (Angulo, 1999).



Pesticide Use in Aquaculture



Unlike terrestrial agriculture, pesticides are seldom used in marine aquaculture. However, there are some
applications. More than a dozen types of herbicides are approved for use in U.S. aquaculture facilities to control
aquatic weeds, algal blooms, and fouling organisms. Most herbicides are used in pond and tank-based aquaculture,
although netpen operators often treat their nets with paints that contain copper-based algae killers (Belle, pers.
comm.). While copper is toxic to many aquatic organisms, the copper compounds aquaculturists use appear
relatively safe when applied in approved dosages (Eisler, 1998; Boyd and Massaut, 1999). Under a special permit,
aquaculturists use the carbamate insecticide Sevin to control burrowing shrimp infestations in oyster beds in Willapa
Bay and Grays Bay, in Washington State (MOA, 2001).



The use of antibiotics, parasiticides, and pesticides in aquaculture can be minimized through a number of practices,
including minimizing stress to fish, vaccinating fish, fallowing netpens, and applying Integrated Pest Management
(IPM). Stress is a contributing factor in the majority of fish health problems; consequently improving water quality,
lowering stocking densities, and avoiding handling fish can improve the animals’ natural resistance (Rottman et al.,
1992). Injecting fish with vaccines also reduces antibiotic use; a number of fish vaccines have now been developed
and their use continues to increase (NRC, 1999a). IPM options include using biological controls to reduce pest
populations. For example, some European salmon farmers stock netpens with wrasse--small fish that feed on sea
lice and fouling organisms. Cunner, a similar fish, may have potential in North America (Belle, pers. comm.).



Habitat Modification



Direct Habitat Conversion



Like other forms of food production, aquaculture requires space. Aquaculture operations cover approximately











321,000 acres (130,000 ha) of fresh water in the U.S., 80 percent of which is located in the South (NASS, 1999).
Marine aquaculture currently uses an additional 64,000 acres (26,000 ha) of salt water--roughly 100 square miles, or
less than half a percent of total state waters. Most of this area is used for farming mollusks on the ocean bottom
(NASS, 1999).



For marine aquaculturists, obtaining sites that fishermen and coastal landowners do not contest can be a challenge.
From an ecological perspective, clustering or poor siting of mariculture operations can obstruct wild animals’ use of
their natural surroundings. Hatchery structures in the U.S. and netpens in New Brunswick may block passage of
migrating fish (HSRG, 2000; Milewski et al., 1997). In Texas, poorly sited coastal shrimp ponds have damaged
shallow, environmentally sensitive lagoons through siltation and eutrophication (Baker, 1997).



Farmed mollusks--typically grown on bay bottoms along the East Coast--are harvested like wild mollusks, using
hand rakes, tongs, and hydraulic dredges. Mollusk dredging has effects similar to bottom dredging by commercial
fishermen, altering the bottom habitat and temporarily reducing levels of biodiversity (Kaiser et al., 1996). Harvesting
mollusks from off-bottom systems, such as the rafts and lines commonly used on the West Coast, avoids severe
bottom disturbance.



Aquaculture also affects habitat by creating large aggregations of fish that are a lure to predators. Birds, seals, and
other predators often feed at aquaculture sites, where they can become entangled in netpens and suffocate (Moore
and Wieting, 1999; Wursig, 2001). Cormorants and great blue herons are the animals most frequently killed
(Rueggerberg and Booth, 1989).



Predator Control Programs



Predation, or "depredation," is a serious problem at marine aquaculture facilities. In marine netpens, mammals such
as seals, sea lions, and river otters often prey on farmed fish, by reaching through the nets and gouging them
(Rueggerberg and Booth, 1989; OTA 1995a). Populations of some seals are on the rise (NMFS, 2000b), and seal
predation at netpens may worsen.



Prior to 1995, U.S. salmon farmers were allowed to shoot seals preying on their fish, though Congress has since
prohibited killing seals (Wursig, 2001). Instead, aquaculturists employ a variety of nonlethal techniques to keep
animals away from their sites, such as dogs, vessel chases, and acoustic harassment devices (OTA, 1995a).



Acoustic deterrents include small firecrackers--known colloquially as seal bombs--and intense underwater
loudspeakers called acoustic harassment or deterrent devices (AHDs or ADDs) (Wursig, 2001). All of these devices
may cause disorientation, pain, or hearing loss in marine species, including fish, sea turtles, and marine mammals
(Hastings et al., 1996; NRDC, 1999). This noise pollution affects the surrounding marine habitat, causing other
marine mammals that do not prey on farmed salmon (e.g., killer whales) to avoid the area (Morton and Symonds, in
review). Both the impacts of acoustic deterrents on marine mammals and their effectiveness in deterring predators
require further investigation (NRDC, 1999).



Siting may be the most effective means to reduce interactions with some predators, such as sea lions. Establishing
aquaculture facilities several miles from areas where marine mammals haul out of the ocean can substantially
reduce predation (Wursig, 2001). Other operational methods include properly tensioning netpen lines and employing
thicker ropes to avoid entanglement, using double nets to reduce predation, and rotating deterrence techniques to
minimize predator habituation (Moore and Wieting, 1999).



 



III. Perspectives and Options



Environmental  Impacts of Marine Aquaculture in Perspective



In a number of countries with large marine aquaculture industries, fish-farming--and particularly shrimp- and salmon-
farming--is a major cause of environmental degradation (Naylor et al., 1998). Shrimp-farming in developing countries,
for example, has caused extensive loss of mangrove forests and other wetlands, water pollution, and salinization of
soil and water (Boyd and Clay, 1998).



In the United States, the marine aquaculture industry is small and better regulated. It has not caused widespread
environmental problems. The present effects of U.S. aquaculture on the marine environment do not come close in
gravity to many other environmental problems, including the decimation of wild stocks and habitats by the U.S.











fishing industry (NRC, 1999b). Effects of marine aquaculture are minor compared to changes in ocean temperature,
coral bleaching, and coastal flooding likely from global warming (IPCC, 2001).



Nevertheless, there are strong reasons to do more to address the environmental effects of U.S. aquaculture.
Aquaculture may be the only means to markedly increase seafood production, and can be less detrimental to marine
ecosystems than fishing. Moreover, aquaculture may be a more desirable way to raise animal protein than terrestrial
production. Contrasted with other meats, farming fish is a relatively efficient means of supplying protein (Forster,
1999b), mainly because fish are cold-blooded and have low metabolic rates. In short, aquaculture is here to stay; the
challenge is to ensure the young and growing industry develops in a sustainable manner and does not cause serious
ecological damage.



Some environmental impacts of U.S. marine aquaculture have considerable immediacy. Since organisms cannot be
recalled once they are released, biological pollution is often permanent. Atlantic salmon populations, for example,
may become permanently established in the Pacific if escapes from Washington State and British Columbia farms
continue.



Nowhere are the risks from biological pollution more acute than to endangered runs of wild Atlantic salmon on the
East Coast. One factor that motivated the federal government’s November 2000 decision to list the remaining runs of
Atlantic salmon in Maine as endangered was the "continued use of non-native American salmon and detection of
aquaculture escapees in Maine rivers, with the potential for interbreeding and competition for habitat and food"
(NMFS/FWS, 2000). Only 22 wild Atlantic salmon were documented as returning to spawn in Maine rivers in 2000,
although returning spawners probably totaled about 150 fish (FWS/NOAA, 2000; Goode, pers. comm.). It appears
that little time remains to protect these few salmon.



Other biological impacts from aquaculture may not pose immediate threats to endangered species. Nevertheless,
potential introductions of marine diseases, parasites, and transgenic fish could permanently harm fish populations
and even marine ecosystems.



Aquaculture’s dependence on marine fisheries for fish meal and fish oil is also a high priority, particularly if it
encourages increased harvests of forage fish. Many types of aquaculture will continue to diminish rather than
augment marine fish supplies until this dependence is altered (Naylor et al., 2000). In a sense, U.S. aquaculture
development is already playing a leading role in addressing dependence on fish meal and fish oil, since domestic
catfish production makes the United States the only industrialized country with an aquaculture industry that is not
mainly based on production of carnivores (FAO, 2000a). However, many fish raised in the United States, such as
salmon, trout, shrimp, and hybrid striped bass, have diets with moderate to high levels of fish meal and fish oil. With
its considerable scientific capacity and large supplies of such alternative feed ingredients as soybeans, the U.S. is
well positioned to be a leader in addressing this global issue.



Other environmental impacts of aquaculture, such as effects on water quality, may be locally problematic but are
small contributors to much larger problems nationally. NOAA’s goal of establishing a large offshore aquaculture
industry, if successful, could have substantial effects on the marine environment. To be potentially profitable,
commercial off-shore aquaculture will need to raise highly valuable fish on a large scale. Most commercially valuable
marine finfish are carnivores, and large-scale offshore finfish cultivation would likely exacerbate, rather than
decrease, aquaculture’s dependence on forage fish for fish feeds. Huge offshore finfish feedlots would also likely
suffer many of the same problems that now dog salmon farms, such as effluent discharge and fish escapes.



Proponents argue that effluents would have little effect in most offshore waters, and that fish escapes will have
minor consequence if fish for farms are carefully chosen (Stickney, 1994; McVey, pers. comm.). However, the
cumulative environmental effects of a large offshore finfish industry could be quite detrimental. Certainly, other types
of large-scale animal production, such as land-based "factory" farms for hogs and poultry, are highly polluting.
Production of native mollusks, such as mussels and sea scallops in New England, could be a more benign focus for
offshore aquaculture development.



Government Oversight of Aquaculture



Making aquaculture environmentally sound will require a variety of approaches by the public and the private sectors.
Government regulation of and support for aquaculture is a major force affecting its sustainability (Corbin and Young,
1997). A variety of local, state, and











The Food, Drug, and Cosmetic Act



federal regulations apply to aquaculture, although lawmakers did not write most of them with aquaculture specifically
in mind. Federal regulations that affect fish-farming include permit requirements for many marine aquaculture sites,
restrictions on killing bird and marine mammal predators, and oversight of drugs and pesticides (Figure Seven). State
and local laws covering aquaculture are difficult to characterize because they vary enormously (Goldburg and
Triplett, 1997; Wirth and Luzar, 2000). The steps recommended below will help to strengthen environmental oversight
of aquaculture through legislation and regulations.



The federal government also influences aquaculture via a number of nonregulatory programs. Federal funding for
aquaculture has risen during the past decade. The United States Department of Agriculture (USDA) and the National
Oceanic and Atmospheric Association (NOAA) are the two main agencies supporting aquaculture research. USDA’s
current budget for aquaculture is approximately 50 million dollars, and NOAA’s is roughly 12 million to 14 million
dollars (Broussard, pers. comm.). Aquaculturists are also eligible for a number of government programs that provide
loans and other aid to farms and to small businesses (OTA 1995b; Goldburg and Triplett, 1997). Both the federal
government and the private sector can establish marketplace incentives for ecologically sound aquaculture.



The impacts of aquaculture can cross boundaries, and international agreements are another potential tool to address











environmental impacts. Canadian and U.S. salmon farms are geographically adjacent to each other on both the East
and West coasts (Figure Eight), suggesting that U.S.-Canadian cooperation is important on many salmon-farming
issues. Globally, the World Trade Organization is the key arbiter of the movement of goods across borders.
Strengthening the ability of nations to restrict imports of aquaculture products based on concerns about production
practices could go a long way toward the protection of living marine resources.



Policy Options



1) Federal regulations



Effluent guidelines: Under the Clean Water Act, Congress directed the EPA to establish industry-by-industry
"effluent guidelines"--discharge quality standards for specific pollutants that are achievable using the best available
technologies. The EPA has never promulgated effluent guidelines for aquaculture. States delegated by the EPA to
issue discharge permits now have highly inconsistent regulations for aquaculture facilities--an outcome at odds with
the objectives of the Clean Water Act (Goldburg and Triplett, 1997). In January 1999, EPA agreed to propose effluent
guidelines for aquaculture by June 2002, with a final rule due in June 2004 (EPA, 2000a). EPA needs to complete
environmentally protective, practical guidelines in a timely manner. The guidelines should cover biological pollutants
as well as nutrients, organic matter, and chemicals.











Protection of wild Atlantic salmon under the Endangered Species Act: Among the measures that federal
officials have identified as critical to restoring wild Atlantic salmon in Maine, there are a number of actions
concerning the salmon-farming industry. These include requiring the use of North American salmon milt and
preventing the escape of farmed salmon and the spread of salmon diseases (NMFS/FWS, 2000). Federal and state
agencies as well as the aquaculture industry should support NMFS and FWS decisions and activities under the
Endangered Species Act to protect the remaining wild salmon runs. To help implement protections for wild salmon,
public or private funding could support multistakeholder processes to help develop strong but practical disease











management and other plans.



2) Federal legislation



Incentives to protect water quality: USDA now provides financial incentives to terrestrial crop producers who
pursue certain conservation options. Conservation incentives, especially for water-quality protection, could be
extended to animal producers in the next Farm Bill (Harkin, 2001). These incentives could include loans or cost-
share programs for aquaculturists willing to prevent water pollution by establishing settling ponds, recirculation
systems, floating bags and tanks, polyculture systems, and other cost-intensive measures.



Research and development investments toward sustainable aquaculture: Except for the salmon-farming
industry, U.S. aquaculture is dominated by small- to medium-size companies, many of them owner-operated, with
limited capacity to fund research and development. Government-funded research thus plays a major role in the
development of new technologies and practices for U.S. aquaculture. The increase of NOAA and USDA
appropriations for aquaculture research with targeted environmental goals is critical in helping the industry meet
conservation efforts (Figure Nine).



Establish a two-stage program  for offshore aquaculture permits: Department of Commerce (DOC) promotion of
offshore finfish aquaculture should be predicated on careful evaluation of the potential cumulative environmental
effects of a large offshore finfish aquaculture industry. Congress should mandate either a study by the National
Research Council’s Ocean Studies Board or an environmental impact statement-like study by DOC to examine the
potential cumulative environmental impacts of a large offshore finfish aquaculture industry.



The Army Corps of Engineers (ACOE) has taken the lead in regulating offshore facilities, issuing permits under the
Rivers and Harbours Act of 1899 and the Outer Continental Shelf Lands Act (Hopkins et al, 1997). However, the
ACOE does not have a clear environmental mandate under those Acts, and lacks expertise to fully weigh ecological
impacts in marine ecosystems. Congress should require the development of a comprehensive and environmentally
oriented permitting system for offshore aquaculture, mandating that facilities receive both National Pollutant
Discharge Elimination System (NPDES) permits from EPA under the Clean Water Act and approvals from NMFS,
based on a standard of no significant adverse effect to living marine resources. Rules for this permit system should
take into account the results of the study of potential cumulative impacts, and should not be proposed until after the
study is complete. The rules could also require compliance with a code of conduct for off-shore aquaculture, which
NOAA is currently developing (DOC, 2000).



Establish federal  regulations for introductions of new organisms, including transgenic organisms: Federal
oversight of introductions of new organisms is at best piecemeal (Simberloff, 1996; OTA, 1993). Most states have
applicable regulations for introductions of nonindigenous species, including fish, although the regulations vary in
effectiveness (OTA, 1993). The FDA has declared that the agency will regulate transgenic fish under the animal drug
provisions of the Federal Food, Drug, and Cosmetic Act (CEQ, 2000). The FDA is the appropriate agency to consider











the safety of transgenic fish as food, but the agency has little expertise and at best a slim legal mandate to base
approval decisions on the ecological impacts of these fish.



Congress could establish a federal permitting system, which would be administered by NMFS and FWS, covering
the introduction and conditions of use for new organisms for aquaculture and other purposes. Permits should clearly
be required for introductions of non-indigenous species to the marine environment, including the EEZ, since
organisms introduced to the marine environment easily cross state boundaries. Permits should be required for all
outdoor uses of transgenic fish, based on evidence of their ecological safety.



3) State legislation



Improved state oversight: State oversight of marine aquaculture, including impacts of wastewater discharges and
introductions of new species, varies considerably in its scope and protectiveness of marine resources (Wirth and
Luzar, 2000; Goldburg and Triplett, 1997; OTA 1993; Figure Ten). In an effort to improve state oversight on the East
Coast, the Atlantic States Marine Fisheries Commission is now developing voluntary guidelines for marine
aquaculture. While such guidance is useful, it does not necessarily translate into state action. States with large or
growing mariculture industries, such as Maine, Florida, and Hawaii, should consider strengthening their oversight.
States should not exempt aquaculturists from environmental laws or enforcement mechanisms, as Florida has done
by prohibiting its Department of Environmental Protection from initiating proceedings against registered
aquaculturists who contaminate ground or surface water (Figure Ten).



4) Market sector incentives



Organic standards for farmed fish: USDA’s National Organic Standards Board is now considering the development
of federal organic standards for aquatic species, including farmed fish. Organic certification represents a gold
standard to many consumers who are willing to pay a price premium for organic products. Well-crafted organic
standards for farmed fish should be encouraged as a market incentive for environmentally sound aquaculture, though
organic aquaculture systems may have to be pond- or land-based to be consistent with principles of organic
agriculture (NOSB, 2001).



Private sector programs to encourage environ-mentally sound aquaculture: Even many environmentally











conscious consumers are unaware of the ecological harm caused by some types of fishing and fish-farming. A
number of institutions, such as the Monterey Bay Aquarium, National Audubon Society, Chefs Collaborative, and
Environmental Defense, currently make recommendations to institutional and individual consumers about farmed and
wild-caught seafood purchases based on environmental criteria. The Marine Stewardship Council certifies several
types of wild-caught fish as sustainable, and at least one U.S. company--Ecofish--markets ecologically friendly
seafood products. Institutions supportive of marine conservation



should serve seafood from environmentally sound fisheries and fish farms and support efforts to educate
consumers.



5) International agreements



Cooperative agreements with Canada: The North Atlantic Salmon Conservation Organization (NASCO) involves











numerous governments in the conservation of wild Atlantic salmon (NASCO, 2001), but it is slow to act and lacks
enforcement authority (Goode, pers. comm.). Moreover, the U.S.-Canada Pacific Salmon Treaty does not directly
concern aquaculture. The United States and Canada should establish cooperative agreements to minimize the
impacts of salmon-farming on wild salmon. Candidate matters for agreement include tagging of wild Atlantic salmon
to aid data collection and fish-health management measures to check the spread of salmon diseases.



World trade in sustainable aquaculture products: Most farmed seafood eaten in the United States comes from
abroad, and the impacts of U.S. consumption of aquaculture products on marine resources cannot be addressed
solely by domestic measures. However, even though the United States is a major seafood consumer, it now has
limited influence over seafood production practices abroad. Some U.S. aquaculturists fear that comparatively strict
environmental regulations in the United States will raise their costs, and that consumers will purchase cheaper
seafood imported from countries with lax environmental oversight. World Trade Organization rules now limit the
ability of the United States and other countries to restrict demand for fish based on production practices, although
restrictions can be based on product safety (e.g., antibiotic residues) (Wilson, 1994; Naylor et al., 1998). A new
round of world trade talks will begin soon, and should emphasize environmental sustainability, with the goal of
allowing environmental considerations in the production of traded-food commodities to play a far larger role in trade
decisions.
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1. Introduction



Domoic acid (DA) is a potent neurotoxin produced by some



diatom species of the genus Pseudo-nitzschia. It is an analog of the



excitatory amino acid glutamate, and is known to affect the



gastrointestinal, cardiac, and neurological systems in mammals



and birds through binding to glutamate receptors on cell



membranes (Bejarano et al., 2008a,b; Costa et al., 2010). Naturally



occurring DA poisoning has been observed in humans (amnesic



shellfish poisoning; Perl et al., 1990), birds (Fritz et al., 1992; Work



et al., 1993), and marine mammals (Scholin et al., 2000). As



harmful algal blooms are increasing in frequency worldwide (Van



Dolah, 2000), there is an increasing potential for DA poisoning to



impact humans and marine wildlife.



Along the California coast, DA poisoning was first reported in



Brown Pelicans (Pelecanus occidentalis) and Brandt’s Cormorants



(Phalacrocorax penicillatus) in Monterey Bay in 1991 (Fritz et al.,



1992; Work et al., 1993). Since 1991, DA has been the causative



agent in unusual mortality events of California sea lions (Zalophus



californianus; Lefebvre et al., 1999; Scholin et al., 2000; Torres de la



Riva et al., 2009), and dolphin species (Torres de la Riva et al.,



2009). Domoic acid toxicosis has been relatively well-studied in



California sea lions because DA-related strandings have occurred



almost annually since 1998, and live-stranded sea lions are



accessible for observation and sampling (Bejarano et al., 2008a,b).



Effects of DA poisoning in California sea lions include neurological



symptoms (seizures, head weaving, ataxia, depression, and



abnormal scratching) associated with brain lesions, reproductive
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A B S T R A C T



Domoic acid (DA) is a potent neurotoxin that has caused strandings and mortality of seabirds and marine



mammals off the California coast. Pacific harbor seals (Phoca vitulina richardii) are an abundant,



nearshore species in California; however, DA exposure and toxicosis have not been documented for



harbor seals in this region. To investigate DA exposure in harbor seals, samples were collected from free-



ranging and stranded seals off California to assess exposure, clinical signs of toxicosis, and brain lesions



in harbor seals exposed to DA. Domoic acid was detected in 65% (17/26) of urine samples collected from



apparently healthy free-ranging seals, with concentrations of 0.4–11.7 ng/ml. Domoic acid also was



detected in feces (2.4–2887 ng/g), stomach contents (1.4 ng/g; stranded only), milk (2.2 ng/ml; stranded



only), amniotic fluid (9.7 ng/ml; free-ranging only), fetal meconium (14.6–39.8 ng/g), and fetal urine



(2.0–10.2 ng/ml). Clinical signs indicative of DA toxicosis were observed in two live-stranded seals, and



included disorientation, seizures, and uncoordinated movements. Histopathology revealed the presence



of brain lesions consistent with DA toxicosis in two live-stranded seals, and one free-ranging seal that



died during capture. Results indicated that harbor seals were exposed to DA, exhibited clinical signs and



histological lesions associated with DA exposure, and that pups were exposed to DA in utero and during



lactation via milk. Future investigation is required to determine the magnitude of impact that DA has on



the health and mortality of harbor seals.
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failure, and degenerative cardiomyopathy (Brodie et al., 2006;



Goldstein et al., 2008, 2009; Zabka et al., 2009).



Domoic acid exposure has not been well-documented in



marine mammals other than California sea lions found along the



California coast, and links between exposure and abnormal



clinical signs and histopathology are limited. Exposure mainly



occurs via ingestion of contaminated food, and potential vectors



include northern anchovies (Engraulis mordax; Lefebvre et al.,



1999), krill (Bargu et al., 2002), and other pelagic and benthic



species (Lefebvre et al., 2002; Kvitek et al., 2008), although in



utero exposure and lactational exposure via milk also are possible



(Brodie et al., 2006). Between 2005 and 2009, approximately half



of northern fur seals (Callorhinus ursinus) that stranded alive along



the central California coast exhibited classic clinical signs of DA



toxicosis (Lefebvre et al., 2010). Domoic acid was identified as the



primary cause of death in four stranded southern sea otters



(Enhydra lutris nereis), and may be a cause of cardiac disease in this



species (Kreuder et al., 2003, 2005). Domoic acid also was



detected in humpback (Megaptera novaeangliae) and blue



(Balaenoptera musculus) whale fecal samples from Monterey



Bay (Lefebvre et al., 2002), and a stranded minke whale



(Balaenoptera acutorostrata) in southern California (Fire et al.,



2010). The lack of data for some species of marine mammals is



likely a combination of their distribution and life history



characteristics, as some species occur primarily offshore, or



spend their entire life at sea.



The Pacific harbor seal (Phoca vitulina richardii) is a small



phocid that inhabits nearshore environments along the west



coast of North America, and is widely distributed along the



mainland coast, islands, and bays of California. Harbor seals are



opportunistic predators that primarily feed on benthic and



schooling fishes (Harvey et al., 1995; Orr et al., 2004). Despite



the fact that harbor seals forage on similar prey and their



habitat overlaps with California sea lions, there are no published



data on DA exposure or toxicosis in Pacific harbor seals. Hall



and Frame (2010) found that harbor seals in Scotland were



exposed to DA, and suggested that this toxin may play a role in



regulating their populations. Given that annual DA-producing



harmful algal blooms in California coastal waters negatively



impact California sea lions (Bejarano et al., 2008a,b), DA also



may negatively affect health and cause mortality of harbor seals



in this region.



The primary objectives of this study were to (1) document DA



exposure in free-ranging and stranded harbor seals along the



California coast, and (2) describe the clinical signs and histopa-



thology findings in harbor seals exposed to DA.



2. Methods



2.1. Sample collection



Between June and July 2011, apparently healthy harbor seals



were captured in San Francisco Bay (n = 13), Tomales Bay (n = 8),



and Humboldt Bay (n = 5) with salmon nets, tangle nets, or a



modified beach seine net (Jeffries et al., 1993; Fig. 1). Animals were



sedated with IV diazepam to facilitate handling and sampling (dose



rate of 0.2 mg/kg), and urine samples were collected from female



seals via free-catch or urethral insertion of a urinary catheter. Age



class was determined based upon length and mass (Bigg, 1969),



body condition, and date of capture.



Additional samples were collected from three adult female



seals that died during capture events in 2010 (n = 1; Elkhorn



Slough) and 2011 (n = 2 of the 5 seals mentioned above; Humboldt



Bay; Fig. 1). Full necropsies were performed and tissues collected



for histopathology and DA analysis. The animal from Elkhorn



Slough was pregnant, and feces, amniotic fluid, fetal meconium,



and fetal urine were collected, whereas urine and bile were



collected from the two seals from Humboldt Bay.



Samples were collected from five harbor seals that stranded



along the central California coast and were admitted to The Marine



Mammal Center (TMMC) between 2009 and 2011 (Fig. 1). All seals



died within 0–48 h of admission, and samples were collected at



necropsy for histopathology and DA analysis. All samples for



histopathology were fixed in 10% formalin, processed routinely for



histopathology, and stained with H & E before examination.



2.2. Extraction and quantification of domoic acid



Samples analyzed for DA were extracted in 50% aqueous



methanol at a ratio of 4 ml 50% methanol to 1 g sample. Fecal and



stomach content extracts were homogenized for at least 60 s, and



urine, milk, and amniotic fluid were sonicated for at least 45 s.



Extracts were then centrifuged at 10,000 � g for 20 min at 4 8C. The



supernatant was filtered and samples were stored at 4 8C until



analysis, which was typically 1–3 days after extraction. Domoic



acid quantification was carried out using Biosense1 ELISA



(Biosense1 Laboratories, Bergen, Norway) according to the



manufacturer’s instructions, with modifications to the minimum



extract dilutions to avoid matrix effects.



3. Results



3.1. Domoic acid levels



Domoic acid was detected in 65% (17/26) of urine samples



collected from free-ranging seals, with concentrations ranging



Fig. 1. Location of free-ranging (circles), died during capture (triangles), and



stranded (squares) harbor seals sampled off central and northern California



between 2009 and 2011. Size of the symbol (regardless of shape) corresponds to the



number of individuals sampled at any given location.
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from 0.4 to 11.7 ng/g (Fig. 2). All individuals from Tomales Bay had



detectable levels of DA (8/8), whereas DA was detected only in 46%



(6/13) of seals from San Francisco Bay, and 60% (3/5) of seals from



Humboldt Bay. Domoic acid was not detected in either bile sample



collected from the two seals that died in Humboldt Bay, despite



detectable levels in urine.



All samples collected from the pregnant seal and her fetus that



died during capture in Elkhorn Slough (WHS-2 and WHS-2F) tested



positive for DA. The concentration of DA was greatest in feces



(2887 ng/g), followed by fetal meconium (39.8 ng/g), fetal urine



(10.2 ng/ml), and amniotic fluid (9.7 ng/ml). Necropsy revealed



extensive congestion and acute hemorrhage within the brain, and



severe acute congestion and hemorrhage with pulmonary edema



in the lungs. The cause of death was likely associated with trauma



to the head of unknown origin and DA toxicosis.



Samples were collected from five stranded harbor seals: four



stranded alive and one was dead at stranding (premature carcass;



Table 1). Levels of DA were greatest in fecal samples (1.4–275 ng/



g), followed by urine (1.8–2.4 ng/ml) and stomach contents



(1.4 ng/g; Table 1). Domoic acid was detected in the one milk



sample collected (2.2 ng/ml), and the level was greater than the



urine level (0.8 ng/ml) in this animal. Bile samples (n = 4) did not



contain DA, despite detectable DA in feces of three of these



animals.



3.2. Clinical signs and histopathology



Clinical signs associated with DA in body fluids included



disorientation, seizures, and uncoordinated movements (Table 1).



Histopathology revealed the presence of brain lesions consistent



with DA toxicosis in two live-stranded seals that died following



stranding (HS 2120 and HS 2171), and one free-ranging seal (WHS-



2). HS 2120 had bilateral hippocampal neuronal necrosis primarily



in CA2 through CA4 regions, with lesser involvement of CA1



(Fig. 3A). Other findings included exudate in the ear canal



associated with fibrinosuppurative meningitis with Gram positive



rods observed on histology, necrosuppurative bronchopneumonia



with Gram negative rods, and rare small foci of myocardial



necrosis. HS 2171 had bilateral hippocampal neuronal loss in CA3



and CA4 and moderate lymphocytic meningitis. In the left ventricle



and septum of the heart, there were rare small foci of subacute



myocardial necrosis and rare small foci of myocardial fibrosis



(Fig. 3B). WHS-2 had edema and mild neuronal necrosis in the



hippocampus that was most pronounced in the CA3 and CA4



regions of the hippocampus, and hemorrhage within the brain



stem and cerebrum.



4. Discussion



To our knowledge, this is the first report of DA exposure in



harbor seals along the west coast of North America, and the first



evidence that harbor seals exhibit clinical signs and histological



lesions associated with DA exposure. The detection of DA in



samples from seals in this study likely represented recent exposure



(days to weeks) because of relatively short prey retention times



(mean retention time �30 h; Trumble et al., 2003), and because DA



was rapidly excreted in urine (120 min; intravenous exposure;



Suzuki and Hierlihy, 1993) and feces (0–48 h; oral exposure;



Iverson et al., 1989) of laboratory animals following exposure.



Differences in DA levels among individuals likely were a



consequence of the time between exposure and sampling, the



type of sample tested, and the dose ingested.



Toxic Pseudo-nitzschia spp blooms occur off the California coast



every year and DA is routinely detected in seafood species (Lewitus



et al., 2012). The detection of DA in samples from free-ranging



Fig. 2. Number of free-ranging harbor seals (n = 26) with domoic acid (DA; ng/g) in



urine captured in San Francisco Bay (white), Tomales Bay (gray), and Humboldt Bay



(black) between June and July 2011. Urine from nine seals was below the detectable



limit (bdl).



Fig. 3. (A) HS 2120 Numerous dead shrunken neurons in the CA2 hippocampal region (examples indicated with arrows), HE (HS 2120). Bar = 50 mm and (B) area of myocardial



necrosis with dead fragmented muscle cells and macrophages, HE (HS 2171). Bar = 50 mm.
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harbor seals, including WHS-2, did not coincide with the detection



of DA in any shellfish samples tested by the California Department



of Public Health from northern or central California around the



time seals were captured (California Department of Public Health,



http://www.cdph.ca.gov/HealthInfo/environhealth/water/Pages/



Shellfishreports.aspx). Despite this, Psuedo-nitzschia was abundant



(>50% toxin producing phytoplankton) or present (1–10%) in



water samples from the Monterey and San Francisco Bay areas



during the month of and month proceeding collection of samples



from harbor seals. Domoic acid was detected in one shellfish



sample from the Santa Cruz Pier during the same month that HS



2120 stranded with paralysis and seizures; however, was not



detected in central California around the same time when HS 2171



stranded with symptoms of DA toxicosis. Bloom and toxin data are



not always spatially or temporally coincident with stranding data,



but sea lions are likely exposed to DA in their prey throughout the



year (Bargu et al., 2012). We do not have the density of data from



harbor seals that exists for stranded sea lions, but suspect this is



true for harbor seals as well.



Free-ranging seals in this study had DA concentrations in urine



similar to those found in seals from Scotland (Hall and Frame,



2010), but concentrations were generally less than those reported



for California sea lions that stranded with acute symptoms of DA



toxicosis (10–3720 ng/ml; Goldstein et al., 2008). Domoic acid



levels within the range associated with acute toxicosis in sea lions



were detected in one seal, and the majority of seals had DA



concentrations in urine within the range associated with chronic



effects in California sea lions (2–11 ng/ml; Goldstein et al., 2008).



The exposure of harbor seals to DA was not surprising given that



the habitats of harbor seals and California sea lions overlap, and



that northern anchovies, a DA vector, are an important component



of harbor seal diet in this region (Gibble, 2011).



Clinical signs and histological lesions consistent with DA



toxicosis were observed in several seals in this study; however,



it is unclear how exposure levels relate to acute or chronic DA



toxicosis. Although the CA2 hippocampal region is usually not



affected in sea lions with DA toxicosis (Silvagni et al., 2005), one



harbor seal in this study did have neuronal necrosis in this region.



Two seals had small areas of myocardial necrosis, which has been



described in sea lions with DA toxicosis (Silvagni et al., 2005; Zabka



et al., 2009); however, one of these seals (HS 2120) also had



bacterial bronchopneumonia, otitis, and meningitis that could



have resulted in septicemia and hence the myocardial necrosis.



Exposure to DA not only affects the health of the individual, but



may cause reproductive failure or lasting neurological and



behavioral effects to pups exposed in utero or during lactation.



Maternal transfer of DA has been reported in rats (Maucher and



Ramsdell, 2007) and California sea lions (Brodie et al., 2006;



Goldstein et al., 2009), but this was the first report of



transplacental transfer of DA in harbor seals. The effects of



prenatal exposure of marine mammals to DA have not been well-



studied. Brain edema was the primary lesion found in aborted



California sea lion pups with measurable DA concentrations,



although the pathogenesis of the brain edema remains unknown



(Goldstein et al., 2009). Brodie et al. (2006) found that maternal



levels of DA in urine of California sea lions were at least an order of



magnitude greater than levels in fetal urine. Domoic acid was



detected in fetal fluids up to a week after the initial stranding,



indicating that fetuses were acting as a reservoir for DA (Brodie



et al., 2006). The effects of prenatal DA exposure have been



investigated in laboratory species, and resulted in hippocampal



damage, seizure disorders, and persistent behavioral changes



(Dakshinamurti et al., 1993; Levin et al., 2005; Tiedeken et al.,



2005). Postnatal exposure to DA also caused neurobehavioral



changes, but changes were less pervasive than those reported from



prenatal exposure (Levin et al., 2006). In our study, the level of DA



in fetal meconium from WHS-2F was less than in maternal feces,



and the DA level in the fetal urine was similar to levels detected in



Table 1



Domoic acid (DA) concentrations (ng/g or ng/ml for fluids), clinical signs, and pathologic lesions in harbor seals that were examined post mortem. A combination of feces, bile,



urine, aqueous humor (aqueous), stomach contents (stomach), amniotic fluid (amniotic), and milk were collected from male (M) and female (F), fetus, pup (P), subadult (SA),



and adult (A) harbor seals.



Seal ID Sex Age Samples DA Clinical signs Histopathology



HS 1988 F A Feces 2.4 Dull, lethargic Nonsuppurative meningoencephalitis, neuronal



degeneration and edema in hippocampus



HS 1992 F SA Feces 8.2 Disoriented, seizures Fungal encephalitis, myocardial edema



Bile bdl



Urine 1.8



Aqueous bdl



HS 1994 F Fetus Feces 14.6 Premature carcass Brain edema



Bile bdl



Urine 2.0



Stomach 1.4



HS 2120 M A Feces 275 Paralysis, seizures Fibrinosuppurative meningitis with Gram positive rods,



hippocampal neuronal necrosis in CA1-CA4, rare



myocardial necrosis



Bile bdl



Urine bdl



HS 2171 F A Feces bdl Struggling in the surf, dazed



and frothing at the mouth



Bilateral hippocampal neuronal loss, lymphocytic



meningitis and rare mycocardial necrosisUrine 0.8



Bile bdl



Milk 2.2



Pv-062211 F A Urine 0.5 None No significant findings



Bile bdl



Pv-062311 F A Urine 0.4 None No significant findings



Bile bdl



WHS-2 F A Feces 2887 None Neuronal necrosis in hippocampus, cerebral hemorrhage



Amniotic 9.7



WHS-2F M Fetus Feces 39.8 In utero None



Urine 10.2
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the urine of California sea lion fetuses that were aborted as a result



of maternal DA exposure (Brodie et al., 2006). Detection of DA in



amniotic fluid, fetal urine and meconium, and milk indicate that



harbor seal pups can be exposed to DA during gestation and



lactation. The effects of this exposure on female reproductive



success, and pup development and survival are unknown.



The apparent increase in DA-producing blooms off California in



recent years highlights the need to understand the role of DA



toxicosis in the health and population dynamics of marine



mammals in this region. Whereas exposure and toxicosis have



been relatively well-studied in California sea lions, this was the



first report of exposure in harbor seals from this region. Harbor



seals were exposed to levels great enough to cause acute and



chronic effects, and exhibited clinical symptoms similar to those



observed in other species. The presence of mid hippocampal



lesions associated with DA toxicosis indicates that this region



should be examined in suspected cases of DA toxicosis in harbor



seals. Domoic acid toxicosis may be a cause of mortality in harbor



seals and a contributing cause of stranding, but the magnitude of



the impact remains unknown. Because adult and juvenile harbor



seals rarely strand, examining exposure in free-ranging seals, and



live- and dead-stranded pups may be a better indication of the role



that DA plays in the health and mortality of harbor seals off



California. The type of sample used to investigate DA effects in



harbor seals will vary with sample collection logistics and project



goals. We recommend testing urine and feces whenever practical.



Feces may be the most appropriate sample for the detection of DA



when using less sensitive detection techniques (Lefebvre et al.,



2010) because it is relatively easy to collect from stranded animals



and DA levels are greater in feces than blood or urine. Urine is



sometimes easier to collect from free-ranging harbor seals, and



may maximize the chances of detecting DA exposure because



excretion of DA in feces may occur more rapidly as a result of toxin-



induced diarrhea (Lefebvre et al., 1999).
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Article Albert G. J. Tacon and Marc Metian



Fishing for Feed or Fishing for Food:
Increasing Global Competition for Small
Pelagic Forage Fish
At present, small pelagic forage fish species (includes
anchovies, herring, mackerel, sardines, etc.) represent
the largest landed species group in capture fisheries
(27.3 million t or 29.7% of total capture fisheries landings
in 2006). They also currently constitute the major species
group actively fished and targeted for nonfood uses,
including reduction into fishmeal and fish oil for use within
compound animal feeds, or for direct animal feeding; the
aquaculture sector alone consumed the equivalent of
about 23.8 million t of fish (live weight equivalent) or 87%
in the form of feed inputs in 2006. This article attempts to
make a global analysis of the competition for small
pelagic forage fish for direct human consumption and
nonfood uses, particularly concerning the important and
growing role played by small pelagic forage fish in the diet
and food security of the poor and needy, especially within
the developing countries of Africa and the Sub-Saharan
region.



CAPTURE FISHERIES LANDINGS AND
CONTRIBUTION OF SMALL PELAGIC FORAGE FISH



Globally, capture fisheries landings (excluding aquatic plants
and mammals) have stabilized at around 92.86 2.1 million t
(mean6 SD) since 1994, fluctuating from a high of 95.7 million
t in 2000 to a low of 90.5 million t in 2003 (Fig. 1). As in
previous years, the Peruvian anchovy (Engraulis ringens) was
the top landed species at 7.0 million t in 2006 (Table 1), with
small pelagic forage fish species representing the largest landed
species group at 27.3 million t or 29.7% of total landings in 2006
(1). For the purposes of this article, small pelagic forage fish
include finfish species that serve as easy prey for other animals
to forage on (including other larger fish, seabirds, marine
mammals, and humans) because of their small size and
schooling behavior (2). Within this species grouping are
included anchovies, herring, mackerel, pilchards, sprat, capelin,
sardines, saury, sandlance, and shads.



DISPOSITION OF THE FISHERIES CATCH AND
NONFOOD ROLE OF SMALL PELAGIC FORAGE FISH



As in previous years, a major proportion of the total fish catch
is destined for nonfood uses (Fig. 1), being either targeted for
reduction into fishmeal and fish oil (for use within industrially
compounded animal feeds) or fed whole or in wet-processed
form (for use in farm-made aquafeeds, in canned pet foods, or
as fishing bait) (3…8). Surprisingly, despite the rising population
and increasing demand for food fish for direct human
consumption, the proportion of the total fish catch destined
for nonfood uses has remained relatively constant in overall
percentage terms since disposition data were first collected, with
nonfood capture fisheries landings averaging 26.7 million t since
1970, increasing from 24.5 million t or 39.0% of the total catch
in 1970 to 33.3 million t or 36.2% of the total catch in 2006 (1).
However, whereas the proportion of the catch targeted for



reduction has been relatively static since the mid-1980s, the
proportion of the catch destined for use in farm-made
aquafeeds, canned petfoods, and/or as fishing bait has risen
considerably, increasing from 0.9 million t in 1970 (3.7% total
nonfood use landings) to 13.1 million t in 2006 or 39.5% total
nonfood use landings (7).



Moreover, of particular significance is the strong correlation
between the estimated nonfood use trend line and the reported
landings of small pelagic forage fish (Fig. 1); small pelagic
forage fish usually constitute the bulk of the fish targeted for
nonfood uses, including reduction and/or direct animal feeding
(2, 8…9). In addition to small pelagic forage fish species, it is
important to mention here that several demersal fish species are
also targeted for reduction, and include blue whiting (2.0
million t landed in 2006; Table 1), hakes, and grenadier (1).



DECLINE IN FOOD FISH SUPPLY FROM CAPTURE
FISHERIES AND RISE OF AQUACULTURE



Notwithstanding the above significant nonfood use of the total
fish catch, it is not surprising that the per capita supply of food
fish for direct human consumption from capture fisheries has
not been able to keep pace with population growth. Thus, while
total captured food-fish landings have increased at an average
annual rate of 1.2%from 37.9 million t in 1970 to 58.7 million t
in 2006, per capita food fish supply from capture fisheries
(includes captured fish and shellfish) is declining, decreasing by
20.5% from a high of 11.2 kg in 1987 to 8.9 kg in 2006 (1). In
marked contrast, food fish supply from aquaculture (farming of
aquatic animals and plants) has increased 271% during the same
period, increasing from 2.1 kg in 1987 to 7.8 kg in 2006, with the
aquaculture share of total food fish intake for human
consumption increasing to 47%compared with 53% from
capture fisheries in 2006 (S. Vannuccini pers. comm.). If
aquaculture food fish supply continues its average annual
growth of 8.6% per year, it is expected that fish supply from
aquaculture will reach that of capture fisheries by 2010.



Whereas total global per capita food fish supply continues to
increase to a new high of 16.7 kg in 2006 (8.9 kg from captureþ
7.8 kg from aquaculture), the aquaculture sector is also a major
consumer of nonfood fish in terms of feed inputs (10…13). For
example, it has been estimated that in 2006 the aquaculture
sector consumed the equivalent of 23.8 million t of small pelagic
forage fish in the form of feed inputs, including 3.7 million t of
fishmeal and 0.83 million t of fish oil within compound
aquafeeds (equivalent to 16.6 million t of small pelagic forage
fish) and 7.2 million t of low value/trash fish as a direct feed or
within farm-made aquafeeds (7, 8). The above usage levels
equate to 37.3% of total aquaculture food fish production (19.3
million t out of a total of 51.7 million t in 2006) currently being
dependent upon capture fisheries for sourcing feed inputs (7),
small pelagic forage fish and fish oil currently being the only
commercially viable source of dietary essential omega-3 fatty
acids (and in particular eicosapentaenoic acid and docosahex-
aenoic acid) for carnivorous fish species and crustaceans (14).
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CONTRIBUTION OF FOOD FISH AND PELAGIC FISH
TO HUMAN NUTRITION AND GLOBAL FOOD SUPPLY



Food fish, whether captured or cultured, play an important role
in human nutrition, particularly within the diet and food
security of the poor and needy as a source of much needed
essential dietary nutrients and high quality animal protein (15…
17). For example, Figure 2 shows the contribution of fish
(includes both fish and shellfish) and pelagic fish to total daily
per capita calorie and protein intake by major geographical
region and country grouping in 2003 (according to the latest
FAO Food Balance Sheets) (18).



Thus, although Africa and the Sub-Saharan region had the
lowest average per capita supply of total calories (2436 and 2266
calories d� 1), protein (61.1 and 55.1 g d� 1), animal protein (12.8
and 11.5 g d� 1), and fish (7.6 and 6.9 kg y� 1) compared with all
other major regions of the world in 2003, food fish contributed
8.1%to 8.6% of total animal calorie intake (the highest of any
continent or region) and 17.6% to 18.3% of total animal protein
consumption in Africa and the Sub-Saharan region (second
only to the Asian region at 21.2%) (Fig. 3), with marine pelagic
fish contributing 45.5% to 46.1% and 42.5% to 43.3% of total
food fish calorie and protein supply, respectively (the highest of
any continent or region) (Fig. 4) (18).



Food fish currently represents a major source of animal
protein (contributing more than 25%of the total animal protein
supply) for about 339 million people within 19 Sub-Saharan



countries or about 51.6% of the total population of Sub-
Saharan Africa (Fig. 3).Within this region food fish constituted
20.15%of total animal protein supply (2.09 g capita� 1 d� 1) and
represented the second major source of animal protein
consumed after milk (2.77 g capita� 1 d� 1). The other major
sources of animal proteins are bovine meat (1.84 g capita� 1 d� 1),
mutton and goat meat (0.80 g capita� 1 d� 1), other meats (0.78 g
capita� 1 d� 1), poultry meat (0.73 g capita� 1 d� 1), edible offals
(0.66 g capita� 1 d� 1), eggs (0.38 g capita� 1 d� 1), and pig meat
(0.31 g capita� 1 d� 1; calculated from FAO [18]).



Moreover, in contrast to Asia where total aquaculture
production (61.4 million t) exceeded total capture fisheries
landings (48.4 million t) in 2006 and contributes to more than
half of total food fish supply in this region, aquaculture



Table 1. Top 20 small pelagic forage fish species and demersal fish targeted for food and nonfood uses in 2006 (1).



Common name Latin name



Quantity fished
in 2006



(million t)
Main contributing



countries (% of the total)



Peruvian anchovy (¼Anchoveta) Engraulis ringens 7.0 Peru, 85%; Chile, 14%; Ecuador, 1%
Atlantic herring Clupea harengus 2.2 Norway, 32%; Iceland, 13%; Canada, 7%
Blue whiting (¼Poutassou) Micromesistius poutassou 2.0 Norway, 32%; Russian Federation & Faroe Islands, 16%
Chub mackerel Scomber japonicus 2.0 Japan, 32%; China, 23%; Chile, 18%
Chilean jack mackerel Trachurus murphyi 1.8 Chile, 75%; Peru, 15%; China, 9%
Japanese anchovy Engraulis japonicus 1.7 China, 59%; Japan, 25%; Republic of Korea, 16%
Scads nei Decapterus spp. 1.2 China, 52%; Indonesia, 25%; Philippines, 22%
European pilchard (¼Sardine) Sardina pilchardus 0.94 Morocco, 48%; Algeria, 9%; Portugal, 8%;
Sardinellas nei Sardinella spp. 0.73 Philippines, 42%; Thailand, 16%; Nigeria, 10%
California pilchard Sardinops caeruleus 0.63 Mexico, 86%; US, 14%
European sprat Sprattus sprattus 0.59 Denmark, 31%; Sweden, 18%; Poland, 10%
Atlantic mackerel Scomber scombrus 0.56 Norway, 22%; UK, 21%; US, 10%
European anchovy Engraulis encrasicolus 0.53 Turkey, 51%; Italy, 15%; Ghana, 8%
Araucanian herring Strangomera bentincki 0.44 Chile 100%
Round sardinella Sardinella aurita 0.42 Venezuela, 33%; Senegal, 24%; Ghana, 17%
Gulf menhaden Brevoortia patronus 0.41 US, 100%
Silver pomfrets nei Pampus spp. 0.40 China, 100%
Pacific saury Cololabis saira 0.39 Japan, 62%; Russian Federation, 19%; Taiwan, 15%;
Indian oil sardine Sardinella longiceps 0.39 India, 75%; Oman, 9%; Pakistan, 8%
Japanese jack mackerel Trachurus japonicus 0.35 Japan, 47%; China, 45%; Republic of Korea, 6%



Figure 2. Contribution of fish (includes both fish and shellfish) and
pelagic fish to total daily per capita calorie and animal protein intake
by major geographical region and country grouping in 2003
according to the latest FAO Food Balance Sheets) (18).



Figure 1. Contribution of small pelagic forage fish to global capture
fisheries production and disposition of the fisheries catch (values
given in million t) (1).
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production in the African continent (0.76 million t in 2006)
represented only 10.9% of total capture fisheries landings (0.69
million t in 2006) (1). The upshot of this is that food fish derived
from both marine and freshwater capture fisheries still plays an
essential role as a provider of much needed animal protein and



other essential nutrients, Sub-Saharan Africa currently being
home to 206 million undernourished people or 24.1% of the
world total of 854 million persons (19).



Figure 4 shows the percent contribution of pelagic food fish
to total food fish supply according to the latest FAO Balance



Figure 3. Countries in Africa with
gray color where food fish contrib-
utes more than 25 % of the total
animal protein supply in 2003
(calculated from the FAO Food
Balance Sheets) (18).



Figure 4. Contribution of small pelagic forage fish to total food fish supply in 2003 (values expressed as % total food fish supply, dark gray
50–85%, light gray 25–50 %: calculated from FAO [18]).
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Sheets (18). Although this figure does include tunas, bonitos,
and billfishes (6.5 million t, representing 17.8% of total reported
marine pelagic species in 2006) (1), these species play a very
minor role in the food supply of the major pelagic fish
consumers, particularly within most Sub-Saharan countries
(1). At present, pelagic fish contribute more than 50%of total
fish supply in more than 36 countries (Fig. 4; calculated from
FAO [18]), Of particular note is the important contribution of
pelagic fish to total fish supply within the Sub-Saharan African
region (Fig. 4).



Consumption of marine small pelagic fish in most Sub-
Saharan countries is primarily in the form of locally-caught or
imported lower-cost species such as mackerels, herrings,
pilchards/sardines, and, to a lesser extent, anchovies (20…22);
the fish usually are consumed in fresh, frozen, canned, cured,
and/or dried form depending upon country, species, availabil-
ity, market price, and financial resources of the consumer.
However, it is also important to mention here that freshwater
fish contributed 33.0% of total food fish supply in Africa,
second after marine pelagic fish in 2003, and as such also play
an important role in food fish supply within inland regions (18).



COMMERCIALLY TRADED PROCESSED SMALL
PELAGIC FORAGE FISH FOR HUMAN CONSUMPTION



Although total reported landings of small pelagic forage fish
was 27.2 million t in 2006, only 4.6 million t or 16.9% of
processed food-grade small pelagic forage fish products were
internationally traded in 2006 (1). Contrary to the notion often
expressed that most small pelagic forage fish species targeted for
reduction are not suitable for direct human consumption (23), a
variety of food-grade processed products are produced from
these generally lower value (in marketing terms) fish species (see
Table 2 for an example of the major processed traded products
in 2006) (1).



Surprisingly, although more than 36.7% of total small
pelagic forage fish landings were reported within the South
American region (10 million t in 2006), the major country
producers of processed small pelagic forage fish products in
2006 were in Europe (45.7% total) and Asia (34.5%). Top
producing countries are presented in Table 3A (1). Moreover,
Europe accounted for more than 59.43%of total exports
(2 422 098 t), with the top European exporting countries shown
in Table 3B (1).



Of particular significance is the marked decrease of total
exports of processed food-grade small pelagic fish from Peru
(the largest producer of small pelagic fish in the world at more
than 5.9 million t in 2006) (24), with exports decreasing after a
reaching a high of more than 100 000 t in 1981 to a low of
22 000 t in 2006. In marked contrast, exports from Chile have
increased more than sixfold from 37 000 t in 1993 to more than
197 000 t in 2006; the main export markets for frozen Chilean



jack mackerel are Nigeria, Peru, and Cuba, and Sri Lanka for
canned mackerel (25).



Figure 5 shows the imports of processed small pelagic fish by
region, with Europe showing the fastest growth in imports
(responsible for more than 45.9% total imports in 2006),
followed by Asia (23.9%) and Africa (23.8%). At the country
level, the largest single importer of processed food-grade forage
fish products in 2006 was Nigeria (372 000 t), with other major
importers within the Sub-Saharan region including Ghana
(264 000 t), Cote d•Ivoire (103 000 t), and Cameroon (81 000 t)
(1). According to FAO, total imports of processed small pelagic
fish in Africa was 1.01 million t in 2006, mainly in frozen form
(85%), with the main species being mackerels, sardines (included
sardinellas and sprats), and herrings.



SMALL PELAGIC FISH USED AS HUMAN FOOD



According to Franz et al. (21) about 70% of Namibian horse
mackerel landings were exported to the Democratic Republic of
Congo, with the remainder exported to South Africa, Nigeria,
Cameroon, Ghana, Angola, Zimbabwe, and Mozambique.
Total Namibian landings of small pelagic species in 2006 were
reported as 0.32 million t, including 0.31 t of Cape horse
mackerel, 4.9 thousand t of whitehead round herring, 2.9
thousand t of chub mackerel, 2.3 thousand t of Southern
African pilchard, and 1.1 thousand t of Southern African
anchovy (1). In general, horse mackerel are frozen whole at sea
and then shipped for export, with the remainder usually used to
produce fishmeal and fish oil that are exported to South Africa
and Japan. By contrast, the anchovy is generally regarded as
being of lower value and as such is usually reduced to fishmeal
and fish oil. However, the pilchard is generally regarded as
being the most valuable small pelagic species in Namibia, with
landed fish usually canned and the processing waste reduced to
fishmeal and fish oil; 90%of Namibia•s pilchard catch is usually
canned and exported to South Africa. Moreover, Franz et al.
(21) reported that Namibia•s fisheries benefited from duty free
access to the European Union.



In marked contrast, the consumption of small pelagic forage
fish in Asia and the Pacific, either fresh, frozen, canned, dried,
cured or fermented, has had a very long tradition (4, 15, 26…28),
and this does not need repeating again here. However,
competition for the use of these resources, either as inputs for
the preparation of traditional sauces/food preparations or for
use as feed inputs for the production of high value aquaculture
species, usually results in the product being sold to the person/
sector that can afford to pay more; this is usually the farmer
producing the cash crop rather than the cash poor and most
needy (4, 27). Moreover, because these lower-value fish species
are usually consumed by the poorer and most vulnerable



Table 2. Major traded and processed small pelagic forage fish
species in 2006 (1).



Processed
traded products



Quantity
(million t)



Percentage
of total



Frozen Atlantic herring 0.69 15.0
Frozen chub mackerel 0.48 10.4
Frozen jack and horse mackerel 0.43 9.6
Frozen mackerels nei 0.28 6.1
Frozen anchovies 0.25 5.5
Frozen clupeoids nei 0.21 4.7
Frozen Atlantic mackerel 0.20 4.3
Prepared/preserved pilchards 0.19 4.1



Table 3. Top world producing (A) and European exporting (B)
countries for internationally traded processed small pelagic
forage fish species in 2006 (1).



Quantity
(thousand t)



A. Producing country
Japan 1206
Norway 529
The Russian Federation 439
Morocco 209



B. Exporting country
Norway 626
The Netherlands 354
United Kingdom 239
Spain 155
The Russian Federation 144
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segments of society, they suffer most when the price of these
life-saving commodities increase out of their economic grasp
and food basket (16, 17).



In the past, the problem usually associated with the direct
utilization of Peruvian anchovy (E. ringens) and other small oily
pelagic fish species have been related to their rapid deterioration
in quality on prolonged storage and the difficulties of
processing large volumes of fish during a relatively short period
of time (28…30). However, recent advances in fishing methods
and fish processing technology (31) are now such that a variety
of different food products have been successfully developed
from anchovy (E. ringens) and other small pelagic fish species.
Apart from improvements in fish freezing and chilling methods
(28, 32), one of the most important advances in fish processing
has been the development of stabilized surimi products (33…37);
surimi is stabilized myofibrillar from muscle or, more simply
put, mechanically deboned fish flesh that has been washed with
water and then stabilized (after dewatering) by blending with
cryoprotectants (low molecular weight carbohydrates such as
sucrose or sorbitol) to ensure a good shelf life and protein
function (gelling, texture) on prolonged storage or freezing (30,
35).



Other food products that have been successfully prepared
from Peruvian anchovy (E. ringens) and other small oily pelagic
fish species include:i) frankfurters, fish balls, fish chips, fish
nuggets, fish fillets, fish sausages, noodles and ravioli products
produced from surimi/minced fish (29, 38, 39); ii) canned
anchovy marinates (40…43);iii) fermented and powdered
anchovy seasoning products (44);iv) edible quality refined fish
oils (45);v) anchovy protein hydrolysates and oils (46);vi) dried
anchovies (47);vii) food-grade fish powders and fish protein
concentrates (39, 48, 49),viii) and menhaden roe (50);ix)
smoked/cured fish products (28); andx) dry salted products,
fish biscuits, and extruded fish balls (dried) made from food-
grade fishmeal and cereals (39).



Similarly, in a survey undertaken of local fish markets in
Metro Manila (the Philippines), small sardines and anchovies
are usually brine-salted and dried whole, with larger fish usually
split open, cleaned, salted, and then sun dried. The consumption
of cured fish (including dried salted fish) is one of the highest in
the Southeast Asian region (51). The same author also noted
that imported frozen fish (mainly low-cost pelagic fish and
cuttlefish) were increasingly being distributed to Metro Manila
at relatively lower prices than locally caught species (51).



INCREASING COMPETITION BETWEEN USERS FOR
SMALL PELAGIC FORAGE FISH



Market economics and free market access are currently the
main drivers that select whether small pelagic forage fish are
fished for feed or fished for food. It may be that with
improvements in fishing and on-board fish processing tech-
niques the market will take care of itself. For example, in Chile
a greater proportion of the Jack mackerel catch is being
diverted from fishmeal manufacture to processing as frozen
whole fish for export (Table 4), as the production of frozen jack
mackerel is much more profitable than producing fishmeal (53).
However, this may not always be the case, especially if the
market price of fishmeal and/or fish oil price should rise in the
future.



In the case of Peru, only 43 000 t or 0.73% of the total
anchovy (E. ringens) harvest of 5 935 302 t was destined for
direct human consumption in 2006 (24); 99.3% of the total
anchovy catch was reduced to fishmeal and fish oil almost
exclusively for export. Moreover, the proportion of the total
fish catch in Peru destined for food use has been relatively
small, fluctuating from a low of 7.0% in 2002 to a new high of
16.1% in 2006. In marked contrast to the Peruvian Anchovy (E.
ringens), all the reported landings of the other two pelagic
species in Peru, namely the Chilean jack mackerel (Trachurus
murphyi; 278 000 t) and chub mackerel (Scomber japonicus: 102
000 t) were processed for direct human consumption in 2006
(24).



In addition, it is often stated that there is no cultural
tradition for consumption of Anchoveta in Peru (viz. Peruvian
Anchovy, E. ringens) (54), and that it is for this reason that the
bulk of the Anchoveta harvest is processed by the industrial
fisheries sector for export and foreign cash earnings. However,
this is not the case, as the earliest known civilization in the
Americas, the ••Caral civilization•• (a thriving metropolis as
Egypt•s great pyramids were being built, located in the Supe
Valley near the coast of central Peru, that flourished for about 5
centuries starting about 2600 B.C.), relied largely on fish and
shellfish, including Anchoveta and sardines, as their main
source of protein (55). Sadly, the Caral civilization ended
around 1600 B.C. and with it, the ••cultural tradition•• of
consuming fish and shellfish (56).



Although the food fish supply in Peru in 2003 was 20.7 kg
caput� 1 and above the global average of 16.1 kg y� 1 (3), greatest



Figure 5. Total imports of traded
small pelagic fish and derived food
products by region (values given
in t) (1).
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consumption occurs in areas and cities near the coast (72% of
Peru•s 27 million inhabitants live in urban areas along the coast)
(39). However, this is not the case in rural inland areas.
Moreover, about half of the population in Peru still lives below
the national poverty line, with more than half of rural Peruvians
considered as being extremely poor (that is, living on less than
USD 1 a day) and Indigenous people comprising an estimated
15% of the population and having a poverty rate of 70% (57).
However, of the 357 000 t of processed fish products produced
in Peru in 2006 for direct human consumption (from a total fish
landing of 7 027 000 t), 329 000 t or 92.3% was exported; total
Peruvian fisheries exports in the form of fishmeal, fish oil, and
food fish exceeded USD 1.76 thousand million in 2006 (24).



The Californian pilchard has also recently entered into
another potential conflict of interests in Mexico. With reported
landings of more than 545 000 t in 2006 (1), this species was
usually targeted by fishermen for reduction into fishmeal, with
usually smaller quantities processed for direct human consump-
tion (mainly by canning). However, the recent development and
demand by tuna aquaculture fattening operations (the growing
of wild caught small-sized tuna to larger-size tuna within off-
shore cages for subsequent export) along the Pacific Mexican
coast for the pilchard catch as feed have resulted in prices paid
for product to increase from USD 70 t� 1 for freshly caught fish
to as high as USD 300 t� 1 for frozen fish from Mazatlan (58…
61). Competition for the resource has been such that fishmeal
factories along the coast are finding it hard to source product
for reduction; Mexico reportedly produced 64 000 t of
prepared/preserved pilchards, 80 000 t of fishmeal nei (will also
contain product produced from local tuna processing plants;
••nei•• is a FAO terminology for species not specified), 30 000 t
of frozen pilchard, and 27 000 of fish body oils nei in 2006 (1). It
has been estimated that the tuna fattening operations in Mexico
are currently consuming about 50 000 to 70 000 t of pilchards
(this value differs from the 20 000 to 30 000 t estimated by
Zertuche-González et al. [61]), with total tuna production in
2006 reported by FAO (1) as 4735 t and valued at USD 43.2
million. Farmed tuna production was the second most valuable
aquaculture crop in Mexico after farmed shrimp, with both high
value products being almost exclusively produced for export to
developed country markets. Similar domestic price increases in
forage feed fish for tuna fattening operations have also been
reported in Italy and Spain (59, 62).



OBSTACLES TO DIRECT HUMAN USE OF SMALL
PELAGIC FORAGE FISH



As mentioned previously, the major obstacles to the direct and
increased use of small pelagic forage fish for direct human
consumption are primarily economic and relate to the current
free market access of fisherfolk and industrial fishing companies
to exploit this resource for reduction into fishmeal and fish oil



and/or animal feeding. Moreover, emphasis by fisheries
managers, conservationists, and environmentalists has been
placed on the sustainable management of specific fishery
resources so as to prevent overexploitation rather than on
postharvest management strategies and the end user of the
resource. With aquaculture now consuming more than 57% of
total global fishmeal production, 87% of total global fish oil
production, and 55% of total other nonfood small pelagic
forage fish usage in 2006 (7), there is a strong market demand
for continuing the market availability, supply, and use of these
precious commodities for animal feeding (63, 64). Apart from
the willingness of the aquaculture sector to pay higher market
prices for these valuable commodities (compared with terrestrial
livestock and other potential users), the culture of higher market
value carnivorous fish and crustaceans (which are more
dependent upon fishery resources as feed inputs) is actively
promoted by major aquaculture producers (including China,
the world•s largest aquaculture producer and user of fishmeal
and low value/trash fish [7, 13, 19]) as a means of generating
cash income and export revenues (49, 65).



On the basis of the above usage of fishmeal and fish oil, it is
perhaps not surprising that for many high value cultured species
the consumption of fishery resources (in terms of small pelagic
forage fish equivalents) is greater than the quantity of cultured
fish produced (8). The long term sustainability and ethics of
using these precious fishery resources as feed inputs by the
aquaculture sector has been questioned (10, 12) and has
generated increased attention on the sector from seafood
awareness campaigns to promote a more sustainable seafood
supply within developed country markets (66…69).



RESPONSIBLE FISHERIES AND NEED FOR
INCREASED LEGISLATIVE CONTROLS



Notwithstanding the critical role played by lower-cost small
pelagic forage fish species in total food fish supply and the
subsequent nutritional wellbeing of cash-poor people within
developing countries (Fig. 2), it may be that the only way to
safeguard and promote increased access and usage of this
resource for direct human consumption is through the
imposition of legislative controls by national/local governments
by prohibiting the use of these potentially food-grade small
pelagic forage fisheries for animal feeding. This includes
reduction to fishmeal and fish oil. Successful examples include
the introduction in Peru of legislation establishing that Jack
mackerel, Chub mackerel, and sardine should only be exploited
for direct human consumption (69). Similarly, legislature in
California in the early 1920s introduced legislation prohibiting
the processing of fish (in this case the California sardine
[¼Californian pilchard Sardinops caeruleus) for reduction if it
was fit for human consumption (70). Moreover, in the case of
many African coastal and Island states the small pelagic fish



Table 4. Fishmeal production by major fish species in Chile from 1995 to 2005 (values are given in thousand t, and inserts for fishmeal
production from Jack mackerel [52]).



Peruvian anchovy Chub mackerel Jack mackerel Sardines Patagonian grenadier Others Fish waste



1995 439 25 956 50 36 1 45
1996 306 34 834 103 70 3 49
1997 392 49 594 99 12 6 72
1998 117 14 260 73 69 3 106
1999 424 26 204 214 58 2 72
2000 387 2 216 153 16 3 81
2001 194 77 302 72 28 4 100
2002 333 69 243 71 15 1 104
2003 183 123 227 60 2 11 99
2004 417 115 233 74 0 17 128
2005 341 53 221 58 2 27 125
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catch is often simply not available for human consumption as it
is processed into fishmeal on board or piped or trucked directly
to land-based fishmeal processing plants, primarily for export
(22, 71). In fact, developed countries imported 80% of total
traded fisheries products in 2006 valued at USD 72.6 thousand
million, with the largest importers being the European Union,
followed by Japan and the United States (1). In fact, on a per
capita basis, the highest consumers of fish and seafood in 2003
were Developed Countries at 23.95 kg y� 1, followed by Oceania
22.93 kg y� 1, North America (developed) 21.56 kg y� 1, Europe
20.98 kg y� 1, and Asia 17.53 kg y� 1 (18). In marked contrast,
the lowest consumers (on a per capita basis) were Developing
Countries at 13.94 kg y� 1, followed by Latin America and the
Caribbean at 8.54 kg y� 1, Africa 7.57 kg y� 1, and Sub-Saharan
Africa at 6.94 kg y� 1 (global average: 16.06 kg y� 1) (18).



In particular, governments should be encouraged to adhere
and adopt into their national legislations the recommendations



and guidelines laid down in the FAO Code of Conduct for
Responsible Fisheries (72, 73). For example, Article 2.f of the
FAO CCRF states one of the major objectives of the Code as
being to promote the contribution of fisheries to food security
and food quality, giving priority to the nutritional needs of local
communities. Article 11.1.9 states that ••States should encour-
age the use of fish for human consumption and promote
consumption of fish whenever appropriate.•• In line with the
above declarations and agreements it is thus recommended that
i) governments within major aquaculture producing countries
prohibit and/or severely limit the manufacture of fishmeal/fish
oil from potentially food-grade small pelagic forage fish species
and the use of potentially food-grade small pelagic forage fish
for use as feed inputs for aquaculture and animal feeding,
particularly within those countries/regions where small pelagic
forage fish are consumed directly by the rural poor; ii)
government and civil society be made aware through seafood



Figure 6. Probability of dying (per 1000) for children under 5 years of age (78).
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awareness campaigns of the potential that small pelagic forage
fisheries have to improve national food security and the
nutritional well being and health of the poor and needy,
including children; iii) the aquaculture sector reduce its reliance
upon the use of potentially food-grade fishery resources as feed
inputs through the development and increased use of locally
available agricultural feed resources, including plant and animal
by-products arising from the domestic agriculture sector; and
iv) the dependency of the commercial and sport/recreation
fisheries sector upon the use of potentially food-grade fish bait
species be reduced through the promotion and use of artificially
prepared fish bait substitutes based on the use of feed-grade
fish, agricultural by-products, and other natural feeding
attractants.



CONCLUDING REMARKS



In conclusion, it is important to remember that malnutrition is
still the number one killer and cause of suffering on earth,
causing more deaths than HIV/AIDS, warfare, genocide,
terrorism, or any other ailment, particularly within developing
countries; 23 children currently die every minute from
undernutrition (17, 19). According to the United Nations
Development Program, the World Health Organization
(WHO), and FAO it is estimated that about one-fifth of the
world•s population is currently living in extreme poverty
(defines as living on less than USD 1 per day), with more than
4 thousand million people earning less than USD 4 per day and
the majority living within developing countries. Moreover, with
the world population expected to grow by 2.6 million between
2005 and 2050 (a number roughly equal to the total global
population in 1950 of 2.5 thousand million) (74), there are
growing doubts as to the long term sustainability of many
existing agricultural and aquacultural food production systems
to meet the increasing global demand for food (75…77).
Nowhere is this more critical than within many of the world•s
developing countries, and in particular within Sub-Saharan
Africa; the Sub-Saharan region is the only region of the world
where per capita consumption of fish has fallen (aquaculture
representing only 3.1%[158 thousand t] of total capture fisheries
landings in the region [5.1 million t] in 2006) (1).



Despite the obvious nutritional and health benefits to be
gained from the continued access and consumption of fish by
the rural poor, sadly little or no information exists concerning
the role played by fish in the diet and nutritional food security
of the poor and vulnerable, and in particular in the diet of
children within low-income food deficit countries (17). As a
reminder of the seriousness of the malnutrition problems faced
by the Sub-Saharan African region and others, Figure 6 shows
probability of dying (per 1000) for children under 5 years of age
according to WHO (78). At present, food fish represents a
major source of animal protein (contributing more than 25% of
the total animal protein supply) for about 1.25 thousand million
people within 39 countries worldwide, including 19 Sub-
Saharan countries (Fig. 6).
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Ocean Dead Zones Are Getting Worse Globally Due to
Climate Change
Warmer  waters and other  factors will cause near ly all areas of low oxygen to
grow by the end of the century



An algae bloom off the coast of Maryland. Such blooms help create low-oxygen areas called dead zones as the algae
respire or decompose. (Chuck Gallegos, with aerial support from LightHawk)



By Sarah Zielinski
smithsonian.com 
November 10, 2014



Nearly all ocean dead zones will increase by the end of the century because of climate change, according to a new Smithsonian-led
study. But the work also recommends how to limit risks to coastal communities of fish, crabs and other species no matter how
much the water warms.



Dead zones are regions where the water has unusually low dissolved oxygen content, and aquatic animals that wander in quickly
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die. These regions can form naturally, but human activities can spark their formation or make them worse. For instance, dead zones
often occur when runoff from farms and cities drains into an ocean or lake and loads up the water with excess nutrients such as
nitrogen and phosphorus. Those nutrients feed a bloom of algae, and when those organisms die, they sink through the water
column and decompose. The decomposition sucks up oxygen from the water, leaving little available for fish or other marine life.



Researchers have known that low-oxygen, or hypoxic, areas are on the rise. They have doubled in frequency every 10 years since
the 1960s, largely due to increases in nutrient-filled runoff. But warming and other aspects of climate change will likely worsen
dead zones around the world, argue Andrew Altieri of the Smithsonian Tropical Research Institute in Panama and Keryn Gedan of
the University of Maryland, College Park, and the Smithsonian Environmental Research Center in Maryland. 



This map of known dead zones (white dots) shows how much annual air temperatures are expected to change by 2080-
2099 compared with 1980-1999. (Keryn Gedan and Andrew Altieri/Smithsonian)



“Climate change will drive expansion of dead zones, and has likely contributed to the observed spread of dead zones over recent
decades,” Altieri and Gedan write in a new paper that appears today in Global Change Biology. The researchers examined a
database of more than 400 dead zones worldwide. Some 94 percent of these hypoxic areas will experience warming of 3.6 degrees
Fahrenheit or more by the end of the century, they found.



“Temperature is perhaps the climate-related factor that most broadly affects dead zones,” they note. Warmer waters can hold less
dissolved oxygen in general. But the problem is more complicated than that. Warmer air will heat up the surface of the water,
making it more buoyant and reducing the likelihood that the top layer will mix with colder waters below. Those deeper waters are
often where the hypoxia develops, and without mixing, the low-oxygen zone sticks around.



As temperatures increase, animals such as fish and crabs require more oxygen to survive. But with less oxygen available, “that
could quickly cause stress and mortality and, at larger scales, drive an ecosystem to collapse,” Altieri and Gedan warn.





http://www.smithsonianmag.com/smart-news/chinas-massive-algae-bloom-could-leave-the-oceans-water-lifeless-7262513/


http://www.smithsonianmag.com/smart-news/dead-zone-size-connecticut-gulf-waters-180952260/?no-ist


http://www.smithsonianmag.com/science-nature/algae-problem-lake-erie-isnt-going-away-anytime-soon-180952256/


http://dx.doi.org/10.1111/gcb.12754


http://www.sciencemag.org/content/321/5891/926.abstract








Piles of mussels (Mytilus edulis) washed onto a beach after a dead zone event in Narragansett Bay, Rhode Island.
(Andrew Altieri/Smithsonian)



Other aspects of climate change could further exacerbate dead zones. In the Black Sea, for instance, the earlier arrival of summer
has resulted in the earlier development of hypoxia as well as expansion of the dead zone area. And sea level rise will devastate
wetlands, which for now help to defend against the formation of algal blooms by soaking up excess nutrients from runoff.



“Climate change can have a variety of direct and indirect effects on ocean ecosystems, and the exacerbation of dead zones may be
one of the most severe,” the researchers write. The good news, though, is that the dead zone problem can be tackled by reducing
nutrient pollution. With less nitrogen or phosphorus to feed algal blooms, dead zones are less likely to form no matter how warm it
gets.
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Preface



The Committee on Potential Impacts of Ambient Noise in the Ocean on
Marine Mammals was charged with assessing our state of knowledge of
underwater noise and recommending research areas to assist in determining
whether noise in the ocean adversely affects marine mammals.  The com-
mittee was selected to represent a diverse range of expertise, including
acousticians and marine biologists, as well as an expert in geophysical
exploration.  The committee convened four times, beginning in March of
2001, including three open public sessions.  A wide variety of experts in the
field of marine mammals and noise addressed the committee and submitted
materials for review.  The committee is indebted to the following for their
assistance: Dan Costa, University of California, Santa Cruz; Jim Finneran,
Space and Naval Warfare (SPAWAR) Systems Center; Charles Greene,
Greeneridge Sciences, Inc.; Richard Heitmeyer, Naval Research Lab; David
Kastak, University of California, Santa Cruz; Charles Liberman, Harvard
University; Bertl Møhl, Aarhus University; Paul Nachtigall, Hawaii Insti-
tute of Marine Biology; Charles O’Neill, Naval Oceanographic Office; Sam
Ridgway, SPAWAR Systems Center; Ron Schusterman, University of Cali-
fornia, Santa Cruz; Peter Tyack, Woods Hole Oceanographic Institution;
and William Watkins, Woods Hole Oceanographic Institution.



In addition, valuable input to the committee’s work was provided by a
number of researchers.  The committee would like to offer sincere apprecia-
tion to Douglas Cato, Australia Department of Defence; Elena McCarthy,
University of Rhode Island; Jennifer Miksis, University of Rhode Island;
Kevin Smith, Naval Postgraduate School; and Eryn Wezensky, University
of Rhode Island.
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viii PREFACE



Two previous National Research Council reports examined the pos-
sible consequences of ocean noise on marine mammals.  Low-Frequency
Sound and Marine Mammals: Current Knowledge and Research Needs
(NRC, 1994) provided an initial survey of our understanding of the impacts
of marine noise on mammals.  The second report, Marine Mammals and
Low-Frequency Sound:  Progress Since 1994 (NRC, 2000), primarily re-
viewed the marine mammal research conducted as part of the Acoustic
Thermometry of Ocean Climate (ATOC) experiments.  Both reports pro-
vided a suite of recommendations, many of which still apply and some of
which will be reiterated in this report.



Coincident with the deliberations of this committee, two Navy sonar
systems received a very high level of attention from the press and environ-
mental organizations.  Use of one of the Navy sonar systems, the SQS-53C,
a mid-range active sonar, was found to contribute to a stranding incident in
the Bahamas.  In addition, a separate, low-frequency active sonar system,
the SURTASS-LFA, was approved by the National Marine Fisheries Service
for use by the U.S. Navy.  Both of these systems are discussed in this report,
since they contribute noise to the oceans, but neither is discussed in detail.



One of the challenges in preparing this report was to standardize the
units of measure.  Another was to clarify commonly used terms in underwa-
ter acoustics, seismic exploration, and marine mammology.  A glossary is
included to assist with some of the general terminology in the report.



Chapter 1 of this report provides a brief overview of the issues pertain-
ing to marine mammals and noise and the committee’s approach to answer-
ing its charge.  Introductory material describes the physics of underwater
sound, as a rudimentary understanding of these principles is necessary to
understand the material that follows.  Chapter 2 describes both natural and
human contributions to noise in the ocean and discusses long-term trends in
noise levels.  Chapter 3 describes effects of ocean noise on marine mam-
mals, focusing primarily on behavioral changes.  Models of marine sound
and its effects on marine mammals are described in Chapter 4.  Chapter 5
contains findings and recommendations of the committee, drawing on the
content of the previous chapters.
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1



Executive Summary



In recent years, both the scientific community and the general public
have become increasingly aware of—and concerned about—conserving the
earth’s marine resources.  Heightened concerns are evident from the in-
crease of scientific and popular articles devoted to such topics as beach
closures, harmful algal blooms, and marine mammal strandings.  Among
the most sensitive and controversial yet least understood subjects is the
effect of human-generated noise on marine mammals.  Scientists and lay-
persons alike are well aware that human-generated sound in the sea comes
from a variety of sources, including commercial ship traffic, oil exploration
and production, construction, acoustic research, and sonar use.  Underwa-
ter sounds are also generated by natural occurrences such as wind-gener-
ated waves, earthquakes, rainfall, and marine animals.  It is well known
that noise levels in the sea began to increase steadily with the onset of
industrialization in the mid-nineteenth century.  The conventional assump-
tion is that this trend has continued in recent times as well, but there is only
limited scientific evidence to support this hypothesis.  Many factors have
combined to escalate the awareness of and concern for noise impacts on
marine mammals and on their habitat, supporting communication systems,
and behavior.  However, remarkably few details are known about the
characteristics of ocean noise, whether it be of human or natural origin, and
much less is understood of the impact of noise on the short- and long-term
well-being of marine mammals and the ecosystems on which they depend.



It was in this context of these uncertainties that the current committee
effort began.  At the request of the federal interagency National Ocean
Partnership Program, with sponsorship from the Office of Naval Research,
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2 OCEAN NOISE AND MARINE MAMMALS



the National Oceanic and Atmospheric Administration, the National Sci-
ence Foundation, and the U.S. Geological Survey, the National Research
Council (NRC) of the National Academies undertook a study to examine
the current state of knowledge on ocean noise and its effects on marine
mammals.  The NRC was asked to



• evaluate the human and natural contributions to marine ambient
noise and describe the long-term trends in ambient noise levels, especially
from human activities;



• outline the research needed to evaluate the impacts of ambient noise
from various sources (natural, commercial, naval, and acoustic-based ocean
research) on marine mammal species, especially in biologically sensitive
areas;



• review and identify gaps in existing marine noise databases; and
• recommend research needed to develop a model of ocean noise that



incorporates temporal, spatial, and frequency-dependent variables (Box 1).



The committee held three public meetings and received input from
underwater acousticians, marine mammalogists, auditory physiologists, and
naval oceanographers.  The committee reviewed previous NRC reports
(NRC, 1994, 2000), current scientific articles, symposium reports, models,
and data compiled by the Naval Oceanographic Office.



This report is the third in a series by the NRC examining the potential
effects of ocean noise on marine mammals.  Although the three reports
evolved from very different charges and were generated by separate com-
mittees, many similar research needs became evident during each study.
The recommendations presented in this report build on, but do not replace,
those presented in the earlier efforts (NRC, 1994, 2000).  This committee
recommends that all three reports be examined in order to better under-
stand the research needs required to mitigate the effects of human-gener-
ated ocean noise on the marine ecosystem.



FINDINGS



For the purposes of evaluating the potential effects of underwater sound
on the marine environment, both ambient noise and noise from identifiable
sources must be considered.  The term “ambient noise” is used by the
underwater acoustics community to refer to the background din emanating
from a myriad of unidentified sources.  Although the type of noise source
may be known, the specific sources are not identified.  When examining the
possible effects of ocean noise on marine mammals noise from specific
sources is also important; therefore, the term “ocean noise” will be used in
this report to refer to all types of noise sources.
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3EXECUTIVE SUMMARY



Sound in the ocean is generated by a broad range of sources, both
natural and human (anthropogenic), for intentional use or as the unin-
tended consequence of activity in the ocean.  Natural geophysical sources
include wind-generated waves, earthquakes, precipitation, and cracking
ice.  Natural biological sounds include whale songs, dolphin clicks, and fish
vocalizations.  Anthropogenic sounds are generated by a variety of activi-
ties, including commercial shipping, geophysical surveys, oil drilling and
production, dredging and construction, sonar systems, and oceanographic
research.  Intentional sounds are produced for an explicit purpose, such as
seismic surveying to find new fossil fuel reservoirs.  Unintentional sounds
are generated as a byproduct of some other activity, such as noise radiated
by a ship’s machinery as it crosses the ocean.



A proper accounting of the global ocean noise budget must include
both the background ambient component and the contributions from iden-
tifiable sources.  An overall global noise budget typically is derived by
averaging the received noise spectrum over space and time.  Contributions
from transient-in-time and localized-in-space components are lost in this
averaging process.  This conventional accounting technique suggests that
the two largest contributors to the overall (space- and time-averaged) deep-
ocean noise budget are wind-generated ocean waves over the frequency
band from 1 Hz to at least 100 kHz and commercial shipping at low
frequencies (from 5 Hz to a few hundred Hz).  However, it is clear also that
this  method is only one approach to computing the noise budget and is not
necessarily the most appropriate one for assessing the impact of sound on
marine mammals.



There are very limited data to determine long-term trends in ocean
noise levels.  While noise levels in the ocean began to increase with the onset
of the Industrial Revolution (ca. 1850), it is much less clear that this trend
is continuing in the twenty-first century.  Commercial shipping noise is
actually the only area for which educated speculation on long-term trends is
possible.  On one hand, the substantial increase in the number of commer-
cial vessels during the past 50 years, supplemented by limited noise obser-
vations, implies there has been a gradual increase in noise levels from ship
traffic on the order of 15 dB.  On the other hand, newer ships may be
quieter, and the relationship between ship-radiated noise and ship param-
eters (e.g., gross tonnage, length, and speed) is not sufficiently understood
to develop a reliable predictive capability.  Although evidence on long-term
trends in ocean noise characteristics is very limited and there is even less
evidence on the effects of ocean noise on marine life, present data are
sufficient to warrant increased research and attention to trends in ocean
noise.



There are very limited observations concerning the effects of ocean
noise on marine mammals.  Short- and long-term effects on marine mam-
mals of ambient and identifiable components of ocean noise are poorly
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Box 1
Overview of the Committee’s Research Recommendations



To Evaluate Human and Natural Contributions to Ocean Noise



• Gather together in one location existing data on man-made sources and noise;
• Measure alternative properties of man-made sources in addition to average



acoustic pressure spectral level;
• Establish a long-term ocean noise monitoring program covering the frequency



band from 1 to 200,000 Hz;
• Monitor ocean noise in geographically diverse areas with emphasis on ma-



rine mammal habitats;
• Develop quantitative relationships between man-made noise and levels of



human activity;
• Conduct research on the distribution and characteristics of marine mammal



sounds;
• Develop a global ocean noise budget that includes both ambient and tran-



sient events and uses “currencies” different from average pressure spectral levels to
make the budget more relevant to marine mammals.



To Describe Long-Term Trends in Ocean Noise Levels, Especially from Human Ac-
tivities



• Establish a long-term ocean noise monitoring program covering the frequency
band from 1 to 200,000 Hz;



• Develop quantitative relationships between man-made noise and levels of
human activity.



Research Needed to Evaluate the Impacts of Ocean Noise from Various Sources on
Marine Mammal Species



• Measure effects of alternative properties of man-made sources in addition to
average acoustic pressure spectral level on marine mammals;



• Establish a long-term ocean noise monitoring program covering the frequency
band from 1 to 200,000 Hz;



• Monitor ocean noise in geographically diverse areas with emphasis on ma-
rine mammal habitats;



• Try to structure all research on marine mammals to allow predictions of pop-
ulation-level consequences;



• Identify marine mammal distributions globally;
• Conduct research on the distribution and characteristics of marine mammal



sounds;
• Develop short-term, high-resolution, and long-term tracking tagging technol-



ogies;
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• Search for subtle changes in behavior resulting from masking;
• Search for noise-induced stress indicators;
• Examine the impact of ocean noise on nonmammalian species in the marine



ecosystem;
• Continue integrated modeling efforts of noise effects on hearing and behavior;
• Develop a marine-mammal-relevant global ocean noise budget;
• Investigate the causal mechanisms for mass strandings and observed traumas



of beaked whales.



Current Gaps in Existing Ocean Noise Databases



• Gather together in one location existing data on man-made sources and noise;
• Measure alternative properties of man-made sources in addition to average



acoustic pressure spectral level;
• Establish a long-term ocean noise monitoring program covering the frequency



band from 1 to 200,000 Hz and which includes transients;
• Monitor ocean noise in geographically diverse areas with emphasis on ma-



rine mammal habitats;
• Conduct research on the distribution and characteristics of marine mammal



sounds.



To Develop a Model of Ocean Noise that Incorporates Temporal, Spatial, and Fre-
quency-Dependent Variables



• Gather together in one location existing data on man-made sources and noise;
• Measure alternative properties of man-made sources in addition to average



acoustic pressure spectral level;
• Establish a long-term ocean noise monitoring program covering the frequency



band from 1 to 200,000 Hz (data are critical for model validation);
• Monitor ocean noise in geographically diverse areas with emphasis on ma-



rine mammal habitats;
• Develop quantitative relationships between man-made noise and levels of



human activity;
• Conduct research on the distribution and characteristics of marine mammal



sounds;
• Incorporate distributed sources into noise effects models;
• Develop a marine-mammal-relevant global ocean noise budget.



Administrative Recommendations



• Provide a mandate to a single federal agency to coordinate ocean noise mon-
itoring and research, and research on effects of noise on the marine ecosystem;



• Educate the public.
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understood.  There is no documented evidence of ocean noise being the
direct physiological agent of marine mammal death under any circum-
stances.  On the other hand, marine mammals have been shown to change
their vocalization patterns in the presence of background and anthropo-
genic noise.   Furthermore, the long-term effects of ambient noise on marine
organisms are even less well understood.  Potential effects include changes
in hearing sensitivity and behavioral patterns, as well as acoustically in-
duced stress and impacts on the marine ecosystem.



Models describing ocean noise are better developed than models de-
scribing marine mammal distribution, hearing, and behavior.  The biggest
challenge lies in integrating the two types of models.  A wide variety of
ambient noise models and databases have been developed by the U.S. Navy
as part of its antisubmarine warfare effort.  However, the focus on naval
scenarios means that they are not ideally suited for marine mammal appli-
cations.  Models of marine mammal habitats and distribution patterns, as
well as effects models linking dosage and response, are severely limited by a
paucity of data.  To provide a product that is useful for understanding and
managing interactions between marine mammals and noise, existing data-
bases must be expanded, updated, and coordinated to allow the integration
of both marine mammal and ocean noise models.  Well-documented data-
bases also are essential for performing the critical step of model validation.



Recent reports both in the press and from federal and scientific sources
indicate that there is an association between the use of high-energy mid-
range sonars and some mass strandings of beaked whales.  Recent mass
strandings of beaked whales have occurred in close association, both in
terms of timing and location, with military exercises employing multiple
high-energy, mid-frequency (1-10 kHz) sonars.  In addition, a review of
earlier beaked whale strandings further reinforces the expectation that there
is at least an indirect relationship between the strandings and the use of
multiple mid-range sonars in military exercises in some nearshore beaked
whale habitats.  Several press reports about the recent incidents appeared
while this report was in preparation and attributed the strandings to “acous-
tic trauma.”  Acoustic trauma is a very explicit form of injury.  In the
beaked whale cases to date, the traumas that were observed can result from
many causes, both directly and indirectly associated with sound, but similar
traumas have been observed in terrestrial mammals under circumstances
having no relation to sound exposure.  Careful sampling and analysis of
whole animals have rarely been possible in the beaked whale cases so far,
which has made definitive diagnoses problematic.  As of this writing, eight
specimens in relatively fresh condition have been rigorously analyzed.  Be-
cause of the repeated associations in time and location of the strandings and
sonar in military exercises, the correlation between sonars and the
strandings is compelling, but that association is not synonymous with a
causal mechanism for the deaths of the stranded animals.  The cause of



Copyright © National Academy of Sciences. All rights reserved.



Ocean Noise and Marine Mammals 
http://www.nap.edu/catalog/10564.html





http://www.nap.edu/catalog/10564.html
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death in all cases was attributed to hyperthermia, but a precise cause for the
unusual traumas that were also seen in the cases examined has not yet been
determined.  The NATO/SACLANT Undersea Research Center report
(D’Amico and Verboom, 1998) and the joint NOAA-Navy interim report
(Evans and England, 2001) have not been discussed in detail in this docu-
ment because of the preliminary nature of the findings.  However, this is
clearly a subject needing much additional research.  The research program
outlined in Evans and England is a good start.



RECOMMENDATIONS



A federal agency should be mandated to investigate and monitor ma-
rine noise and the possible long-term effects on marine life by serving as a
sponsor for research on ocean noise, the effects of noise on marine mam-
mals, and long-term trends in ocean noise. Federal leadership is needed to
(1) monitor ocean noise, especially in areas with resident marine mammal
populations; (2) collect and analyze existing databases of marine activity;
and (3) coordinate research efforts to determine long-term trends in marine
noise and the possible consequences for marine life.



Existing data on marine noise from anthropogenic sources should be
collected, centralized, organized, and analyzed to provide a reference data-
base, to establish the limitations of research to date, and to better under-
stand noise in the ocean.  Currently, data regarding noise produced by
shipping, seismic surveying, oil and gas production, marine and coastal
construction, and other marine activities are either not known or are diffi-
cult to analyze because they are maintained by separate organizations such
as industry database companies, shipping industry groups, and military
organizations.  It would be advantageous to have all data in a single data-
base in order to improve the ability of interested parties to access the data
sets and use them in research, for scientific publications, in education, and
for management and regulatory purposes.  This database could be a distrib-
uted network of linked databases, using a standardized series of units of
measure.  International cooperation in this database development effort as
well as international access to the information should be encouraged, since
the marine mammal and ocean noise issue is global.



Acoustic signal characteristics of anthropogenic sources (such as fre-
quency content, rise time, pressure and particle velocity time series, zero-to-
peak and peak-to-peak amplitude, mean squared amplitude, duration, inte-
gral of mean squared amplitude over duration, repetition rate) should be
fully reported.  Each characteristic of noise from anthropogenic sources
may differentially impact each species of marine mammals.  The complex
interactions of sound with marine life are not sufficiently understood to
specify which features of the acoustic signal are important for specific
impacts.  Therefore as many characteristics as possible should be measured
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and reported.  For transients, publication of actual acoustic pressure time
series would be useful.  Experiments that expose marine mammals to varia-
tions in these characteristics should be conducted in order to determine the
physiological and behavioral responses to different characteristics.  Particu-
lar attention should be paid to the sources that are likely to be the large
contributors to ocean noise in especially significant geographical areas and
to sources suspected of having significant impacts on marine life.



A long-term ocean noise monitoring program over a broad frequency
range (1 Hz to 200 kHz) should be initiated.  Monitoring and data analysis
should include average or steady-state ambient noise as well as identifiable
sounds such as seismic surveying sources, sonars, and explosive noises that
are not identified in classical ambient noise data sets.  Acoustic data collec-
tion should be incorporated into global ocean observing systems initiated
and under discussion in the United States and elsewhere.  A research pro-
gram that develops a predictive model of long-term noise trends should be
initiated.  Data from monitoring systems should be available in a timely
manner to facilitate informed decision making by interested industry, mili-
tary, and marine researchers, operators, and regulatory agencies.



Efforts to measure ocean noise should be targeted toward important
marine mammal habitats.  Until these habitats are fully described, it is
reasonable to begin a long-term monitoring program in coastal areas, loca-
tions close to known marine mammal migration paths, foraging areas, and
breeding grounds.  As new marine mammal habitats are identified, these
should be added to the acoustic surveys in order to provide a complete
picture of the acoustic environment in important marine mammal ecosys-
tems.



A research program should be instituted to investigate the possible
causal relationships between the ambient and identifiable source compo-
nents of ocean noise and their short- and long-term effects on marine
organisms.  Addressing this challenging and difficult problem will require a
multidisciplinary effort between biologists and acousticians to establish a
rigorous observational, theoretical, and modeling program.  An initial sig-
nificant focus of this work should be the examination of the possible rela-
tionship between the acoustics of identifiable high-energy, mid-frequency
sonars, marine mammal trauma, and mass stranding events.  In addition, a
study of the potential influence of ambient noise on long-term animal be-
havior should be vigorously pursued.



Whenever possible, all research conducted on marine mammals should
be structured to allow predictions of whether responses observed indicate
population-level effects.   Although it is difficult to obtain direct evidence of
impacts of human activity on marine mammals, it is even more difficult to
determine long-term impacts on individuals or impacts on populations.
Although the few documented cases of direct impact on individuals have
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raised awareness of potential population impacts, no measures exist of
marine mammal population effects from ocean noise.



Research should be conducted beyond locales already known and stud-
ied to globally characterize marine mammal distributions and populations.
Despite the large body of marine mammal research to date, including what
was recommended in previous reports (e.g., NRC, 1994), there is a surpris-
ing lack of information regarding the global distribution of marine mam-
mals.  Migration routes, breeding grounds, and feeding areas are known for
relatively few species.  In order to predict the importance of noise effects on
marine mammal behavior, the seasonal and geographic distribution of the
mammals must be better known both through survey data and through the
use of predictive oceanographic variables, such as topography, bottom type,
and water column variables.  This enormous task will require the develop-
ment of new sampling and extrapolation techniques in order to be practi-
cally achievable.



Research to determine quantitative relationships between levels of an-
thropogenic activity and noise should be conducted.  For example, if there
is a robust relationship between vessel type and noise, vessel traffic data
could be used to predict shipping noise.  Identifying reliable indicators for
anthropogenic sources will provide an additional modeling tool and predic-
tive capability that will be particularly useful in areas where long-term
monitoring may be difficult or impossible.  Similar needs exist for every
facet of human activity in the oceans.



Research should be undertaken to describe the distribution and charac-
teristics of sounds generated by marine mammals and other marine organ-
isms seasonally, geographically, and within behavioral contexts.  While
good progress has been made in describing marine mammal acoustic reper-
toires, much less is known about the details of natural patterns of sound
production, including the means of production and context in which differ-
ent vocalizations are produced, as well as how they vary diurnally, season-
ally, and geographically.  Marine mammals themselves may be significant
sources of ocean noise, although possibly in localized areas over limited
time periods.  These studies will also shed light on the contribution that
marine organisms make to the global ocean noise budget.



Research should be conducted to determine subtle changes in marine
mammal behavior, as well as failure to detect calls from other animals or
echoes from their own echolocation, that might result from masking of
biologically important acoustic information by anthropogenic sounds.
Short-term responses of marine mammals to anthropogenic noise sources
have been documented to a limited degree; however, long-term effects of
marine noise on the behavior of marine mammals have received less atten-
tion.  Impacts resulting from increases in background ambient noise have
not been documented.
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Marine mammal tagging studies should be continued to observe behav-
ioral changes in response to acoustic cues and to provide important data for
simulation models.  Efforts to improve marine mammal tagging technology
should continue to receive support.  Two technological improvements of
current tags are needed: (1) increase the duration of long-term data gather-
ing tags from months to multiple years to observe annual behavior cycles
and migration patterns, and (2) extend the duration of high-resolution tags
from hours to days to gather more data on daily behavior and environmen-
tal cues.  Current tagging technology allows individual marine mammals to
be tracked up to months.  Tags capable of higher-resolution data collection,
including animal orientation, acceleration, and produced or received sounds,
can generally collect data for less than one day.  These data have proven
very valuable in determining behavioral patterns in a variety of cetaceans
and pinnipeds and correlating their behavior with environmental cues.  The
technology should continue to be developed to allow longer studies using
both the high- and low-resolution tags.



Research efforts should seek to determine if reliable long-term stress
indicators exist and if they can be used to differentiate between noise-
induced stress and other sources of stress in representative marine mammal
species.  Stress indicators may be one useful marker for long-term effects of
anthropogenic noise on marine mammals.



The impact of noise on nonmammalian organisms in the marine eco-
system should be examined.  Fish use sound in many ways that are compa-
rable to the ways marine mammals communicate and sense their environ-
ment.  The effects of anthropogenic noise on fish and other nonmammalian
species, including their eggs and larvae, are largely unknown.  As cohabi-
tants of the marine ecosystem and as members of the same food web, noise
impacts on marine fish could, in turn, affect marine mammals.



Modeling efforts that integrate acoustic sources, propagation, and ma-
rine mammals should be continued and fully supported.  Simulation models
that predict the characteristics of the noise (frequency content, mean squared
level, peak level, pressure time series, etc.) and their effects on marine
mammals may assist in understanding and mitigating harmful effects of
marine noise on mammals.  At least one such effort is underway: the Effects
of Sound on the Marine Environment model sponsored by the Office of
Naval Research.  Modeling some direct physiological effects on hearing
(e.g., temporary or permanent threshold shift) is relatively straightforward,
although limited by the small data sets available from a limited number of
species.  These integrative tools should be expanded to include the effects of
sources of noise that may change their distribution over time such as ship-
ping, wind-induced breaking waves, and distributed biological noise.  More
effort should be placed on modeling, both explicit marine species hearing
models and behavioral effects models for all types of ocean noise.



A model of global ocean noise that properly reflects the impact of both
ambient noise and noise from identified sources on marine mammals should
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be developed and verified.  The conventional approach that utilizes an
average pressure spectrum budget is limited in its application to the marine
mammal problem.  A more comprehensive approach that encompasses
contributions of both transient events and continuous sources to ocean
noise should be pursued.  Many of this committee’s recommendations,
particularly those concerning information on distribution and source signa-
tures of man-made sources, must be addressed in order to have the capabil-
ity to develop a marine-mammal-relevant global ocean noise model.  In
addition, since model validation is a critical part of the model development
process, the committee’s recommendations pertaining to the collection of
high quality, well-documented ocean noise data sets must be pursued in
tandem.



A program should be instituted to investigate carefully the causal
mechanisms that may explain the traumas observed in beaked whales,
whether this is a species-specific or broader issue, and how the acoustics of
high-energy, mid-range sonars may directly or indirectly relate to mass
stranding events.  The research program outlined in Evans and England
(2001) represents a good initial effort.  The association of beaked whale
mass strandings with high-energy, mid-range sonars has recently received
much public attention, and the preliminary scientific findings of two such
events have been released in agency reports but have not appeared in the
peer-reviewed literature.  Review of prior mass stranding reports for beaked
whales further reinforces the probability of this relationship. In few cases
have the beaked whale carcasses been in a condition to allow full, definitive
forensic analyses.  The complexity of obtaining appropriate samples from
stranded beaked whales and the paucity of data to date, both from mass
and nonmass strandings, prevent clearly determining the mechanisms and
any causal relationship behind the traumas observed, the strandings per se,
and sonar use.



The committee encourages the acoustical oceanography community,
marine mammal biologists, marine bioacousticians, and other users of sound
in the ocean, such as the military and oil industry, to make greater efforts to
raise public awareness of fundamental acoustic concepts in marine biology
and ocean science so that they are better able to understand the problems,
the need for research, and the considerable potential for solving noise prob-
lems.  The public, including environmental advocates, are very interested in
anthropogenic noise in the ocean and its effect on marine animals.  Recently
there has been a communication gap between users of sound in the ocean,
including scientists, and the public.  Much of the gap in understanding
between the ocean science community and the public arises from the public’s
lack of understanding of fundamental acoustic concepts and the scientific
community’s failure to communicate these concepts effectively.  Source and
received levels, propagation loss, air-water physical acoustic differences,
and the term “decibel” are examples of concepts that have been misunder-
stood by the media, environmental organizations, and the general public.
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The environment, whether in sea or on land, is filled with natural
sounds, although increasingly many locales have sound contributed by an-
thropogenic sources as well.  The extent to which sound in the sea impacts
and affects marine life is a topic of considerable current interest both to the
scientific community and to the general public.  Scientific interest arises
from a desire to understand more about the role of sound production and
reception in the behavior, physiology, and ecology of marine organisms.
Anthropogenic sound, including sound necessary to study the marine envi-
ronment, can interfere with the natural use of sound by marine organisms.
Public interest arises primarily from the potential effects of anthropogenic
sound on marine mammals, given the broad recognition of the importance
of sound in the lives of marine mammals.



For acoustical oceanographers, marine seismologists, and minerals ex-
plorers, sound is the most powerful remote-sensing tool available to deter-
mine the geological structure of the seabed and to discover oil and gas
reserves deep below the seafloor.  Society as a whole has reaped substantial
intellectual and practical benefits from these activities, including bottom-
mapping sonars and technology leading to the discovery of substantial
offshore oil reserves.



Scientists and the public are also acutely aware that sound is a primary
means by which many marine organisms learn about their environment and
that sound is also the primary means of communicating, navigating, and
foraging for many species of marine mammals and fish.  Indeed, the study
of sounds of marine organisms provides insight into important aspects of
their biology.



1



Introduction
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The public’s interest in the impact of human-generated ocean noise on
marine animals has greatly increased.  Concerns include whether human-
generated sounds may interfere with the normal use of sound by the marine
animals or whether the human-generated sounds may cause the animals
physical harm.  At issue is whether the human-generated sounds affect the
ability of marine animals to pursue their normal activities and the long-
term ability of these animals to survive, reproduce, and maintain healthy
populations.



It is also critical to note that sound is an essential tool for ensuring
national security.  The development of underwater sound as a method for
detecting submarines began during World War I and accelerated rapidly
during World War II.  During the Cold War, acoustic antisubmarine war-
fare became the principal deterrent against missile-carrying submarines
roaming the high seas.  Since the end of the Cold War ocean acoustics has
continued to retain its military significance, but now militaries seek to
expose submarine and submerged mine threats in shallow-water areas.



It is in this context of parallel developments and applications in ocean
acoustics, marine seismology, oil exploration, and animal bioacoustics that
concerns about the effects of sound on marine life have emerged.  While
researchers had been aware for quite some time of the sounds produced by
marine life, it was not until the Acoustic Thermometry of Ocean Climate
(ATOC) project (Baggeroer and Munk, 1992), in which high-intensity,
low-frequency (defined for this report as sounds below 1,000 Hz) sounds
were transmitted over long distances, that the public’s attention focused on
the possible impacts of human-generated noise on marine mammals, al-
though noise with potential impacts had been regulated since the passage of
the Marine Mammal Protection Act in 1972.  Suddenly, it seemed, nearly
all sources of anthropogenic sound came under intense scrutiny as potential
threats to the existence and well-being of undersea life.  These have in-
cluded not only the aforementioned oceanographic, naval, and seismic sur-
veying tools but also additional sources of unintentionally generated noise,
such as commercial shipping, offshore construction, and recreational boat-
ing.  As a result, research support for marine mammal bioacoustics, princi-
pally from the Office of Naval Research (ONR; Gisiner, 1998), grew sub-
stantially, and the permitting process necessary for conducting ocean
acoustics experiments that allow incidental takes, administered by the Na-
tional Oceanic and Atmospheric Administration (NOAA) and the U.S. Fish
and Wildlife Service, received increased scrutiny.  Two National Research
Council (NRC) panels (NRC, 1994, 2000) were convened especially to
address those issues associated with low-frequency sound, with particular
attention paid to the ATOC project (NRC, 2000).  The current NRC com-
mittee, which is responsible for generating this report, was convened at the
request of the interagency National Ocean Partnership Program, with sup-
port from ONR, the National Science Foundation, NOAA, and the U.S.



Copyright © National Academy of Sciences. All rights reserved.



Ocean Noise and Marine Mammals 
http://www.nap.edu/catalog/10564.html





http://www.nap.edu/catalog/10564.html








14 OCEAN NOISE AND MARINE MAMMALS



Geological Survey.  It was requested in the context of growing concern over
noise in the ocean [Natural Resources Defense Council (NRDC), 1999] and
with the recognition that there was a need to focus on a broader range of
issues than those associated with the ATOC project.



Although the thrust of this study and those that have preceded it (NRC,
1994, 2000) is the impact of anthropogenic sounds, it must be realized that
sound in the sea is produced by a large and extraordinarily diverse number
of naturally occurring nonbiological and biological sources.  Natural non-
biological sounds are as diverse as the wind and waves, rockslides, geologic
events, thunderstorms, and water moving over a coral reef.  Many of these
sources of sound have existed since the formation of the earth and oceans,
and it is highly likely that these sounds have had some impact on the
evolution of the auditory system, animal communication, and ecology (Fay
and Popper, 2000).  Biologic sounds are equally diverse and are emitted
intentionally or unintentionally by numerous organisms.  Unintentional
sounds include, for example, those produced by schools of fish swimming
through the ocean or release of air by large groups of fish as they adjust
their buoyancy (Moulton, 1960, 1963).  Intentional sounds, including whale
songs, dolphin clicks, and fish vocalizations, are believed to be produced in
various species for communication, echolocation, and perhaps even acous-
tic “imaging” of the environment to assess the physical characteristics of
their habitat.



Sound detection by vertebrates clearly arose in the aquatic environment
(Fay and Popper, 2000).  The earliest known vertebrate fossils had ears
(Jarvick, 1980), although there is no way of knowing if these ears func-
tioned for sound detection or only served for detection of head motion and
balance.  Ears and functioning auditory systems are found in all aquatic
vertebrates.1  Auditory capabilities of bony fish are reasonably sophisti-
cated, and a number of species not only detect sounds but can also deter-
mine sound source direction, detect signals in the presence of noise sources
(maskers), and discriminate between sounds (e.g., Popper and Fay, 1999;
Fay and Popper, 2000).  Moreover, there is considerable similarity in the
structure of the ear in aquatic and terrestrial vertebrates, and it is clear that
the basic structure of the ear, including the sensory hair cell that converts
sound to signals in the nervous system in all vertebrates, evolved very early
in vertebrate history (see Popper and Fay, 1997; Fay and Popper, 2000).



The questions then to ask are why hearing evolved and why one would



1The only exception may be the jawless fish, lampreys and hagfish, where there is a func-
tioning ear but no evidence to indicate whether they can or cannot detect sound. In these
species, the ear may strictly serve as an organ of balance.
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expect hearing to be particularly sophisticated in marine animals.2   The
aquatic environment has limited or no light, and even in areas where there
is considerable light, the range of visibility is rather limited as a result of the
attenuation characteristics of light in water.  As a consequence, if early
aquatic animals had only visual systems, the range of information about the
environment around them would have been constrained by their field of
vision.  With the evolution of the auditory system, the sensory world of the
organism expands to greater distances and the animal develops an acoustic
image of the world around it, just as humans sense the world around them
using sound, even when vision is not available.  The evolution of an audi-
tory system that can discriminate among sounds, determine the direction of
a sound source, and detect sounds even when the environment is reasonably
noisy greatly increased the survival potential of aquatic animals.  It has
been argued that humans and animals glean a great deal about their envi-
ronment from the “acoustic scene” and that this scene provides an immense
amount of subtle information (see Bregman, 1990; Fay and Popper, 2000).
Indeed, Bregman’s ideas can be extended to argue that the most important
aspect of hearing is not communication per se but learning about the acous-
tic scene in order to detect objects and organisms in the environment and
the ability to discriminate between sounds and the location of different
sounds, a process called “stream segregation” (Bregman, 1990; Fay and
Popper, 2000).



In essence, sound and sound detection would seem to be critical parts
of the lives of marine mammals and fish.3   Many of these animals use
sound for communication between members of their species.  But equally
important is the idea that probably all of these species use sound to learn
about their environment and to survive.  Therefore, there should be concern
not only about the impact of anthropogenic sounds on communication but
also about the impact on general determination of information in the envi-
ronment.



A fundamental question is whether the impact of anthropogenic sounds
on marine mammals and the marine ecosystem is sufficiently great to war-
rant concern by both the scientific community and the public.  As discussed
in detail in this report, the data currently available suggest that such interest
is indeed justified.  However, as will also be shown, the data are still quite
limited, and it will be important to develop a research program that will



2How the ear evolved is another issue of considerable interest, but one that will not be
considered here. Readers are referred to van Bergeijk (1967), Baird (1974), Ridgway et al.
(1974), and Fay and Popper (2000) for useful discussions of this issue.



3It should be noted that there have been very few studies on sound detection by marine
invertebrates and so we do not yet know if any of these species detect sound.
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provide substantially more data on this topic.  Only when these data are
available will it be possible to draw concrete conclusions regarding this
question.  The statement of task and the committee’s response provide the
framework for obtaining these data.



STATEMENT OF TASK



This study will evaluate the human and natural contributions to marine
ambient noise and describe the long-term trends in ambient noise levels,
especially from human activities. The report will outline the research needed
to evaluate the impacts of ambient noise from various sources (natural,
commercial, naval, and acoustic-based ocean research) on marine mammal
species, especially in biologically sensitive areas.  The study will review and
identify gaps in existing marine noise databases and recommend research
needed to develop a model of ocean noise that incorporates temporal,
spatial, and frequency-dependent variables.



In its interpretation of the statement of task, the committee felt that
there were several key guidelines that should be followed and several key
questions that must be addressed.  First, to researchers the term “ambient
noise” typically refers to the overall background noise caused by all sources
such that the contribution from a specific source is not identifiable.  For
example, considering only shipping noise in this context, Cato (2001) states
that “traffic [shipping] noise is the low-frequency general background noise
resulting from contributions from many ships over an ocean basin, but in
which the contribution of no individual ship is distinguishable.”  However,
the committee felt that this conventional definition was too restrictive and
that sound caused by identifiable, often transient, typically nearby sources
should be included in its considerations as well.  The term “ocean noise”
was therefore defined by the committee as encompassing not only the usual
background ambient noise but also the noise from distinguishable sources
(Box 1-1).  Second, the committee agreed that, although its work would
concentrate primarily on the effects of noise on marine mammals, it should
consider other species as well (e.g., fish) that are part of the ecosystem and
food web on which marine mammals depend.  Third, the frequency band to
be studied was determined to range from 1 to 200,000 Hz (200 kHz), since
this is the entire bandwidth that various marine organisms are capable of
detecting.



Five key questions were considered to be essential to achieving the
goals described in the statement of task:



1. What is the noise budget in the ocean?
It is well known that noise in the ocean arises from a variety of sources,



including ships, breaking waves, and living organisms.  Far less is known
about the relative contributions of each of these sources (referred to, in this



Copyright © National Academy of Sciences. All rights reserved.



Ocean Noise and Marine Mammals 
http://www.nap.edu/catalog/10564.html





http://www.nap.edu/catalog/10564.html








17INTRODUCTION



report, as the noise budget) to the total noise field in various parts of the
world’s oceans, including seasonal differences, or about the more detailed
spatial and temporal variability of the noise field.  Furthermore, within a
particular source category (e.g., ships, seismic surveys) the contribution
from subsets should be understood.  For example, within the major cat-
egory of ships the contribution from different types of vessels has not been
quantified.



Box 1-1
Sources of man-made noise in the ocean



TRANSPORTATION
Aircraft (fixed-wing and helicopters)
Vessels (ships and boats)
Icebreakers
Hovercraft and vehicles on ice



DREDGING AND CONSTRUCTION
Dredging
Tunnel boring
Other construction operations



OIL DRILLING AND PRODUCTION
Drilling from islands and caissons
Drilling from bottom-founded platforms
Drilling from vessels
Offshore oil and gas production



GEOPHYSICAL SURVEYS
Air-guns
Sleeve exploders and gas guns
Vibroseis
Other techniques



SONARS
Commercial sonars (including fish finders, depth sounders)
Military sonars



EXPLOSIONS



OCEAN SCIENCE STUDIES
Seismology
Acoustic propagation
Acoustic tomography
Acoustic thermometry



SOURCE:  Richardson et al., 1995. Courtesy of Academic Press.



Copyright © National Academy of Sciences. All rights reserved.



Ocean Noise and Marine Mammals 
http://www.nap.edu/catalog/10564.html





http://www.nap.edu/catalog/10564.html








18 OCEAN NOISE AND MARINE MAMMALS



2. What are the long-term trends in noise levels?
It is clear that prior to the Industrial Revolution (ca. 1850), the contri-



bution of anthropogenic activity to the noise budget was negligible and that
ocean noise levels were determined by naturally occurring sources (e.g.,
wind, waves, earthquakes, organisms).  Little is known about the changes
of these levels with time as a result of the increased maritime activity
associated with the onset of industrialization.  To what extent has this trend
been influenced by factors such as the number of ships, their size, and
propulsion?  In more recent years, changes in the noise budget would also
have to take into consideration other sources of anthropogenic sounds
discussed in this report.



In order to understand long-term changes in the noise budget caused by
human activity, a baseline can be obtained from noise measurements in
areas with few human-generated contributions, for example, several places
in the southern hemisphere far removed from shipping lanes and where
low-frequency sound from long range is blocked by bathymetry.



3. Are existing models of ocean noise still valid?
Probably the most widely used models of the ambient component of



ocean noise continue to be the curves developed by Wenz (1962; see also
Richardson et al., 1995).  These provide a summary of average ambient
noise spectra from various sources, as shown in Plate 1.  But according to
Ross (1993), “they are not particularly useful in predicting or explaining
ambient noise measured in a particular location at a particular time.”  Fur-
thermore, considerable additional noise data have been acquired and theo-
retical developments have occurred during the past 40 years (Gisiner, 1998),
so that updated and improved versions of the Wenz curves could be devel-
oped.  What are the effects of specific properties of noise sources, including
rise times, tonal content, bandwidth, and power levels?



4. What are the effects of transient and long-term noise exposure on
marine mammals and the ecosystems on which they depend?



Specific conclusions on the effects of noise-induced hearing loss on
terrestrial mammals have been drawn.  Recent experiments have shown
that (1) the noise need not be painful to cause permanent loss; (2) the
damage is approximately proportional to noise energy integrated over time;
(3) high-frequency noise is more dangerous than low-frequency noise; (4)
narrowband noise is more dangerous than broadband noise; and (5) there is
large intersubject variability in the resistance to noise, even among geneti-
cally identical animals (Liberman, 2001).  Comparable data are not avail-
able for marine mammals, although it is clear that such data are needed in
order to understand the impact of anthropogenic sound on these organ-
isms.



Despite the lack of data for marine mammals, some general comments
can be made about the impact of noise on aquatic organisms by introducing
the concept of zone of influence (Richardson et al., 1995; Gisiner, 1998;
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NRDC, 1999).  Essentially, the effect of noise on the animal depends to a
large degree on the proximity of the animal to the noise source and the
received level of the signal by the animal.  At very short ranges (that have
yet to be determined), a sufficiently loud source may cause severe physi-
ological damage and perhaps death.  At greater ranges, geometrical spread-
ing and absorption reduce the signal level substantially and the same source
may cause hearing loss and short-term behavioral changes, which can con-
tribute to death under particular circumstances (Evans and England, 2001).
A quantitative evaluation of the radii of these zones for different species as
well as an understanding of effects analogous to those described for terres-
trial mammals have yet to be determined.



It should also be noted that marine mammals are part of a larger
ecosystem upon which they depend.  Included in this ecosystem are other
organisms, particularly fish and possibly marine reptiles and invertebrates,
which use sound in their normal behavior and that may also be impacted by
anthropogenic sounds.  Thus, in addition to understanding the direct im-
pact of such sounds on marine mammals, it is important to understand the
impact of these sounds on fish and other organisms.



5. What are recommendations for future research?
None of the four preceding questions currently has a concrete and final



answer.  It is therefore crucial that specific areas for future research, leading
to more conclusive answers, be identified.  Research recommendations from
previous NRC studies (1994, 2001) are included in Appendix D and should
be reviewed and considered with those presented here.  Progress has been
made in many of the areas described in the previous reports, but much more
must be accomplished to improve our ability to predict and assess the
impact of ocean noise on marine mammals.



APPLICATIONS OF THE SONAR EQUATION
TO BIOLOGICAL RECEIVERS



The following section presents the sonar equation and discusses its
application to biological receivers.  This section is not intended to be a
thorough review of this topic but, rather, to introduce many of the terms
and ideas that will be addressed throughout the remainder of this report.
Additional terms along with measures of the properties of acoustic sources
and acoustic fields are discussed in the Glossary.  For additional study of
the fundamentals of ocean acoustics and biosonar, interested readers can
refer to one of several textbooks on these topics (e.g., Busnel, 1963; Urick,
1975; Tolstoy and Clay, 1987; Brekhovskikh and Lysanov, 1991; Burdic,
1991; Au, 1993; Frisk, 1994; Jensen et al., 1994; Richardson et al., 1995;
Medwin and Clay, 1998).



The quantitative description of the acoustic pressure wave to which an
animal is exposed is obtained through the use of the sonar equation (Urick,
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1975; Jensen et al., 1994).  Specifically, the received acoustic level (RL)
from a source with source level (SL) is given by



RL = SL – TL + AG, (1-1)



where TL is the transmission loss from source to receiver and AG is the
processing gain associated with the animal’s reception system.  All of the
components of the sonar equation are expressed in decibels (dB), which are
proportional to the logarithms of the corresponding linear values.  The
decibel is used largely for convenience, since the individual components of
the equation may span a broad dynamic range, and furthermore, the loga-
rithmic operation expresses multiplicative processes in terms of seemingly
simpler additive operations.  In addition, a logarithmic scale is typically
used for sound levels because human perception of loudness increases loga-
rithmically.  Specifically, the decibel is inherently a relative quantity, that is



RL( ) logdB  
measured pressure
reference pressure



=  10 log
measured pressure
reference pressure10



=




































20 10



2 (1-2)



where the reference pressure level used in underwater acoustics is 1 µPa (see
Glossary for further explanation).  The SL is defined as the pressure at a
unit distance, typically 1 m, from the source, while the TL describes all of
the geometrical spreading and attenuating effects of the medium associated
with propagation, scattering, and absorption as the signal travels from a
position 1 m from the source to the location of the animal.  The AG
represents the enhancement of the received signal that can occur through
the application of signal-processing techniques and perhaps multiple sen-
sors in the receiving system.  Combining all of these terms, the ability of the
animal to detect the signal can be interpreted in terms of the animal’s
hearing sensitivity, that is, the minimum detectable value of RL, which
expresses its minimum threshold4  hearing level as a function of frequency
(Figure 1-1) (Wartzok and Ketten, 1999; Finneran et al., 2002).  In the



4 It should be noted that the concept of the threshold is a statistical one and represents the
minimal detectable level for an organism in some percent of trials—often 50 or 75 percent of
trials. The threshold for an individual animal may change by a few decibels, even within the
course of a testing session, and the threshold at any given moment may depend on motiva-
tional level and distractions in the environment (Holt et al., 2002).
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FIGURE 1-1  Audiograms for individual land mammals, cetaceans, and odontocet-
es.  Underwater audiograms for (A) odontocetes and (B) pinnipeds.  More than one
curve is shown for some species because data reported in different studies were not
consistent.  Note that for both the bottlenose dolphin and the sea lion, thresholds
are distinctly higher for one of the two animals tested.  These differences may
reflect different test conditions or a hearing deficit in one of the animals.  SOURC-
ES: Popper (1980), Fay (1988), Au (1993), and Richardson et al. (1995). Repro-
duced with permission from Wartzok and Ketten (1999). Copyright Smithsonian
Institution Press.
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ocean environment, an additional term must be introduced into the sonar
equation, namely an ocean noise term (NL), which is defined with respect
to the same reference pressure and frequency bandwidth as SL and RL.
The actual excess signal level (SE) available to allow detection and interpre-
tation of the signal is given by



SE = RL – NL = SL – TL + AG – NL. (1-3)



The animal will be able to hear and respond to a signal of a particular
frequency only if SE is greater than zero.  An interesting observation is that
the superposition of odontocete hearing sensitivity (the audiogram) on the
Wenz curves (Plate 2) indicates that the hearing thresholds of these animals
correspond to the quiet ocean ambient noise spectral levels over the ani-
mals’ frequency bands of hearing sensitivity.  In other words, in the absence
of human noise, the ocean is very quiet for them; they seem to have adapted
to the natural noise that surrounds them.



Transmission loss in Equations 1-1 and 1-3 is a complicated function of
the source and receiver geometry, frequency, and environmental param-
eters of the water column and the seabed (Brekhovskikh and Lysanov,
1991; Frisk, 1994; Jensen et al., 1994).  In general, transmission loss with
increasing source-receiver range is dominated by two important effects.
First, the sound speed in the sea is not constant but varies with both depth
and range, immediately altering the simple spherical spreading loss associ-
ated with a point source in free space.  Sound waves interact with both the
moving sea surface and the seabed, which is a complicated multilayered
structure that supports acoustic waves.  All of these factors combine to
create a channel, or waveguide, for the sound waves that are trapped be-
tween the surface and the bottom in shallow water or focused by the sound
speed structure in deep water as they propagate outward from source to
receiver.  This channeling effect causes the envelope of the signal to spread
cylindrically, rather than spherically, outward at ranges much greater than
the waveguide thickness, D (which equals the water depth in shallow water
environments).  Second, the intrinsic absorption properties of seawater
cause the sound wave to be further attenuated by heat, viscous, and mo-
lecular relaxation losses (Medwin and Clay, 1998).  As a result, the
transmission loss can be expressed generally as:



TL (dB re 1 m) = 20log10 r + αr, when r < D (1-4)
TL (dB re 1 m) = 10log10 r + 10log10 D + αr – 3, when r > D, (1-5)



where r is the horizontal range between source and receiver (in m), and the
absorption coefficient α (in dB/m) is approximately proportional to the
square of the frequency (Figure 1-2; Frisk, 1994) with the impact of absorp-
tion shown for an idealized case.  Equations 1-4 and 1-5 are valid only for
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omnidirectional, single-point sources; the geometrical spreading for other
types of sources (e.g., line sources such as vertical source arrays) may be
significantly different.



Waveguide effects are important in determining the distance traveled
and the character of acoustic energy as it propagates through the ocean.
The key factor that influences the character of the propagation in deep
water is the variation with depth z of the sound velocity profile c(z).  Amaz-
ingly, the small relative variations in sound speed, which are typically less
than 4 percent, have a profound influence on the structure of the sound
field.  Ducting by the sound speed structure dominates over any interac-
tions with the boundaries in sound propagating from a deep source (about
1,000 m) in the classical SOFAR (sound fixing and ranging) channel found,
for example, in the North Atlantic Ocean.  The complexities of sound
propagation in the sea must be carefully and accurately taken into account
when evaluating the contribution of a particular sound source to the overall
ocean noise field and are presented in more detail in Chapter 4.



FIGURE 1-2  Ideal transmission loss.  Transmission loss in an ideal 5,000-m-deep
ocean with perfectly reflecting surface and bottom.  This chapter details the calcu-
lation for transmission loss. The differences between the curves for 100 Hz and
1,000 Hz are due to frequency-dependent absorption by seawater.



T
ra



ns
m



is
si



on
 L



os
s 



(d
B



 r
e 



1 
m



)



Copyright © National Academy of Sciences. All rights reserved.



Ocean Noise and Marine Mammals 
http://www.nap.edu/catalog/10564.html





http://www.nap.edu/catalog/10564.html








24 OCEAN NOISE AND MARINE MAMMALS



In coastal regions and coral reefs where water depth is very shallow
compared to that of the deep ocean, propagation of sound is more complex
(Frisk, 1994).  In these areas sound propagates over distances greater than
a few water depths only by repeatedly interacting with the surface and
bottom.  At both the surface and bottom, a sound wave reflects back onto
itself, and these reflections interfere with the original wave to produce an
interference pattern in the water column.  A sound source transmitting at a
single frequency will produce a discrete number of vertical interference
patterns, each with a different number of maximum and minimum pres-
sures from top to bottom (Ferris, 1972).  Each vertical interference pattern,
or standing wave in the vertical direction, propagates in the horizontal
direction at its own speed.  However, if the frequency of a standing wave is
too low, it will not propagate.  This lower frequency limit is called the
cutoff frequency, and standing waves with frequencies below the cutoff
cannot propagate in the horizontal direction.  Therefore, at a given water
depth, an absolute cutoff frequency exists that is equal to the cutoff fre-
quency for the vertical interference pattern having the fewest number of
maximum and minimum pressures in the vertical (Rogers and Cox, 1988).
A simple mathematical model of the shallow water environment can be
devised by assuming it consists of a homogeneous ocean overlying a fluid-
like, homogeneous bottom.  For this model the absolute cutoff frequency
(in Hz) below which no sound can propagate in shallow water, is given by
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where cw is the speed of sound in water, cs is the speed of sound in the
bottom sediment, and h is the water depth in meters.  Real ocean bottoms
are much more complicated than the simple homogeneous model described,
and the bottom can become part of the medium in which the sound propa-
gates (Figure 1-3).  The propagation efficiency of the seabed, however, is far
less than that of the water column because the intrinsic absorption of the
bottom is typically about 1,000 times that in seawater.  Because of varia-
tions in water depth and in ocean bottom properties (as well as variations in
the sources of noise themselves), ocean noise in shallow water can be highly
variable from one location to another (Urick, 1984; Zakarauskas, 1986).



In many cases of waveguide propagation in the ocean, the upper bound-
ary of the waveguide is formed by reflection from the underside of the
ocean surface.  Therefore, the sea surface plays a fundamental role in
acoustic propagation.  Interaction of sound with the ocean surface also is
important from a biological perspective, since marine mammals must come
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FIGURE 1-3  Cutoff frequencies estimated for propagation of sound in shallow
water environments composed of a homogeneous ocean overlying a fluid-like, ho-
mogenous bottom.  Sound at frequencies below the cutoff frequency (indicated by
the shaded regions) will not propagate in the horizontal direction.  The speed of
sound in water is assumed to be 1,500 m/s.  Speed of sound in the soft bottom is
1,520 m/s and 5,000 m/s in the hard bottom.  Cutoff frequency was calculated
using Equation 1-6.



to the surface to breathe.  The sea surface under calm conditions is a nearly
perfect reflector of ocean-borne sound at all incident angles over a wide
band of frequencies.5   Because the overlying mass of air provides very little
resistance to particle motion (its acoustic “impedance” is small compared
to that of seawater), the sea surface yields completely to the incoming
underwater sound field.  At this interface the ocean acoustic particle motion
in the vertical direction is maximum and the acoustic pressure becomes
zero, known as pressure release.  Actual open-ocean surface conditions are
complicated by factors such as the presence of near-surface bubbles and
moving, wind-generated roughness.  Animals that sense acoustic pressure
can reduce their received sound levels by going to the ocean surface.  As a
result, comparisons of the density of marine mammals near sound sources
and in other locations where the underwater sound levels are high may be



5Although underwater sound incident on the underside of a flat ocean surface is perfectly
reflected for all intents and purposes, airborne sound that is nearly vertically incident on the
sea surface can couple into ocean-borne sound, as discussed in Chapter 2.
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biased by the animals moving close to the surface in the presence of the
sound in order to reduce the received sound pressure level.



STRUCTURE OF THE REPORT



This report describes sound origins, trends, effects on marine mam-
mals, and current modeling efforts (Figure 1-4).  Chapter 2 provides de-
scriptions of the natural and human sources of ambient noise in the ocean
and the possible reasons and evidence for long-term trends in ocean noise.
Chapter 3 describes what is known about the impacts of marine noise on
mammals, including masking, sensitization, and habituation.  Chapter 4
summarizes existing modeling efforts and ocean noise databases, particu-
larly those that integrate the known information about noise with behav-
ioral databases on marine life.  Chapter 5 synthesizes findings and recom-
mendations of the committee for future research.



Increasing Predictability



Increasing Knowledge Gap



Source Propagation Receiver Perception Behavior



non-biological biological



FIGURE 1-4  Components necessary to understand the effects of ocean noise on
marine mammal behavior.
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2



Sources of Sound in the Ocean and
Long-Term Trends in Ocean Noise



INTRODUCTION



In this chapter the major natural (physical and biological) and anthro-
pogenic contributors to ocean noise are discussed.  Gaps in our knowledge
or available data are identified that will need to be addressed in future
research in order to develop predictive models of the effects of noise on
marine mammals.  A more thorough description of modeling efforts is
contained in Chapter 4.



This chapter focuses on the properties of the sources and does not
describe in detail the effects on the environment as the acoustic energy
travels away from the vicinity of the sources.  Parameters such as source
level (in units of dB re 1 µPa at 1 m), source spectral density level (units of
dB re 1 µPa2 per Hz at 1 m), and time-integrated source pressure amplitude
squared for use with transient signals (units of dB re 1 µPa2 at 1 m) are
presented for many of these sources, particularly man-made sources.  How-
ever, accurate estimation of the source properties for many types of natu-
rally occurring sounds is impossible, given the lack of knowledge of the
individual source locations, of the spatial distribution of multiple contribut-
ing sources, and of the complex propagation conditions.  Therefore, in such
situations, the measured properties of the received acoustic field (which are
obtained directly and require no additional information, computation, or
assumptions, but which contain the effects of propagation) will be pre-
sented.  The text clearly differentiates between the properties of the sources
and those of the received field.  The distinction between source level and
received level also is discussed both in Chapter 1 and in the Glossary.
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In the absence of shipping, natural forces are the dominant sources of
the long-term time-averaged ocean noise at all frequencies.  In the presence
of distant shipping, contributions from natural sources continue to domi-
nate time-averaged ocean noise spectra below 5 Hz and from a few hundred
hertz to 200 kHz.  The dominant source of naturally occurring noise across
the frequencies from 1 Hz to 100 kHz is associated with ocean surface
waves generated by the wind acting on the sea surface.  Nonlinear interac-
tions between ocean surface waves called microseisms (see the Glossary;
referred to as “Surface Waves—Second-Order Pressure Effects” in Plates 1
and 2) are the dominant contributors below 5 Hz, while thermal noise (i.e.,
the pressure fluctuations associated with the thermal agitation of the ocean
medium itself) is the dominant contributor above 100 kHz.  Natural bio-
logical sound sources make a noticeable contribution at certain times of
year.  For example, a peak around 20 Hz created by calls of large baleen
whales is often present in deep-ocean noise spectra.  Groups of whistling
and echolocating dolphins can raise the local noise level at the frequencies
of their signals.  Snapping shrimp are an important component of natural
noise from a few kilohertz to above 100 kHz close to reefs and in rocky
bottom regions in warm shallow waters.  Fish can add to ocean noise in
some locales.



Whether intentional or unintentional, anthropogenic noise in the ma-
rine environment is an important component of ocean noise.  Sound is a
widely used tool for a broad range of marine activities.  In the search for
new hydrocarbon reserves, the rock underlying the seafloor is characterized
using air-guns.  Marine researchers use sound waves to investigate the
properties of seawater both for local and global studies.  Sonars used for
civilian navigation and defense purposes use sound waves to locate objects
under the sea surface.  Unintentional contributions to marine noise arise
from transiting ships, coastal and marine construction activity, mineral
extraction, and aircraft overflights.  These anthropogenic sound sources
contribute to ocean noise over the complete 1-Hz to 200-kHz band of
interest in this report.  In the lowest bands, 1-10 Hz, the contributors are
ship propellers, explosives, seismic sources, and aircraft sonic booms.  In
the 10-100 Hz band, shipping, explosives, seismic surveying sources, air-
craft sonic booms, construction and industrial activities, and naval surveil-
lance sonars are the major contributors.  For the 100-1,000 Hz band, all the
sources noted for the 10-100 Hz band still contribute.  Also, the noise from
nearby ships and seismic air-guns can extend up into the 1,000-10,000 Hz
band.  This band also includes underwater communication, naval tactical
sonars, seafloor profilers, and depth sounders.  The 10,000-100,000 Hz
band includes the systems listed, in addition to mine-hunting sonars, fish
finders, and some oceanographic systems (e.g., acoustic Doppler current
profilers).  Anthropogenic contributors at and above 100,000 Hz are lim-
ited to mine hunting, fish finders, high-resolution seafloor mapping devices
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such as side-scan sonars, some depth sounders, some oceanographic sonars,
and research sonars for small-scale oceanic features (Table 2-1a and 2-1b).



Prior to considering anthropogenic sources, it is useful to first under-
stand the natural sources that contribute to ocean noise.  Presumably,
hearing and communication systems of marine organisms are adapted to
these natural noises.



NATURAL SOURCES OF OCEAN NOISE



Physical and Geophysical Sources



The ocean is intimately coupled to the solid earth and the atmosphere,
and in fact, most of the significant physical sources of natural sound occur
at the interfaces among these three media.  Additional sound in the marine
environment originates in the atmosphere and penetrates the ocean surface.
Elastic vibrations in the earth also introduce sound into the underwater
acoustic field.



Sources at the Ocean Surface



The dominant physical mechanisms of naturally occurring sound in the
ocean occur at or near the ocean surface.  Most are associated with wind
fields acting on the surface and the resulting surface wave activity.  In the
absence of man-made, biological, and transient sounds, ambient noise is
wind dependent over the band from below 1 Hz to at least 50 kHz.  Below
5-10 Hz, the dominant ambient noise source is the nonlinear interaction of
oppositely propagating ocean surface waves.  These sounds are called mi-
croseisms.  (The term “microseisms” comes from the fact that they also are
the dominant source of noise in high-quality, on-land seismometer mea-
surements; however, the source mechanism for microseisms is unrelated to
seismic processes in the solid earth.)  Across most of the remainder of this
band, the primary sources are bubbles that are oscillating, both individually
and collectively in a cloud, in the water column.  Several good references on
natural physical sources of ocean noise and the properties of the ambient
noise field are available (e.g., Urick, 1984; Zakarauskas, 1986; Ross, 1976;
Kerman, 1988, 1993; Buckingham and Potter, 1995; Leighton, 1997;
Deane, 1999).  Only a brief summary of the major contributors to the
underwater sound field is given here.  However, in some frequency bands
such as the band from 10 to 200 Hz, where ambient noise in the northern
hemisphere typically is dominated by shipping noise, the dominant source
mechanisms have not been identified.  Quantification of the relative contri-
butions of the various mechanisms of naturally occurring sound created at
the sea surface remains an active area of research.



The average ocean noise spectrum can be empirically described and
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parameterized according to sea state (Knudsen et al., 1948).  These Knudsen
curves are straight lines of spectral density as a function of frequency when
plotted on a logarithmic scale.  The parallel nature of the “curves” for
various sea states signifies that the noise level increases with increasing sea
state by the same amount at all frequencies.  Although developed more than
a half-century ago, the Knudsen curves continue to be widely used to pre-
dict natural ocean noise levels at frequencies from 1 to 100 kHz.  The
pioneering Knudsen’s curves of noise as a function of sea state have been
very useful for many years and are remarkably effective, but it is now well
established that the noise is correlated much better with wind speed than
with sea state or wave height (correlation of wind speed and sea state only
occurs in equilibrium conditions).  This correlation with wind speed allows
much more effective prediction and forecast (from wind forecasts) than
could be obtained from sea state, which is difficult to estimate reliably.



Although open-ocean breaking wave noise is correlated with wind
speed, local winds are not required to create the sounds from breaking surf.
The sound created by spilling breakers (breaking begins at the wave crest
and proceeds down the face of the wave) is primarily at the higher frequen-
cies, whereas that from plunging breakers (the water at the wave crest leaps
ahead of the wave in a jet, encompassing a large column of air) is signifi-
cantly greater in levels and in frequency bandwidth.  Plunging surf can raise
underwater noise levels by more than 20 dB a few hundred meters outside
the surf zone across the band from 10 Hz to 10 kHz (Wilson et al., 1985).



Precipitation on the ocean surface also contributes sound to the ocean.
Rain can increase the naturally occurring ambient noise levels by up to 35
dB across a broad range of frequencies extending from several hundred
hertz to greater than 20 kHz.  For drizzle in light winds, a broad spectral
peak 10-20 dB above the background occurs near 15 kHz (Nystuen and
Farmer, 1987; measurements made at 7.5 m depth in an 8 m deep spot in a
soft-bottom lake, Nystuen, 1986).



Atmospheric Sources



Sounds originating in the atmosphere can couple into the underwater
sound field.  However, because of the large difference between the speed of
sound in air and in water, the received underwater acoustic levels are highly
dependent on the position of the underwater receiver relative to the atmo-
spheric source.  That is, for a range-independent ocean with a smooth
ocean-air interface, only atmospheric sources within a 13º cone about the
vertical above the underwater receiver are well coupled into underwater
sound fields that can propagate to the receiver.  Actual environmental and
propagation conditions can complicate this simple picture and may allow
sound originating outside the 13º cone to be audible (see Sparrow, 2002,
for comments on the relative importance of some of these effects).  The
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properties of atmospheric sound sources and characteristics of propagation
limit their important contributions to the underwater sound field to low
and infrasonic frequencies.



Thunder and lightning are one example of a naturally occurring atmo-
spheric source of ocean noise.  Underwater recordings of spectra of a re-
ceived sound of thunder from a storm 5-10 km away show a peak between
50 and 250 Hz up to 15 dB above background levels, with detectable
energy down to 10 Hz and up to 1 kHz (Dubrovsky and Kosterin, 1993).
When surface ducting conditions exist (i.e., the sound speed increases with
depth from the surface), this low-frequency energy can couple into the duct
and propagate for very long distances in the ocean.



Other naturally occurring sources are auroras and supersonic and ex-
ploding meteoroids (bolides).  Rough estimates indicate that at least one
bolide event with the equivalent explosive yield of 15 kilotons of TNT
occurs in the earth’s atmosphere per year (ReVelle, 2001).



Geologic Sources



Seismic energy created by earthquakes can couple into acoustic waves
in the ocean and travel over great distances.  All types of tectonic processes,
including subduction, spreading, and transform faulting along the midocean
ridges and associated earthquake, volcanic, and hydrothermal vent activity,
are found below the oceans and along their margins.  These processes can
make significant contributions to the marine noise field (Box 2-1).  At short
ranges, underwater sounds from earthquakes can extend to frequencies
greater than 100 Hz.  The arriving signal can have a very sharp onset,
similar to that from an explosion, and can last from a few seconds to a few
minutes.  T phases, earthquake arrivals whose propagation pathway is
predominantly through the ocean, recorded at long distance from the earth-
quake source region typically contain a broad peak in their pressure spec-
trum centered around 5 Hz.



Movement of sediment by current flow across the ocean bottom can be
a significant source of ambient noise at frequencies from 1 kHz to greater
than 200 kHz (Thorne, 1986).



Effects of Ice



An ice cover at the ocean surface radically alters the ocean noise field.
The impact varies according to the type and degree of ice cover, whether it
is shore-fast pack ice, moving pack ice and ice floes, or at the marginal ice
zone (Milne, 1967).  The effects of the ice cover also are determined by the
mechanical properties of the ice itself, which are dependent on temperature.
Shore-fast pack ice can result in a significant decrease in ambient noise
levels, 10-20 dB, by isolating the water column from the direct effects of
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wind, although the sound of wind crossing the ice surface can be trans-
ferred to the water column.  Decreasing air temperatures can cause thermal
stresses and result in tensile cracking of rigid ice, and diurnal variability in
air temperatures is sufficient to change received sound levels by 30 dB
between 300 and 500 Hz (Urick, 1984).  The underwater sound pulses that
are emitted typically are a few milliseconds in duration and so have broad
spectral content from 100 Hz to 1 kHz.  Though sound is created within
moving ice packs from the relative motion of adjacent ice blocks, much



Box 2-1
Underwater earthquakes—How loud are they?



The sizes of earthquakes are commonly characterized by magnitude (Richter, 1958).
The two types most often used in modern-day earthquake bulletins are the body
wave magnitude and the surface wave magnitude (Aki and Richards, 1980).  Both
involve measuring the ground displacement, A, in microns (equal to one-millionth of
a meter) and the period, T (time interval between two peaks or two troughs in the
time series), for a specified portion of the recorded signal, and calculating the ratio,
A/T.  The logarithm to the base 10 then is taken of this ratio, similar to the calculation
performed to obtain decibel units in acoustics.



Using a simplified approach, earthquake body wave magnitude, mb, can be con-
verted into equivalent decibels of underwater acoustic pressure.



mb = log(A/T) + Q,



where A is the ground displacement amplitude in microns (10-6 m) of a given arrival
and T is its corresponding period in seconds.  The quantity Q corrects for the focal
depth of the earthquake and its distance from the receiver.  The value of Q also
contains the definition of an event that has a magnitude of zero at a given reference
distance; for 1-s period (i.e., 1-Hz frequency) waves, a zero-magnitude earthquake
has a 1-micron amplitude at 100 km from the source.  Assuming the ground dis-
placement is measured in the vertical direction at the ocean-bottom interface, the
vertical displacement of the ground equals that of the water column.  Recognizing
that the vertical particle velocity, vz, for a single-frequency arrival is roughly



vz = 2π(A/T),



and using the relationship of acoustic pressure to acoustic particle velocity for a
vertically traveling plane wave, that is



 p = ρ*c*vz



where ρ is the density of the water and c is the speed of sound, then the received
level (RL) of sound in the ocean 100 km from an event with body wave magnitude,
mb, is



RL (dB re 1 µPa) = 139.5 + 20*mb.



This equation illustrates the similarity between earthquake magnitude and the deci-
bel scale in acoustics.  The actual coupling of earthquake-generated seismic energy
into the underwater sound field is too complicated and variable from one earthquake
to the next for this equation to apply generally.
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higher amplitude sounds are released by cold, rigid ice from mechanical-
stress-induced cracking.  This cracking, analogous to earthquakes, releases
transient signals that are different in character from those resulting from
thermal cracking, often lasting a hundred times as long or more.  The basin-
wide summation of the noise from these fracture mechanisms appears to be
the main cause of the broadband peak centered at 10-20 Hz, with spectral
density levels of about 90 dB re 1 µPa2/Hz in under-ice ambient noise
measurements (Dyer, 1987; Makris and Dyer, 1986).  The mechanical
stresses involved in glacier calving and ice ridging also create very high
levels of underwater sound (e.g., a pressure spectral density level of 97 dB re
1 µPa2/Hz from 10 to 100 Hz was measured at 30 m depth and 100 m from
an active ice ridge) (Buck and Wilson, 1986).



Within the marginal ice zone, the underwater noise is determined pri-
marily by ocean surface wave activity (Makris and Dyer, 1991).  The
interaction of ocean waves with the ice edge creates noise levels 4-12 dB
greater at 30 m than those in the open ocean, depending on whether the ice
edge is sharp and compact (12 dB) or diffuse (4 dB) (Diachok and Winokur,
1974).



Biological Sources of Underwater Sound



Biological contributions to the underwater sound field are discussed in
this section.  This discussion is presented not only to help satisfy the
committee’s task of evaluating “the human and natural contributions to
marine ambient noise” but also to provide an idea of how these sounds are
similar to, or different from, natural sounds from physical sources and
noise from anthropogenic sources.  Once a full characterization of vocaliza-
tion behavior, character, and distribution in time and space is available, it
will provide a baseline for future studies of potential changes that might be
indicative of adverse behavioral impacts from human-related stresses on the
marine environment, such as chemical pollution, unintended fishing im-
pacts, and coastal development, as well as man-made noise.



Characteristics of Marine Mammal Sound Production



Marine mammal sound production has been reviewed in several places
(Watkins and Wartzok, 1985; Richardson et al., 1995; Wartzok and Ketten,
1999) and these reviews will not be repeated extensively here.  Although the
sounds generated by many marine mammals do not originate in their vocal
cords, the term “vocalization” will be used as a generic term to cover all
sounds discussed in this report that are produced by marine mammals.
Marine mammal vocalizations cover a very wide range of frequencies, from
<10 Hz to >200 kHz (Plate 3).  Odontocetes, the dolphins and toothed
whales, produce broadband clicks that can be characterized by species.
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Peak energy is at frequencies between 1 and 200 kHz.  Burst pulse click
trains also can have peak energy well above 100 kHz and the constant
frequency (CF) or frequency-modulated (FM) whistles range from 1 to 25
kHz, with harmonics as high as 100 kHz (Lammers et al., 2003).



Vocalizations of baleen whales (Mysticetes) are significantly lower in
frequency than are those of odontocetes; frequencies are rarely above 10
kHz.  Although there is a wide range of descriptors assigned to mysticete
vocalizations, they can be broadly categorized as low-frequency moans
(0.4-40 s with fundamental frequency well below 200 Hz); simple calls
(impulsive, narrowband, peak frequency less than 1 kHz); complex calls
(broadband pulsatile AM or FM signals); and complex “songs,” in some
cases with regional and interannual variations in phrasing and spectra.
Infrasonic signals in the 10-20-Hz range are well documented in at least
two species, the blue whale, Balaenoptera musculus (Cummings and Th-
ompson, 1971), and the fin whale, B. physalus (Watkins, 1981).  Sugges-
tions that these low-frequency signals are used for long-distance communi-
cation and topological imaging of their environment are intriguing but have
not been definitively demonstrated (Payne and Webb, 1971; Ellison et al.,
1987).



The ability to use self-generated sounds to glean information about
objects in the environment (echolocation) has been demonstrated in 13
species of odontocetes (Richardson et al., 1995).  No odontocete has been
shown to be incapable of echolocation.  As outlined in the following, strong
correlations exist between habitat types, societal differences, and peak spec-
tra (frequencies at which the strongest signals occur) (Gaskin, 1976; Wood
and Evans, 1980; Ketten, 1984).  Based on their ultrasonic (echolocation)
signals, odontocetes fall into two broadly defined acoustic groups:  Type I,
with peak spectra above 100 kHz, and Type II, with peak spectra below 80
kHz (Ketten and Wartzok, 1990).  These categorizations are first-order
approximations based on the predominant peak spectra of wild animals in
their normal habitat.  Several Type II species produce signals with peak
energy at higher frequencies, for example, Tursiops truncatus, when tested
in a high-noise environment (Au, 1993).



Type I echolocators are inshore and riverine dolphins that operate in
acoustically complex waters. Amazonia boutu (Inia geoffrensis) routinely
hunt small fish amid the roots and stems choking silted “varzea” lakes
created by seasonal flooding.  These animals produce signals up to 200 kHz
(Norris et al., 1972).  Harbor porpoises (Phocoena phocoena), a typical
inshore species, use 110- to 140-kHz signals (Kamminga, 1988).  Tonal
communication signals are rarely observed in most Type I species (Watkins
and Wartzok, 1985).



Type II species are nearshore and offshore animals that inhabit low-
object-density environments, travel in large pods, engage in conspecific
communication, and use lower-frequency echolocation signals.  In seven
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odontocete species, ranging from the riverine dolphins such as Sotalia
fluviatilis, through coastal species such as the bottlenose dolphin (Tursiops
truncatus), to offshore species such as the spotted dolphins (Stenella fronta-
lis), there is a negative correlation between body size and the maximum
frequency of the whistles (Wang Ding et al., 1995).  Many of the odontocete
whistles have been described as “signature” calls identifying individuals
(Caldwell and Caldwell, 1965), whereas burst-pulse sounds in killer whales
are group specific (Tyack, 2000) and click codas in sperm whales are shared
among individuals (Moore et al., 1993).



Source levels for cetacean vocalizations have been reported as high as
228 dB re 1 µPa at 1 m for echolocation clicks of false killer whales
(Pseudorca crassidens) (Thomas and Turl, 1990) and bottlenose dolphins
echolocating in the presence of noise (Au, 1993).  The highest-level vocal-
izations are mature male sperm whale clicks with calculated source levels of
232 dB re 1 µPa at 1 m (Møhl et al., 2000).  It is not surprising that the
highest source level vocalizations are echolocation clicks since the animal is
acoustically imaging its environment using the return echoes from some
objects with low target strength.  The high-frequency signals, which pro-
vide good spatial resolution, are rapidly attenuated as a result of high
absorption losses.  The short duration of an echolocating click (50-200 µs)
(Au, 1993) means that the energy content integrated over time of the clicks
is low even though the source levels are high.



Odontocete whistles have much lower source levels than echolocation
clicks, ranging from less than 110 dB re 1 µPa at 1 m for spinner dolphins
(Stenella longirostris) (Watkins and Schevill, 1974), to 169 dB for bottle-
nose dolphins (Janik, 2000), to 180 dB re 1 µPa at 1 m for short-finned
pilot whales (Globicephala macrorhynchus) (Fish and Turl, 1976).  The
detection range for most vocalizations is estimated to be on the order of
hundreds of meters and usually less than 1 km.  Sperm whale vocalizations
may be detected at ranges greater than 10 km (Watkins, 1980), and the
highest source level, bottlenose dolphin vocalizations, have been estimated
to be detectable by other dolphins under ideal conditions (low-frequency
whistles, shallow-water spreading, sea state of 0) at ranges over 20 km
(Janik, 2000), whereas vocalizations of Peale’s dolphin (Lagenorhynchus
australis) (Schevill and Watkins, 1971) can be detected at ranges of only a
few tens of meters.



Mysticete vocalizations have the potential to be detected over long
distances.  Blue whales (Balaenoptera musculus) and fin whales (B.
physalus) produce low-frequency (10-25 Hz) moans with estimated source
levels up to 190 dB re 1 µPa at 1 m (Cummings and Thompson, 1971;
Thompson et al., 1979).  Accurate source-level estimates are difficult to
make because of uncertainties in localizing the calling animal and in taking
account of propagation effects.  Source-level estimates of the low-frequency
component of blue whale calls recorded in one experiment show a 10 dB
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spread about values of 170 dB re 1 µPa at 1 m (Thode et al., 2000).
Vocalizations below 1 kHz with estimated source levels above 180 dB re 1
µPa at 1 m have also been recorded from most of the other large mysticetes
such as the bowhead whale, the southern right whale, the humpback whale,
and the gray whale (Richardson et al., 1995).  Fin and blue whale vocaliza-
tions have been detected from ranges estimated to be greater than a hun-
dred kilometers (Cummings and Thompson, 1971) to a confirmed range of
600 km for a blue whale using a large-aperture, multielement array
(Stafford et al., 1998).  Responses of conspecifics to these vocalizations
have been observed only occasionally at ranges as great as 20-25 km
(Watkins, 1981).



Source levels have been estimated for vocalizations of only a few spe-
cies of pinnipeds. The highest levels are the underwater trills of Weddell
seals (Leptonychotes weddelli), which can reach 193 dB re 1 µPa at 1 m
(Thomas and Kuechle, 1982) and are a constant feature during the breeding
season near Weddell seal colonies.  These calls are easily detected by a
hydrophone up to 4 km away, and one seal at an “isolated” man-made hole
4 km from the colony detected the calls, estimated the distance to the
vocalizing seals through apparent ranging behavior, and swam the 4 km
under ice to the colony where it was relocated (Wartzok et al., 1992).



Marine Mammal Contributions to Ocean Noise



Along the U.S. West Coast, the Navy’s sound surveillance system
(SOSUS) has recorded blue whale choruses in September and October that
have increased the ambient noise up to 20 dB (Cummings and Thompson,
1994).  Other species such as fin, humpback, or sperm whales also have the
potential to increase the ambient in regional areas by a similar amount.
Curtis et al. (1999) found that a strong annual peak in the 15-22 Hz band,
with signal levels up to 25 dB above the baseline ambient noise level, was
one of the clearest features in data collected over two years from bottom-
mounted receivers at 13 widely distributed locations in the North Pacific.
Whale sounds were detected in 43 percent of 170-averaged spectra col-
lected once every five minutes.  Contributions of noise by marine mammals
can be significant over short periods of time and space in the middle of large
assemblages of vocally active animals.  Levels of broadband clicks and FM
whistles can be so high within an active school of oceanic dolphins that
nothing else can be heard.  Typically, such conditions last less than an hour
at a stationary hydrophone.  On the other hand, in limited geographic
areas, such as the underwater canyons off Kaikoura, New Zealand, sperm
whales are continuously audible and a dominant acoustic feature (Gordon
et al., 1992).  In most regions, however, the vocalizations of cetaceans
above 25 Hz are more transient phenomena, which, averaged over hours or
days, do not make major contributions to the ambient noise field.
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During breeding season cetacean contributions to marine noise increase
substantially.  Choruses of singing humpback whales were dominant fea-
tures in the noise field during the spring breeding season at a single location
0.8 km off the coast of Maui, Hawaii, in 13 m of water (Au et al., 2000a).
Highest sound levels were recorded during early March, at frequencies
between 100 and 150 Hz, 250 and 350 Hz, and 600 and 650 Hz, coincid-
ing with the peak of the breeding season.  Time-averaged peak levels re-
corded about 2.5 km offshore reached 125 dB re 1 µPa (Au and Green,
2000).



Diurnal variation in vocal output of marine animals is commonly ob-
served.  Oceanic dolphins are typically more vocally active at night than
during the day (Gordon, 1987; Goold, 2000).  Singing male humpbacks
were also found to be more vocally active at night than during the day (Au
et al., 2000a).  However, no evidence of diurnal variation in the vocal
behavior of sperm whales has been observed (Gordon, 1987).



In general, pinniped vocalizations show a peak in occurrence during the
breeding season.  The most distinctive phocid vocalization in the high arctic
is that of the bearded seal (Erignathus barbatus), whose song can often be
heard on hydrophones when no seals are visible on ice floes. Bearded seal
vocalizations may be heard up to 45 km from the source (Stirling et al.,
1983).



Vocally active group-breeding pinnipeds, such as the walrus (Odobenus
rosmarus), Weddell, and harp seal (Phoca groenlandica), concentrate so
many vocalizing animals in a relatively small area that they can add to the
local ambient background, although actual values of such increases are
rarely reported.  Harp seal breeding herds have been detected at over 2 km
(Terhune and Ronald, 1986).  The social stimulation of vocalizations be-
tween the herd and animals approaching the main herd and between the
approaching animals and ones farther away leads to a much larger area in
which vocalizations of individual harp seals can be detected.  Terhune and
Ronald (1986) reported hearing some harp seal vocalizations continuously
along radii up to 60 km from the herd.  The level of vocalizations varies
such that fewer vocalizations are recorded on a second hydrophone located
only a few hundred meters farther from either harp or Weddell seal herds
than are recorded on the closer hydrophone (Terhune et al., 2001).



Other marine mammals such as the eared seals, manatees, dugongs,
and sea otters have relatively low-level underwater vocalizations and add
little to the acoustic scene.  Except for the vocalizations of baleen whales,
which can be detected for hundreds of kilometers, the contributions of
marine mammals to the ocean sound ambient are localized in space.  There
is diurnal and seasonal variability in the occurrence of vocalizations, al-
though in some locations marine mammal sounds are consistent features of
the ambient.  For example, hydrophones north of Oahu, Hawaii, recorded
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at least one whale sound on 459 of 578 recording days (Thompson and
Friedl, 1982).



Ocean Noise from Fish and Marine Invertebrates



Many species of fish produce sound and use it for communication, and
many more species produce sounds incident to other behaviors such as
feeding and swimming (Busnel, 1963; Zelick et al., 1999; Box 2-2).  The
sounds are used in a variety of behavioral contexts, including reproduction,
territorial behavior, and aggressive behavior (reviewed by Zelick et al.,
1999).  Elasmobranchs (sharks and rays) are not known to produce sounds,
although they do respond dramatically to the sounds of potential prey (e.g.,
Myrberg, 1972; Myrberg et al., 1976) and are known to locate objects
using sounds from over 1 km (Myrberg et al., 1976).



Well more than 25,000 fish species are in existence today, more than all
other vertebrate species combined.  The acoustic behavior of perhaps 100
of these species, representing only 0.4 percent, is known to some extent.



Fish produce sounds by a variety of mechanisms.  Many of these in-
volve striking two bony structures against one another.  The swim bladder,
an organ located in the abdominal cavity of most fish that contains air and
regulates buoyancy, amplifies the fundamental frequency and matches the
impedance of the sound to water (see Glossary for definitions of specific
acoustic impedance and characteristic impedance).  As a result, sounds
produced by fish are pulsed signals with the energy mostly below 1 kHz.
The pulses may contain broadband sounds if they are produced when two



Box 2-2
Deep, Dark, and Noisy?—Lantern Fish



It is likely that many more aquatic species produce and use sounds than currently
documented. Indeed, this suggestion is supported by observations on a range of
species showing that many have muscles or other structures similar to those known
to be used for sound production in other species.  One important example of this are
the observations of Marshall (e.g., 1962, 1967), who showed that deep-sea fish of the
family Myctophidae (lantern fish) have muscles that are connected to the swim blad-
der, which Marshall suggested are for sound production.  Indirect support for such an
argument comes from studies of the ears of these species showing that they have
highly specialized sound detection systems (Popper, 1980), which could presumably
have coevolved with evolution of sound communication.  Sounds produced by myc-
tophids may have direct relevance for some marine mammals, since it has recently
been shown that these species are a direct part of the food chain for at least one
species of Stenella.  Although lantern fish make up perhaps the largest portion of fish
biomass, their possible use of sound remains speculative at present.
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bones strike one another, or a fundamental frequency and its harmonics
when the sounds are produced by a muscle that is amplified by the swim
bladder (see reviews by Tavolga, 1971; Demski et al., 1973; Myrberg,
1981; Zelick et al., 1999).



The overall contribution of fish sounds to the ocean noise budget has
not been quantified.  However, the character of fish sounds in some specific
environments has been studied.  For example, those in coastal shallow
water and coral reef regions off the East Coast (e.g., Loye and Proudfoot,
1946; Fish, 1964; Fish and Mowbray, 1970) and West Coast (e.g., Johnson,
1948; Knudsen et al., 1948; Wenz, 1964; D’Spain et al., 1997) of the
United States and around Australia (e.g., Cato, 1978, 1980; McCauley,
2001; McCauley and Cato, 2001).  The degree to which these sounds are
present varies from one ecosystem to the next and on diurnal and seasonal
timescales (Tavolga, 1964).  The major contributions are from those species
that participate in chorusing behavior.  Biological choruses occur when a
large number of animals are calling simultaneously.  Fish choruses are
known to increase the ambient noise levels in certain locations, at certain
times of the day, for example, the “sunset chorus” that lasts for a few hours
after sundown and at certain times of the year (often the spring and early
summer months) by 20 dB or more in the 50-Hz to 5-kHz band over
sustained periods of time (see references listed above).  Choruses appear to
play an important role in spawning behavior in many species (Winn, 1964;
Sancho et al., 2000a, b) and may be used by males to attract females to
spawning sites (Winn, 1964; Holt, 2002).



While less recognized as sound producers than fish or marine mam-
mals, a number of marine invertebrates produce sound.  Some of these
species produce choruses with a diurnal variation similar to those of
soniferous fish (Fish, 1964).  However, the sounds from the best-known
sound-producing invertebrate, the snapping shrimp, display little diurnal
variability.  These animals are from a variety of species of the genera
Alpheus and Synalpheus.  They generate high levels of sound in the process
of creating a focused jet of water by snapping closed their one large major
frontal chela (fighting claw) (UC Division of War Research, 1946).  The jet
of water exits from the chela so quickly that the water is torn apart at the
tail of the jet, referred to as cavitation (see Glossary).  The subsequent
collapse of the surrounding water into the void left by the jet is the source
of the snapping sound (Versluis et al., 2000).  The jet of water is sufficiently
powerful to break standard aquarium glass and is believed to be used
mainly for fighting and defense and for stunning and killing prey.



Colonies of one species of snapping shrimp (Synalpheus regalis) that
dwell in the interstices of sponges in Caribbean coral reefs recently were
discovered as the first marine animals to display eusocial behavior (Duffy,
1996).  Eusocial behavior is a highly evolved, cooperative breeding behav-
ior where each colony is centered around a single reproductive female,
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much like a beehive or an anthill.  A loose analogy can be made between a
snapping shrimp’s water jet and the stinger of a bee.  The sound produced
in the process of creating a jet of water appears only to be a byproduct; no
evidence suggests these sounds are used for communication or that snap-
ping shrimp can detect sounds.  However, the significant background noises
produced by snapping shrimp are known to result in bottlenose dolphins
changing the frequency of their echolocation clicks to move them outside
the bandwidth of snapping shrimp noise, presumably to prevent the shrimp
noise from masking detection of lower-frequency echolocation clicks (e.g.,
Au, 1993).



Much of the work on the worldwide distribution and underwater acous-
tics of snapping shrimp was done during World War II because of the
impact of these sounds on the performance of military sonars.  Results were
published in the late 1940s (UC Division of War Research, 1946; Everest et
al., 1948; Johnson, 1948).  Snapping shrimp are found in shallow (less than
60 m), warm (greater than 11ºC year-round) waters between 40º N and
40º S latitudes on stationary, rough ocean bottoms such as those covered by
rocks or shells, in coral reefs, along pier pilings and jetties, and other areas
where they can be protected (UC Division of War Research, 1946).  The
spectra of underwater acoustic measurements collected in the vicinity of
snapping shrimp colonies show broad peaks in the 2-15 kHz band.  Recent
work extending the measurements to frequencies above the sonic band
(Cato and Bell, 1992; Cato, 1992; Au and Banks, 1998) showed that snap-
ping shrimp sounds contain energy up to 200 kHz and that individual snaps
can have peak-to-peak source levels as great as 189 dB re 1 µPa at 1 m.
Some additional places where recent studies of snapping shrimp sounds
have been conducted are Gladstone, Queensland (Readhead, 1997), San
Diego Bay (Epifanio et al., 1999), and Sydney Harbor (Ferguson and Cleary,
2001).



ANTHROPOGENIC CONTRIBUTIONS TO MARINE NOISE



Whether intentional or unintentional, human activity generates noise in
the marine environment, and it is an important component of the total
oceanic acoustic background.  Sound is an important tool and a byproduct
of a broad range of marine activities.  To catalogue anthropogenic sound
sources with their spatial and temporal variability and acoustic source
characteristics they have been grouped into six categories:  shipping, seis-
mic surveying, sonars, explosions, industrial activity, and miscellaneous.



The extreme range of values of time, space, and signal structure vari-
ability make generalizations necessary (Table 2-1).
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Vessel Traffic



Especially at low frequencies between 5 and 500 Hz, vessel traffic is a
major contributor to noise in the world’s oceans.  Distant traffic contrib-
utes to the general acoustic environment in this frequency range; very large
geographic areas are affected.  In distant traffic noise, individual vessels are
spatially indiscernible and often indistinguishable by frequency or temporal
characteristics.  Low-frequency ship noise sources include propeller noise
(cavitation, cavitation modulation at blade passage frequency and harmon-
ics, unsteady propeller blade passage forces), propulsion machinery such as
diesel engines, gears, and major auxiliaries such as diesel generators (Ross,
1976).  Particular vessels produce unique noise source levels with frequency,
known as acoustic signatures. Sharp peaks (tones) produced by rotating
and reciprocating machinery such as diesel engines, diesel generators,
pumps, fans, blowers, hydraulic power plants, and other auxiliaries can be
seen in the acoustic signature of a merchant vessel (Figure 2-1).  Propeller
blade passage tones and their harmonics, as well as propeller blade rate
modulation of propeller cavitation, also contribute to the tonal structure of
typical ship signatures and are particularly evident at lower ship speeds.
With increased ship speed, broadband noise-generating mechanisms, such
as propeller cavitation and hydrodynamic flow over the hull and hull ap-
pendages, become more important, essentially “masking” the machinery-



FIGURE 2-1  Received underwater sound spectral densities for two diesel-powered
boats:  (a) Imperial Sarpik at range 2.8 km, and (b) Canmar Supplier III with 336
kW (450 hp) bow thrusters at 0.2 km.  The dotted spectrum is ambient noise
before or after boat measurement.  Note the different vertical scales in (a) and (b).
Reanalyzed from recordings of Greene (1985); analysis bandwidth 1.7 Hz.
SOURCE:  Richardson et al., 1995, courtesy of Academic Press.
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related tones observed at lower speeds.  These spectral characteristics of
individual ships and boats can be observed at relatively short ranges and in
isolated environments.  At distant points, multiple vessels contribute to the
background, and it is this superposition of many distant sources that is
characterized by broad spectral peaks labeled “usual traffic noise” in the
Wenz curves (see Plate 1).



Globally, commercial shipping is not uniformly distributed.  The major
lanes are great circle routes (unless they extend to very high latitudes) or
follow coastlines to minimize the time at sea.  Dozens of major ports and
several “megaports” handle the majority of the traffic, but in addition there
are hundreds of small harbors and ports that host some level of daily
seagoing traffic.  The U.S. Navy’s Space and Naval Warfare Systems Com-
mand defines 521 ports and 3,762 traffic lanes in its efforts to catalogue
commercial and transportation marine traffic (Emery et al., 2001).



Other vessels may be found in widely distributed areas of the oceans
outside of ports and shipping lanes.  These include military craft in fleet
exercises, fishing vessels, single vessels such as scientific research ships in a
specific location on a one-time basis for measurements, and recreational
craft typically near shore.



The contribution from recreational boating to the underwater noise
field has not been quantified.  Much of this boating activity occurs in
shallow coastal waters, environments that are inhabited by many marine
mammal species.  Information on one aspect of the issue can be obtained
from the National Marine Manufacturers Association, which publishes
statistics on the number of U.S. boat registrations by state per year and the
numbers of boats in various categories (outboard, inboard, sterndrive, per-
sonal watercraft, sailboats, and miscellaneous) owned in the United States
in a given year (National Marine Manufacturers Association, 2002).  For
example, the number of boats owned in the United States increased from
15.8 million in 1995 to nearly 17 million in 2001, representing more than
a 7 percent increase.  Additional information on personal watercraft, a
subset of the recreational boating sector, can be obtained from the Personal
Watercraft Industry Association (2002).  Measurements of the radiated
noise from these watercraft are reported, but they pertain to the atmo-
spheric radiated noise because of the potential impact on human coastal
communities.  Concern for this human impact has led the personal water-
craft manufacturers to reduce atmospheric radiated noise levels by 70 per-
cent since 1998.  Many of the noise reduction techniques probably also
have resulted in a decrease in underwater radiated noise levels.  However,
some of this 70 percent reduction has been achieved by rerouting the engine
exhaust from above the water line to below, so that the overall change in
underwater noise is difficult to predict.



Vessel operation statistics are complex to derive because of different
criteria for defining ship type in different databases.  Indeed, depending on
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how different analyses are done, even a single database, such as that pro-
duced by Lloyd’s of London, can provide markedly different numbers of
ships in the same category.  The data mined for Table 2-2 show an increase
of the commercial fleet from 72,662 in 1995 to 81,867 in 1999, an increase
of 12 percent over four years.  The trends all indicate growth consistent
with population growth and use of the sea for economic, recreational, and
transportation purposes.  Economic pressure for oceanic shipping remains
strong, and there is no near-term alternative available to move the neces-
sary tonnage of goods and material globally.  International economic infra-
structure results in more raw materials being exchanged in the trade pro-
cess.  Fishing vessels account for approximately 23,000, or 28 percent of
the world fleet.  Bulk dry and oil tankers represent nearly 50 percent of the
total tonnage but less than 8 percent of the vessel count.



Noise from Individual Ships and Boats



Databases of radiated noise measurements exist for some classes of
surface ships.  The largest collection of deep-water merchant ship radiated
noise measurements probably is the Lloyd’s Registry of London database
(Lloyd’s Registry of Shipping; see also Wales and Heitmeyer, 2002).  How-
ever, limited information is readily available regarding the acoustic signa-
tures of some of the types of commercial vessels listed in Table 2-2.  These
data often are found in technical memoranda, databases that require inter-
national data exchange agreements (e.g., Lloyd’s Registry of Shipping),
Navy-related databases, and other sources not readily available to the pub-
lic and research community.



Every vessel has a unique signature (Figure 2-1), which changes with
ship speed, the condition of the vessel, vessel load, the activities taking place
on the vessel, and even with the properties of the water through which the
ship is traveling (Ross, 1976).  However, high-quality shipping noise mod-
eling probably requires only representative source spectra for the different
classes of ships (Figure 2-2).  Source spectral densities for the five classes of
surface ships are used in the ANDES (Ambient Noise Directionality Estima-
tion System) (Renner, 1986a, b; 1988) as well as the RANDI (Research
Ambient Noise Directionality) (Wagstaff, 1973; Hamson and Wagstaff,
1983; Schreiner, 1990; Breeding, 1993) models.  The curves for the two
models differ according to the way the various classes are defined and the
modeling approach taken; the levels in ANDES depend solely on the class
of ship, whereas ship length and ship speed are used to calculate a scaling
factor based on empirically derived power laws in the RANDI model.  (The
ANDES source spectral densities also are used in the newly developed
Dynamic Ambient Noise Prediction System; see Chapter 4).  Using the
RANDI model, source spectral density levels range from more than 195 dB
re 1 µPa2/Hz at 1 m around 30 Hz for fast-moving, large supertankers
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FIGURE 2-2  (a) Modeled surface ship source spectral densities for the  five classes
of ships used in the RANDI ambient noise model.  The curves in each class also are
a function of ship length and ship speed; those plotted in the figure pertain to the
mean values of ship length and ship speed in each class. (b) A comparison of the
maximum and minimum merchant ship source spectral densities from the RANDI
model (calculated using the maximum and minimum ship lengths and ship speeds
for this class; re Table 2-3).  SOURCE:  Wagstaff, 1973.  Adapted from data from
the Naval Undersea Center.
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down to 140 dB re 1 µPa2/Hz or less for smaller craft such as fishing vessels
(Table 2-3).



Figure 2-2b also shows a comparison of the “merchant” class source
spectral densities in RANDI with the mean source spectral density in Wales
and Heitmeyer (2002) calculated as the decibel mean over 54 merchant-
class source spectral densities.  The model of the acoustic source used in
Wales and Heitmeyer to derive the source spectral densities from the mea-
sured received spectral densities is a vertical line of incoherent point sources,
rather than a single-point source, in order to more accurately account for
the character of the acoustic source region about the ship propeller.  An
interesting observation is that the decrease in ship spectral density levels
with frequency above 400 Hz has the 5-6 dB/octave dependence as seen in
the Knudsen curves for wind-generated noise (see Plate 1).  Wales and
Heitmeyer also analyzed the variations of individual merchant ship spectra
from their mean spectrum; variations are significantly greater below 400
Hz (up to 5.3 dB standard deviation) than above (a standard deviation of
about 3.1 dB).



As mentioned previously, ship-generated spectra are composed of a
broadband component, predominantly the result of propeller cavitation,
and a set of harmonically related tones created both by propeller cavitation
(the blade lines) and the machinery on the ship.  The broadband and tonal
components produced by cavitation account for 80-85 percent of ship-
radiated noise power (Ross, 1976).  The discussion above pertains to the
character of the broadband component.  Source-level models also have
been developed for the propeller fundamental blade rate line occurring
predominantly in the 6-10-Hz band for the world’s merchant fleet (Gray
and Greeley, 1980).



Acoustic signature data are available for some oceanographic research
ships and boats. Although they may be important locally, noise levels are
typically so low they are unimportant in the general acoustic environment
of the world’s oceans.  There is a significant literature dealing with the
effects of fishing vessel noise on fish populations on which marine mam-
mals may depend (Mitson, 1995).  Observed responses of marine mammals
to boats, not just fishing boats, are discussed in Chapter 3.  Signature data
are not readily available for most survey or observation vessels, although
some examples are presented in Richardson et al. (1995) and as unpub-
lished documents and reports.  A sampling of whale-watching boat signa-
tures is available in the published literature (e.g., Richardson et al., 1995;
Erbe, 2002).



Extensive acoustic signature data exist for military surface ships.  Indi-
vidual vessel signature data resources are classified and held in government
agencies such as the Naval Research Laboratory and cannot be used in this
study.  The U.S. Navy does post vessel descriptions as well as current
deployment numbers on its Web site.
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Pleasure craft do not contribute significantly to the global ocean acous-
tic environment but may be important local sources of underwater noise.
High-speed ocean yachts are expected to be sources of high noise levels but
are sufficiently small in number as to represent significant sources only
local to the individual craft.  Results from a recent study of source signa-
tures from outboard, inboard-outboard, and inboard powerboats shows
that source levels for the largest amplitude narrowband tones typically
range between 150 and 165 dB re 1 µPa at 1 m and the broadband radiated
energy, which is engine RPM dependent, has maximum source spectral
density levels in the 350-1,200-Hz band of 145-150 dB 1 µPa2/Hz (Bartlett
and Wilson, 2002).  Additional examples of individual ship signatures in
these classes can be found in Richardson et al. (1995).



Future Trends in Shipping



Although the number of vessels and tonnage of goods shipped are
increasing (e.g., a nearly 30 percent increase in volume shipped by the U.S.
fleet over the past 20 years; 1,793.9 million metric tons [mmt] in 1980 to
2,331.6 mmt in 2000) (U.S. Maritime Administration, 2002), the relative
distribution of numbers of ships among the various classes is not expected
to change remarkably in the future.  If dramatic changes are made to the
shipping fleet, they likely will be mandated by economic forces such as
more efficient or cheaper propulsion systems, faster ships, or hull configu-
rations that allow more bulk tonnage.  Any one of these changes could have
a significant impact on a ship’s radiated noise characteristics.  A discussion
of the long-term trends in shipping contributions to ocean noise is pre-
sented later in this chapter.



Marine Noise Generated by Oil and Gas Industry Activities



Oil and gas industry activities may be divided into five major catego-
ries: (1) seismic surveying, (2) drilling, (3) offshore structure emplacement,
(4) offshore structure removal, and (5) production and related activities
(including helicopter and boat activity for providing supplies to the drilling
rigs and platforms).  Offshore seismic surveying, the predominant marine
geophysical surveying technique employed by the oil and gas industry, uses
intentionally created sound.  The last four activities listed create primarily
unintentional noise and will be discussed in less detail.  The noise levels
associated with oil and gas production are typically much lower than those
involved in seismic surveying (see Richardson et al., 1995).



Offshore oil industry activities have a patchy distribution along the
world’s coastlines, ranging from about 72o N latitude to about 45o S lati-
tude.  Seismic surveying activity and oil and gas production have taken
place off the coasts of North and South America, Africa, Europe, Asia, and
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Australia.  Activity levels associated with well drilling and seismic surveying
by the oil and gas industry are monitored by various industry trade and
database companies and published on a monthly basis in various trade
journals, such as Hart’s E&P, Journal of Petroleum Technology, Oil and
Gas Journal, Offshore, and World Oil.  The companies actually performing
the work provide the numbers about these activity levels to the database
companies.1



Seismic Reflection Profiling



Seismic reflection profiling encompasses a variety of methods, all of
which use sound to relay information about geological structure beneath
the surface of the earth.  The oil industry relies on the extensive use of
seismic reflection profiling to provide unique information about the rocks
that extend beneath the seafloor, down to depths exceeding 10 km.  Seismic
reflection profiling, which includes what is commonly called three-dimen-
sional (3D) seismic, is also used by academic and government groups, as
well as the mining, environmental consulting, and other industries, to gather
information about subsurface rock properties.  The major operational ele-
ments in industrial marine 3D seismic reflection surveying are (1) the seis-
mic vessel, typically about 100 m long by 30 m wide; (2) one or two air-gun
arrays towed about 200 m behind the seismic vessel; and (3) cables, called
streamers, containing large numbers (on the order of a few thousand) of
hydrophone sensors towed behind the seismic vessel.  Current technology
uses streamers up to 12 km long to record the echoes returning from the
subsurface (Figure 2-3).  In the open marine environment, air-guns are the
most commonly used sound source, but explosives buried in drilled holes
are used to acquire similar data in waters shallower than about 4 m.



Marine seismic reflection profiling currently relies on the use of arrays
of air-guns.  These arrays have replaced the explosive charges that previ-
ously were used as sources.2 Air-guns release a volume of air under high
pressure, creating a sound pressure wave that is capable of penetrating the



1The numbers provided by one database group may differ from those provided by another
group because of the use of different categories of activity (e.g., under contract versus actually
working) and because of different ways of reporting requested by the database companies of
the different contractors.  This can make reconciling numbers from one group’s report to
another’s report difficult, so that a single database company’s numbers should be used to
develop industry trend information.



2Explosions still are employed in a few government and research-related ocean-going ex-
periments, as are seismic waterguns.  Waterguns do not release air as part of the pulse
generation process in order to maximize the signal pulse-to-bubble pulse ratio.  However,
they are not generally used since they are more inefficient and their signature contains higher
frequencies than an air-gun.
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seafloor to determine substrata structure.  Each complete air-gun array
used in the seismic industry will typically involve 12-48 individual guns.
Most of the seismic industry uses air-gun arrays with operating pressures
of 2,000 psi (equal to 13.8 million pascals) and are typically about 20 m by
20 m.



The acoustic pressure output of an air-gun array is (1) directly propor-
tional to its operating pressure; (2) directly proportional to the number of
air-guns, all else being equal; and (3) proportional to the cube root of the
volume.  For example, an 8,000-cu.-in. (0.131 m3) array has a 3.4-dB
greater output than a 2,500-cu.-in. (0.041 m3) array having the same num-
ber of guns.3  The acoustic pressure signal of air-gun arrays is focused
vertically, being 12-15 dB stronger or more in the vertical direction for
some arrays in use today.  The ability to focus the sound output in the
vertical direction is a function of the total array aperture in both the fore-
and-aft and side-to-side directions and the number of air-guns in the array



FIGURE 2-3  Schematic diagram of an air-gun array.  A total volume of 3,397 cu.
in. is shown. This array has three subarrays (each line of circles) and uses 24 air-
guns.  Each circle represents an air-gun, except for the circles at the head of each
array, which represent three-gun clusters.  The nearest number represents the vol-
ume of air expelled by individual air-guns in cubic inches.



3= 20log10 (8000/2500)1/3, if the difference in each single-gun volume is also in the same
8,000:2,500 ratio.  A 48-gun array has about a 12.0-dB greater output than a 12-gun array,
almost regardless of the total volume of the array [= 20log10(48/12)].
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(Plate 4).  Vertical output can be maximized while minimizing output in the
horizontal plane through the use of arrays incorporating more small air-
guns rather than fewer larger air-guns.



The literature, including both that published by the seismic exploration
industry and by bioacousticians, refers to back-calculated levels of up to
260 dB re 1 µPa at 1 m for the maximum output pressure levels [zero-to-
peak, subtract about 10 dB to obtain root mean squared (RMS) value, per
W. J. Richardson, personal communication, 2002] of industry air-gun ar-
rays (Richardson et al., 1995; Dragoset, 1990).  The back-calculation is
valid for point sources, not ones that measure 20 m on a side, so that the
260 dB should be used to calculate sound pressures in the vertical far field.
The far-field distance is a function of the array dimensions, the speed of
sound in water, and the frequency of the source.  The maximum pressure
level an animal could experience from an air-gun source in use today in the
seismic industry will be in the range of 235-240 dB re 1 µPa (RMS).  The
location where this level of sound is attained will be vertically beneath the
air-gun array, generally near its center, but the exact location and depth
beneath the array are dependent on the detailed makeup of the array, the
water depth in which the array is operating, and the physical properties of
the seafloor above which the array is operating  (Dragoset, 2000).



The peak amplitude of an air-gun array is also a function of the fre-
quency (Figure 2-4).  The peak pressure levels emitted from commonly used
seismic industry air-gun arrays are in the 5-300 Hz range.  The guns are
towed at a speed around 5 knots (2.6 m/s) and are fired about every 10-12
seconds.  A typical seismic operation includes a series of parallel passes by
a vessel towing one or two air-gun arrays and 6-10 streamers.  Turning
typically takes about two hours, and the air-guns are shut down during this
maneuver.  In addition to this turning period, the air-guns do not operate
when the vessel is in transit to and from the survey site, when sufficiently
bad weather occurs, when streamers are being deployed or retrieved, or
when critical equipment fails.  Given these constraints, air-guns are gener-
ally firing less than 40 percent of the time the vessel is underway (Philip
Fontana, personal communication, 2002).



Marine seismic crews are much more efficient today than they were 10
years ago, since more and longer streamers are towed now than in the past
(DeLuca, 2000; Eng, 2001; Maksoud, 2001).  The acquisition footprint
(0.25 times the total length of the streamer times the total distance from the
starboardmost streamer to the portmost streamer) can be as much as 4.24
km2.  In other words, a seismic crew can get into and out of a specific area
much more quickly than in times past because fewer tracks are required,
given the wider coverage (swath) per track.  The use of seismic time-lapse
monitoring for reservoir management (repeating seismic surveys to monitor
changes in a hydrocarbon reservoir over months and years) means that
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FIGURE 2-4  Acoustic signal of a 4,550 cu. in. air-gun.  (a) Typical pulse created
by the firing of an air-gun array.  The high-amplitude portion of the pulse lasts
about 20 ms.  (b)  An amplitude spectrum of an air-gun signal.  This plot shows
pressure levels as a function of frequency for a signal generated by a 4,550-cu.-in.
air-gun array. Courtesy of Philip Fontana, Veritas DGC.
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more seismic surveys are likely to be shot over producing fields than was
true in the past.



Noise Generated by Other Hydrocarbon Industry Activities



Drilling techniques employed by the oil and gas industry require a wide
variety of equipment (Box 2-3).   At any given time, it can be assumed that
representatives of each of these types are in use somewhere in the world
(Table 2-4).  When drilling is taking place, auxiliary noise is generated,
created by activities including supply boat and support-helicopter move-
ments.  The worldwide offshore mobile rig count can vary over time as a
result of business conditions in the oil industry (Figure 2-5).  A comparison
of rig counts (Table 2-4, Figure 2-5) highlights the differences in reporting
from the groups.  These graphics illustrate the overall numbers of rigs of all
types operating at a given time,  an idea of year-to-year variability, and a
current distribution of rigs for different areas around the world.



Jack-ups are the most commonly used offshore drilling equipment,
followed closely by the use of platform rigs (see the Offshore Rig Locator
published monthly by the ODS-Petrodata Group).   The sound pressure
levels created by the different drilling methods are not well known.
Richardson et al. (1995) present a small amount of data, mostly recorded
from the monitoring of projects along the North Slope of Alaska and the
adjoining coast of Canada.   In general, drill ships are the noisiest type of
drilling equipment being used, with a maximum broadband source pressure
level across the 10-Hz to 10-kHz band of about 190 dB re 1 µPa at 1 m
(RMS) (Richardson et al., 1995).  Drill ships are expected to be the noisiest



Box 2-3
Oil and Gas Extraction Platforms



Platform rigs:  permanently mounted rigs located on stationary production structures



Semisubmersibles:  mobile, steel-decked structures whose hollow support structures
do not rest on the seafloor



Jack-ups and submersibles:  mobile, steel-decked structures whose legs or other sup-
port structures rest on the seafloor



Drill ships:  ships with drilling capabilities



Drill islands:  artificial islands upon which drilling rigs are placed, constructed in
areas normally covered by ice substantial portions of the year



Copyright © National Academy of Sciences. All rights reserved.



Ocean Noise and Marine Mammals 
http://www.nap.edu/catalog/10564.html





http://www.nap.edu/catalog/10564.html








63SOURCES OF SOUND IN THE OCEAN



25



30



35



40



45



50



55



60



65



70



75



Total



Contracted



Working



N
um



be
r o



f R
ig



s



1997 1998 1999 2000 2001 2002



Year



FIGURE 2-5  Worldwide offshore mobile rig numbers from 1997 to present.  This
figure does not include rigs permanently located on platforms, of which there were
139 contracted as of March 4, 2003.  SOURCE:  ODS-Petrodata, Houston.



TABLE 2-4 International Offshore Mobile Working Rig Count
Location January 2002 December 2001 January 2001



Canada 7 7 6
Europe 71 61 53
Middle East 37 37 30
Africa 20 18 23
Latin America 46 47 45
Asia Pacific 61 59 55
United States 126 123 174
Total 368 352 386



SOURCE:  Hart’s E&P, April 2002.



because the hull is an efficient transmitter of all of the ship’s internal noises,
and the ships do not anchor but use thrusters to remain on location, result-
ing in propeller noise much of the time during the drilling operation.  Re-
search is needed to make accurate measurements of the sound pressure
levels generated by various drilling techniques.



The compilation of drilling activity numbers over time with a conven-
tional geographic breakdown as illustrated by Table 2-4 may not be par-
ticularly useful to describe the drilling ensonification of the oceans.  Neither
changes in relative percentages of the different drilling technologies being
used nor changes in the distribution of activities between shallow water and
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deep water are reflected in general oil rig estimates.  Rapid changes in
drilling technology and equipment are likely to change the noise generated
and are not included.  Sound pressure level measurements are needed to
conclude how these changes in oil industry techniques affect ocean noise.



Offshore structure emplacement will create some localized uninten-
tional noise for relatively brief periods of time.  Because a few large struc-
tures that will span relatively great water depths are emplaced each year,
extremely powerful vessels are required to transport them from the point of
fabrication to the point of emplacement.  This activity lasts for a few weeks
and currently does not occur more often than 8–10 times per year.  The
installation of subsea structures, primarily in deep-water sites, is becoming
more commonplace.  Measurements of the sound pressure levels associated
with such activity have yet to be made.



Additional noise is generated during oil production activities, which
can include borehole logging, casing, cementing, perforating, pumping, pipe
laying, pile driving, ship and helicopter support, and others to support rig
and platform work.  Impulsive hammering sounds created by installation of
conductor pipe resulted in received sound levels of 131-135 dB re 1 µPa
recorded 1 km from the source (see Richardson et al., 1995).  Assuming
transmission loss resulting from spherical spreading, this will translate to
195 dB re 1 µPa at 1 m, with the peak amplitudes occurring at around 40
and 100 Hz.



Oil Industry Noise—Future Trends



Oil and gas industry activities occur along many continental margins
between 72º N latitude and 45º S latitude.  The major areas of current oil
industry activity include northern Alaska and extreme northwest Canada,
the east coast of Canada, U.S. Gulf of Mexico, Mexican Gulf of Mexico,
offshore Venezuela, offshore Brazil, offshore West Africa, offshore South
Africa, North Sea (most sectors), Middle East, northwest Australia, New
Zealand, southern China, Vietnam, Malaysia, and Indonesia.  It is unlikely
that any major shifts in gross patterns of where this industry operates will
take place in the near future.



Noise levels associated with new exploration activities may be more
noticeable when they occur in relatively quiet areas with little human activ-
ity.  Recent new exploration areas include the deep-water U.S. Gulf of
Mexico and deep-water offshore of West Africa, both of which basically
have become active in the past 5-10 years.  Local and global economic
changes can abruptly modify exploration plans, so noise levels that are
affected by exploration activities can change rapidly.  How quickly drilling
activity is turned off and on depends in large part on which specific oil
companies are operating in a particular geologic province or basin.  How
fast seismic surveying activity is turned off and on depends on global eco-
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nomic factors, as well as local economic conditions, and again on which
specific oil companies are in a given area.



Oil and gas production is moving into water depths up to 3,000 m.
Those depths will require the use of drill ships and most likely require the
use of floating production, storage, and off-loading systems that involve the
use of oil tankers, most likely on nearly a weekly basis, since high produc-
tion rates are needed to justify the expense of deep-water fields.  Therefore,
the deep-water fields may be a source of greater noise than the shallow-
water fields have traditionally been, at least in terms of base noise levels.
The Minerals Management Service in the United States is now recognizing
this as a growing issue.



Sonars



Sonar (sound, navigation, and ranging) systems use acoustic energy to
characterize physical properties and locate objects beneath the ocean sur-
face.  The wide range of applications requires systems that vary greatly in
engineering specifications and deployment strategies.  Sonar systems have
both military and civilian applications and can be divided into low-fre-
quency (<1 kHz), mid-frequency (between 1 and 10 kHz), and high-fre-
quency (>10 kHz).  Generally, military systems exist for all frequency
ranges, while civilian systems are confined to the higher frequencies.



Military Sonars



Military sonars are typically operated at higher power levels than civil-
ian sonars and are used for target detection, localization, and classification.
Military low-frequency sonars are used for surveillance and are designed to
gather information over large areas.  If conditions permit, these sonars can
collect information over entire ocean basins.  The mid-frequency military
systems are tactical sonars and are designed to look over tens of kilometers
for the localization and tracking of targets.  Military high-frequency sys-
tems are either weapons (torpedoes and mines) or counterweapons (mine
countermeasure systems or antitorpedo devices) and are designed to per-
form over hundreds of meters to a few kilometers.



Active sonar technology, currently deployed by the navies of the world
and undergoing further development, seeks targets by sending out high-
energy acoustic pulses and recapturing the echo.  Characteristics of the echo
provide information on the objects that reflect and scatter the pulses.  The
class of surveillance sonars presently in the fleet is designed to locate tar-
gets, primarily submarines and to some extent surface ships, at tens to
hundreds of kilometers away to provide early alerts of potential threats to
navy vessels.  The U.S. Navy’s Surveillance Towed Array Sensor System
Low Frequency Active (SURTASS-LFA) system utilizes a vertical line array
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of up to 18 source projectors operating in the frequency range of 100-500
Hz.  The source level of each projector is approximately 215 dB re 1 µPa at
1 m (Johnson, 2001).  In addition, the U.S. Navy reports that the hull-
mounted AN/SQS-53C tactical sonars can generate pulses in the 1-5 kHz
band and have been operated at source levels of 235 dB re 1 µPa at 1 m and
that the AN/SQS-56 sonars generate pulses in the 5-10 kHz band and have
operated at 223 dB re 1 µPa at 1 m source levels (Evans and England,
2001).  High-frequency military sonars (above 10 kHz) are used for weapon
and counterweapon location at ranges of tens to thousands of meters.  The
sonars are operated in a variety of modes, different signal types, and differ-
ent signal lengths and strengths but typically over a relatively narrow fre-
quency range.  They can be used to generate broadband signals in which a
wide range of frequencies are transmitted simultaneously, but it is not
common to do so.



The use of military sonars typically is limited to operational areas, a
small portion of the total ocean space (Lloyd’s Register, 2001).  If war
situations are excluded, the remaining areas of military activity are well
defined and the level of activity is also well defined and episodic; typical
U.S. Navy individual ship exercises last a few hours to a few days,
predeployment and battle group exercises normally last 10-12 days and
involve a full carrier battle group or amphibious-ready group, and the
duration of large multinational fleet exercises is up to a month, but these
occur only every other year or so.  The total number of military ships extant
on the globe numbers in the thousands, but use of military sonar systems is
limited to hundreds.



Other military active sonars include communication sonars for inter-
platform information exchange, depth sounders, sidescan sonars for sea-
floor mapping, and variants of the communication sonar that are used for
device activation and event initiation, for example.  Mine-hunting systems
are high-frequency systems, ranging from tens of kilohertz for detection to
hundreds of kilohertz for localization.  The systems are highly directional
and use pulsed signals.



Commercial Sonars



Commercial sonar systems are designed for special purposes such as
depth sounding, fish finding, and obstacle detection.  Typically, they oper-
ate at higher frequencies, project lower power, and have significant spatial
resolution with narrower beam patterns and shorter pulse lengths than
military sonars.  Characteristics of the underwater transducers used in these
commercial sonar systems, as well as in military sonar systems, can be
obtained from the transducer manufacturers, including the International
Transducer Corporation, Reson, and Massa Products Corporation.  Com-
mercial sonars typically operate in a narrow frequency band with a center
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frequency between 1 and 200 kHz or more, depending upon the applica-
tion.  The source levels of some of these sonar transducers can reach values
of 250 dB re 1 µPa at 1 m (e.g., model TR-208A by Massa Products
Corporation) (Massa Products Corp., 2002).  These source levels are suffi-
ciently high that sonar performance in shallow water becomes limited by
cavitation (Urick, 1975).



Commercial depth sounders and fish finders typically are designed to
focus sound in the downward direction, although forward-looking sonars
also are available.  A common type of fish finder/echosounder (e.g., model
LS-6000 from Furuno) operates at two frequencies, 50 kHz and 200 kHz,
with output power on the order of 1 kW (201 dB re 1 µPa at 1 m) at a duty
cycle of 0.1 percent (0.2 ms pulse every 0.2 s).  These frequencies are too
high to be audible to fish; however, 50 kHz certainly falls within the range
of hearing sensitivity of many marine mammal species.  Even if only a small
fraction of the 17 million boats owned in the United States in 2001 (Na-
tional Marine Manufacturers Association, 2002) and the 80,000 vessels in
the world’s merchant fleet as of 1999 (Table 2-2) are equipped with com-
mercial sonar systems, the potential exists for these systems to adversely
impact the marine environment.  Depth sounders typically operate in
nearshore and shallow waters.  However, fish finders are used in biologi-
cally productive areas in both deep and shallow waters that are likely to
contain marine mammals.



According to the Pew Oceans Commission (2002), the mortality caused
by the unintended capture during commercial fishing operations (“bycatch”)
exceeds sustainable levels for 13 of the 44 marine mammal species that
suffer high mortality rates as a result of human activities.  Low-power
acoustic deterrent devices (ADD) are used in some fisheries in attempts to
reduce this bycatch.  Good evidence exists that these “pingers” are effec-
tive, at least for some marine mammal species.  High-power ADDs (some-
times called acoustic harassment devices or AHDs) are designed to be suffi-
ciently high level to exclude marine mammals, usually pinnipeds, from
areas such as aquaculture sites, sections of river systems where migrating
salmonids are vulnerable, and some fishing equipment.  Whereas the low-
power “pingers” have maximum source levels typically between 130 and
150 dB re 1 mPa at 1 m, the high-power AHDs have source levels in the
190-200 dB re 1 µPa at 1 m range.  Both types generate a series of pulses,
each lasting from 10 to 500 ms with interpulse periods ranging from negli-
gible (i.e., continuously repeated transmissions) up to 10 s.  The signals
have frequency content in the 5-30-kHz band and some extend up to 160
kHz, which is sufficiently high to be outside the range of audibility of most
species of fish.



In the United States, attention turned to the problem of bycatch more
than a decade ago and resulted in an increase in the use of acoustic deter-
rents.  Amendments to the Marine Mammal Protection Act during its reau-
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thorization in 1994 included provisions to try to reduce marine mammal
bycatch.  U.S. fisheries now are placed in one of three categories:



I. those with frequent serious injuries and death of marine mammals,
II. those with occasional serious injuries and death, and
III. those unlikely to cause serious injury or death.



The number of U.S.-registered vessels in each of these categories in each of
the various U.S. fisheries is published at least yearly in the Federal Register.
The most recent report (McKeen, 2002) shows about 14,300 vessels in
category I, with 188 of these off the California and Oregon coasts, about
14,000 in the Atlantic, and 100 or so in the Gulf of Mexico and the
Caribbean.  The category II vessels number more than 25,300 with 7,364
off the West Coast of the United States, more than 17,950 in the Atlantic,
and 50 in the Gulf of Mexico.  Fishing boats that are in categories I and II
must follow certain procedures, including registering yearly with the Na-
tional Marine Fisheries Service for authorization to incidentally take ma-
rine mammals during fishing activities, allowing designated observers
aboard when requested, and following “take reduction” plans developed
for that fishery.  Take reduction plans for some fisheries were put in place
as early as 1997-1998, and some of these plans have included the deploy-
ment of low-power ADDs.  As a result, the use of these pingers in the U.S.
commercial fishing fleet has jumped in the past 4-5 years and continues to
change with further development and modification of the various fisheries’
take reduction plans.



Fishing nets with pingers exclude porpoises from their immediate vicin-
ity.  Although bycatch is thereby reduced, concerns have arisen that pingers
could lead to significant habitat exclusion if used in sufficient numbers.  In
contrast, AHDs are sufficiently high level that they could actually damage
the hearing of marine mammals exposed at close range.  Pinnipeds that are
highly motivated to prey on the fish being protected are particularly suscep-
tible.  In addition, AHDs used at aquaculture facilities have been shown to
exclude nontargeted species, especially odontocetes.  For example, Olesiuk
et al. (2002) have shown that porpoise densities were significantly reduced
when ADDs were in operation.  No porpoises were found within 400 m of
the device, and the sighting rates between 2.5 and 3.5 km were 10 percent
of the control rates.



Underwater Sound Sources in Basic Ocean Acoustics Research



This section summarizes the characteristics of underwater sound sources
used in basic ocean acoustic and acoustical oceanography research pro-
grams in the United States.  Basic science programs in seismology that have
seagoing experimental components involving the deployment of underwa-



Copyright © National Academy of Sciences. All rights reserved.



Ocean Noise and Marine Mammals 
http://www.nap.edu/catalog/10564.html





http://www.nap.edu/catalog/10564.html








69SOURCES OF SOUND IN THE OCEAN



ter seismic sources are not discussed here.  Rather, the characteristics of
seismic air-guns and air-gun arrays often used in these experiments are
discussed under the Seismic Reflection Profiling section.4  In addition, ex-
plosive charges used as seismic sources are discussed under the Explosive
Sources section in this chapter.  Active acoustic experiments, those involv-
ing acoustic signal transmissions, in advanced development programs for
the operational navy also are not covered here because of their classified
nature.  They are best considered part of the operational navy activities
discussed in the Military Sonars section.



Almost all of the basic ocean acoustics research programs in the United
States are sponsored by the Office of Naval Research (ONR).  Fewer than
a dozen or so experiments are conducted each year and typically last one to
three weeks.  The sound sources in these experiments primarily are com-
mercially available transducers, sometimes with small changes in design or
deployment geometry, but also a few specially designed sonars are used to
meet specific research objectives.  In addition, sources often are rented from
the Underwater Sound Reference Detachment (USRD).  For example, a
popular sound source from USRD that is used in low-frequency acoustics
experiments is a Type J15-1 source.  It is a moving coil-type device designed
to transmit signals in the 30-900 Hz band with a maximum source level of
approximately 170 dB re 1 µPa at 1 m (Ivey, 1991).  A wide variety of
waveforms are transmitted by these sonars over a wide range of frequency
bands, source levels, and duty cycles because of the large number of re-
search questions addressed in these programs.  Explosive charges some-
times are deployed, although their use by the research community has been
decreasing, partly because of safety and environmental concerns but also
because of the lack of control over and the nonreproducible nature of the
source waveform and the detonation depth.  The spatial extent of the
signals transmitted in most of these experiments, other than the basin-scale
acoustic tomography experiments discussed below, are local in nature, less
than a few tens of kilometers.  Although the experiments have been con-
ducted in various parts of the world, U.S. experiments typically occur in
U.S. territorial waters.



The most widely known ocean acoustics research program is the
Acoustic Thermometry of Ocean Climate (ATOC) program.  It has re-
ceived a high level of attention from regulatory agencies, the public, and
the scientific community.  The characteristics of the ATOC source signals
have been documented in the two previous NRC reports on low-frequency



4The air-gun arrays used in seismic research typically have fewer and smaller guns than
seismic industry arrays.  An exception is the 20-element air-gun array operated by Lamont-
Doherty Earth Observatory (LDEO) with 0-pk output source levels in the vertical direction of
260 dB re 1 µPa at 1 m according to the LDEO Web site.
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sound (NRC, 1994, 2000).  The source, deployed at a depth greater than
800 m, has a source level of 195 dB  re 1 µPa at 1 m.  Modern-day ATOC
experiments and the few other recent basin-scale acoustic tomography
experiments have spatial extents of hundreds of kilometers.  These experi-
ments are able to probe the properties of the ocean out to basin-scale
ranges to thousands of kilometers because the transmitted signals are long
and complex.  Therefore, matched filtering of the received signal with the
transmitted signal provides significant processing gain (the AG term in
Equation 1-3).



Since the start of the ATOC program and the controversy surrounding
it, ocean acoustic experimental programs have undergone an increasing
degree of scrutiny.  The ONR now requires all ONR-sponsored experimen-
tal research programs involving underwater acoustic transmissions to fol-
low the planning process specified in the National Environmental Policy
Act (NEPA).  The purpose of this process is to clearly identify and mitigate
against any potential effects of acoustic transmissions, as well as all other
experimental activities, on the marine environment and to establish if an
environmental impact statement must be prepared.  All federal and relevant
state environmental laws must be followed, including the Marine Mammal
Protection Act, the Endangered Species Act, and the Magnuson-Stevens
Fisheries Conservation and Management Act, as well as other laws, regula-
tions, and executive orders.



Future Trends in Sonar Use



Commercial sonars will continue to proliferate in the oceans.  Their
acoustic characteristics will not change significantly, since absorption limits
the frequency at the high end, physical size is a limitation at lower frequen-
cies, and the properties of the water column itself at the very shallow depths
of hull-mounted systems limit the maximum acoustic power output as a
result of cavitation (Urick, 1975).  However, acoustic power output is not a
limiting factor for most commercial sonar applications in most environ-
ments.  Potentially, research to increase the power of military sonars could
continue, but operational requirements for higher power will require diffi-
cult research.  Current materials and structural configurations cannot sur-
vive the extreme electric fields and displacements necessary to produce
more acoustic power.  An alternative approach is to deploy arrays of sources
that circumvent these constraints but have limitations of their own, for
example, they are difficult to deploy or difficult to maneuver while being
deployed.



Perhaps the most uncertain are new applications for sonars.  The ocean
is still poorly understood, both in economic potential and in its role in the
well-being of our planet.  As terrestrial resources dwindle, the pressure to
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understand, map, and explore the ocean will rise dramatically.  A variety of
sonar devices provide the most effective methods, so research, develop-
ment, and increasing use of new sonar tools are likely.



Sonars are designed and built worldwide—their characteristics are well
understood and calibrated, and these data are generally available.  The
impacts on ocean organism populations are unknown.  To what character-
istics do marine mammals react—are they particularly susceptible to certain
parameters such as rise time, power, signal length, particular frequencies,
or rate of repetition?  These characteristics may be modified to minimize
effects on marine life without detracting from the purpose of the tool.



Explosive Sources



Explosive sources are broadband with very high zero-to-peak source
levels.  In fact, the highest zero-to-peak pressure levels from man-made
sources probably were created by the nuclear tests conducted in the ocean,
in the atmosphere over the ocean, and on oceanic islands in the past half
century.  In the case of chemical explosive devices, they are physically small,
portable, and easily deployed from a variety of platforms.  They have
traditionally been used for research purposes and some years ago were
incorporated into a naval antisubmarine warfare sensor system.  Explosives
are also used in construction and removal of unwanted undersea structures.
In the past, they were used as sources in seismic exploration, but modern-
day surveys employ air-gun arrays.  However, a few geophysical research
programs continue to use explosives.



Military vessels undergo a series of tests to determine their ability to
withstand explosions near the hull.  Trials, known as ship shock trials, are
carried out on every class of U.S. military vessel hull prior to commission-
ing.  During a ship shock trial, explosives are detonated near the hull and
hull stress is measured.  While the pressure waves generated by this source
are very large, this noise source is extremely episodic, since few ship shock
trials are conducted annually.  Large explosives are also used occasionally
for the “sinkex” (a ship hulk sunk with a torpedo warshot) weapon tests
during development and for test firing of operational stores for military
readiness exercises.



A significant literature base has resulted from research into the spectral
and amplitude characteristics of chemical explosives (Figure 2-6).  The
source level and spectral structure, which is relatively flat, of an explosive
device can be predicted using the charge weight and depth of detonation
(Table 2-5).  For example, the zero-to-peak source pressure level, SL(0–pk),
of the initial shock wave, the largest-amplitude component in the detona-
tion time series created by a high explosive, is given by the formula
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FIGURE 2-6  The spectrum of the acoustic signal from an underwater explosion.
The quantity labeled “energy flux density” actually is the instantaneous pressure
amplitude squared summed over the duration of the signal, as discussed in the
Glossary.  To convert the units on the right-hand vertical axis from dB re 1 [(dynes/
cm2)2](sec) at 1 yd into dB re 1 (µPa2)(sec) at 1 m, approximately 100 should be
added to the values so that the resulting axis extends from 162 to 222 dB re 1
(µPa2)(sec) at 1 m.  These spectral levels pertain to a 1-lb. charge detonated at a
depth of 20 fathoms (36.6 m) and are equal to the actual source level at each
frequency for a signal of 1-sec duration.  The corresponding broadband zero-peak
pressure level at 1 m from the source for the initial shock wave from a 1-lb. charge
of TNT is 272 dB re 1 µPa at 1 m, as given by Equation 2-1 in the text.  The plot
shows the addition of the shock-wave and bubble pulse energies at frequencies
greater than 1/T, with T equal to the time interval between the shock wave and the
first bubble pulse.
SOURCE: Urick, 1975. Reprinted with permission from the Acoustical Society of
America.



SL(0–pk)(dB re 1 µPa at 1 m) = 271.8 dB + 7.533*log(w)           (2-1)



where w is the charge weight in pounds.  The third column of Table 2-5
provides some examples from the use of Equation 2-1.



Industrial and Construction Contributions to Marine Noise



The range of activities in this category is extremely broad, ranging from
power plants located near the seaside to pile driving, dredging, shipyards,
canal lock structure operations, and general harbor daily functions.  The
coupling of this energy, which is a combination of terrestrially based to
shoreline and nearshore, into the marine environment is poorly understood.
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This broad range of activities produces a range of source levels and acoustic
patterns:



• pile driving (impulsive, very high amplitudes),
• power plants (very strong 60-cycle and harmonics),
• industrial (tones at frequencies of machinery operating speeds),
• dredging [both shipborne machinery and mechanical motion (suc-



tion and earth-moving devices, possible explosive use)], and
• power-generating windmills.



A typical spectral structure is broadband with the superposition of a num-
ber of lines originating from reciprocating machinery or engines.



Some measurements of the underwater sounds created by these types of
sources have been presented in the open literature (e.g., Richardson et al.,
1995).  Additional measurements are contained in various technical reports
and memoranda.  It would be useful to gather these measurements together
into one easily accessible place (as the committee recommends) for use by
the scientific and regulatory communities as well as others.  Note, however,
that the coupling of land-based vibrations and very nearshore sounds into
the offshore underwater acoustic field is highly dependent on the geology,
morphology, and length of the land-based portion of the propagation path.
Therefore, measurements made in one offshore area are not necessarily
applicable to other offshore areas.  Numerical modeling of the coupling
between land-based vibrations and the ocean acoustic field is a subject of
current research.  This uncertainty associated with the coupling process
makes an assessment of the overall impact of these sounds on the marine
environment difficult.  However, of greater importance is to understand the
potential impact of a given noise source in its actual geological setting on
the marine ecosystems that are located nearby.  At present, the evaluation
for land-based and very nearshore sources probably is best done using
actual underwater acoustic measurements in the region of interest.



TABLE 2-5  Zero-to-Peak Pressure Level and Spectral Level at 1 kHz of
Pressure Amp Squared Times Duration for High Explosive Detonated at
40 m Depth



Spectral Level at 1 kHz
of Pressure Amp Squared Zero-to-Peak Pressure
Time Duration Level at 1 m



TNT (lb.) (dB re 1 µPa at 1 m) (dB re 1 µPa2s at 1 m)



1 192 272
10 200 279
100 207 287



SOURCE:  Urick, 1975. Courtesy of McGraw-Hill.
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LONG-TERM TRENDS IN OCEAN NOISE



One of the most important and challenging issues that emerges in an
examination of ocean noise and its effects on marine life is the quest to
determine any long-term trends in the overall levels of sound in the sea.
How has noise in the sea increased with time since the 1850s through
increased industrialization and related maritime activities?  What param-
eters, other than direct noise measurements, might be related to the overall
sound levels produced by the myriad of sources described?  What, if any,
modeling capabilities exist to predict ocean noise levels and other noise
characteristics in the decades to come?  Is there any hope that humans
might influence these predicted changes through time by introducing ap-
propriate mitigation measures?  Answering these questions holds enormous
significance for life in the sea; after all, long-term changes in background
noise levels may influence animal behavior and impact the very existence of
a particular species.  Long-term trends are particularly insidious in that they
result from the gradual accumulation of effects over much shorter periods
of time for which these effects may appear to be imperceptible.



Although the importance of assessing long-term trends in ocean noise
levels is clear, there is a remarkable dearth of theories or data addressing
this topic.  Commercial shipping noise is apparently the only area in which
it is possible to make informed comments concerning long-term trends, and
even in that case, the data sets are very limited and the discussion is usually
speculative.  The focus on shipping implies an emphasis on frequencies of a
few hundred hertz and below and a geographical bias toward the northern
hemisphere, where most of the dominant shipping lanes exist.  In this
section, the first attempts to estimate the preindustrial noise background by
examining measurements in areas of the South Pacific with extraordinarily
low ship traffic are described (Cato, 1997, 2001).  The addition of the
anthropogenic component of noise during the Industrial Revolution, princi-
pally the result of shipping, is reviewed, followed by a summary of existing
data on long-term trends in shipping noise levels and a discussion of various
indicators for evaluating and predicting shipping noise levels.  Finally, specu-
lations on the long-term trends in ocean sounds other than those from
shipping are presented.  Recommendations for future research to measure
and predict long-term trends in ocean noise are listed in Chapter 5.



Preindustrial Noise



One approach to modeling long-term trends is to hypothesize that the
overall background noise level remained essentially constant until the onset
of the Industrial Revolution in 1850.  At that time, land-based industrial
activities began to escalate rapidly and resulted in an enormous increase in
the use of ships under power to transport goods and provide services over
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the oceans.  Other related, though less significant, developments were the
powering of the world’s naval vessels and the expansion of coastal and
offshore construction activities.  Additional, though also secondary, sources
of anthropogenic noise that emerged much later (primarily during the past
50 years) were those produced by offshore oil exploration and drilling
activities, naval sonars, and acoustical oceanographic research.  This model
is based on the assumption that the noise contributed by natural physically
generated and biological sources is independent of time and that human-
generated noise prior to the Industrial Revolution was negligible.  In fact,
this assumption is open to debate, since there is some evidence that global
climate change effects have resulted in higher sea states (Bacon and Carter,
1993; Graham and Diaz, 2001); these could potentially cause an increase in
the noise levels generated by breaking waves over time.  This effect is very
likely of secondary importance, however, and therefore the model in which
commercial shipping provides the primary time-dependent influence on
long-term noise levels is adopted here.



The waters surrounding Australia provide a unique opportunity to
estimate preindustrial noise levels.  Shipping densities in some areas are
extremely low or negligible.  This situation provided Cato (1997b, 2001)
with the opportunity to determine the “usual lowest ocean noise” level
from an extensive suite of measurements (Plate 5).  There are several strik-
ing features that appear in these data.  First, the lowest noise level decreases
monotonically from 55 dB re 1 µPa2 per Hz at 10 Hz to 30 dB re 1 µPa2/Hz
at 11 kHz.  Second, the ship traffic noise data indicate values as high as 80
dB re 1 µPa2/Hz at 20 Hz in the Tasman Sea, “and these approach the
traffic noise levels of North American and European waters” (Cato, 2001),
consistent with the Wenz curves (cf. Plate 1).  In fact, at 20 Hz the ship
noise level exceeds Cato’s lowest level by about 25 dB.  On the other hand,
in the Timor and Arafura seas, the ship noise levels vary from 50 to 58 dB
re 1 µPa2 per Hz in the band 20-200 Hz and exceed the lowest level by only
a few decibels.  Third, Cato (2001) points out that the level of naturally
generated noise, both physical and biological, frequently equals or exceeds
that produced by ship traffic at 200 Hz and below.  Specifically, the Austra-
lian data indicate that the wind wave noise continues to increase below 200
Hz, in contrast to the behavior of the deep-water Wenz curves5  for various
sea states, which are based on northern hemisphere data.  Cato suggests
that this is probably due to the difficulty of separating the effects of ships
and breaking waves in northern waters.



5Shallow-water measurements, including those of Wenz (1962), Piggott (1964), and Arase
and Arase (1967), indicate an increase in noise levels produced by wind waves at frequencies
below 100 Hz.
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Postindustrial Noise



With the Cato data providing a glimpse at the preindustrial noise back-
ground, it is now appropriate to examine any existing data on long-term
trends in noise levels.  As mentioned earlier, the paucity of data on this
topic is surprising.  However, it is encouraging that the few existing data
sets are consistent with one another.



First, consider the data and interpretation provided by Ross (1976,
1993).  Long-term trends in ambient noise levels can be observed at low
frequencies (unspecified, but presumably below 200 Hz) in the East Pacific
and East and West Atlantic Oceans (Figure 2-7).  Ross (1993) concluded
from these data that “low-frequency noise levels increased by more than 10
dB in many parts of the world between 1950 and 1975,” corresponding to
about 0.55 dB per year.  This increase was attributed to two factors associ-
ated with commercial shipping, namely a doubling of the number of ships,
which accounts for an increase of 3-5 dB, and greater average ship speed,
propulsion power, and propeller tip speed, which are responsible for at
least an additional 6 dB.  Ross (1976) also speculated that, during the next
quarter century, ship noise levels may increase by only about 5 dB because
“the number of ships may be expected to increase only about 50 percent
and the noise per ship by only a few dB.”
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FIGURE 2-7  Long-term trend for low-frequency ambient levels for period 1958–
1975.  SOURCE:  Ross, 1993, courtesy of Acoustics Bulletin.
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FIGURE 2-8  Point Sur autospectra compared with Wenz (1969).  Point Sur data
are converted to one-third octave levels and then normalized by the third-octave
bandwidths for direct comparison.  Shown for reference are the “heavy” and “mod-
erate” shipping average deep-water curves presented by Urick.  SOURCE:  Andrew
et al., 2002. Reprinted with permission of the Acoustical Society of America.



In another attempt to assess long-term trends, Andrew et al. (2002)
compared noise measurements made on a receiver on the continental slope
of Point Sur, California, from 1994 to 2001 with those collected on the
same receiver from 1963 to 1965 (Wenz, 1969).  The results of their analy-
sis indicated an increase of approximately 10 dB over 33 years (about 0.3
dB per year) from 20 to 80 Hz (Figure 2-8).  Andrew et al. attributed this
change principally to increases in the number and gross tonnage of com-
mercial ships, a conclusion consistent with Ross’s results.  They  indicated
that they do not have a satisfactory explanation for the increased noise
from 100 to 400 Hz (up to 9 dB) or the minimum increase of 3 dB close to
100 Hz.



Mazzuca (2001) synthesized the results of Ross (1976) and Wenz (1969)
to obtain an overall 16-dB increase in low-frequency noise level from ship-
ping during the period 1950-2000.  This value corresponds to a rate of
increase of 0.32 dB per year, or about 3 dB per decade.
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Indicators for Evaluating and Predicting Shipping Noise



How does one quantitatively correlate ocean noise levels with shipping
activity and its origins in industrial activities?  Efforts to determine the
principal sources of noise on ships have constituted an active area of re-
search for quite some time.  The classical model, put forward by Ross
(1976), states that ship-radiated noise is directly related to ship length and
speed.  Yet this theory was criticized recently by Wales and Heitmeyer
(2002), who contend that there is a “negligible correlation between the
source level and the ship speed and the source level and the ship length.”
Part of the reason for this lack in correlation may be due to the type of
source model used by Wales and Heitmeyer (Heitmeyer, personal commu-
nication, 2002).  In any case, these observations complicate attempts to
determine the principal ship parameters affecting the overall noise levels
associated with a large number of ships.  Nevertheless, it is possible to make
some general well-founded comments regarding ship-radiated noise and
shipping traffic and their possible implications for long-term ocean noise
levels.



First, there is no doubt that ships generate noise, principally by propel-
ler cavitation and machinery.  Second, it is well known that aging ships tend
to generate more noise as mechanical and electrical systems deteriorate over
time.  Third, newer ships have a number of noise-mitigating characteristics,
including quieter diesel-electric propulsion systems and deeper propellers
that are less prone to cavitation.  Fourth, and most important, the number
of ships and gross tonnage of the world fleet have increased substantially
since 1950 (Figure 2-9) (McCarthy and Miller, 2002).  During this period,
the number of ships almost tripled (from 30,000 to 87,000 ships), while the
gross tonnage increased by a factor of about 6.5 (from 85 to 550 million
gross tons).  Interestingly, the logarithmic (dB) equivalent of a factor of 6.5
is about 16 dB, exactly corresponding to the observed increase in low-
frequency noise levels.  These data suggest the following simple relationship
between changes in noise levels and gross tonnage:



Change in shipping noise (dB)= 20log
final gross tonnage
initial gross tonnage10

















 (2-2)



While Equation 2-2 is highly speculative and its predictive capability must
be tested (other parameters, such as changes in ship speed, may need to be
included, although they may all be correlated with gross tonnage), there is
no doubt that world economic conditions influence shipping activity, which
in turn affects overall noise levels in the sea.  Westwood et al. (2002)
estimate “that over 90 percent of world trade is carried by sea and over the
period 1985 to 1999, world seaborne trade increased by 50 percent to
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FIGURE 2-9  Global shipping fleet trends, 1914–1998.  Only those commercial
ships registered in the U.S. (the U.S. flag fleet) are subject to U.S. regulations and
laws when operating outside U.S. territorial waters.  SOURCE:  McCarthy, 2001.
Courtesy of http://coultoncompany.com.



about 5 billion tons with the largest increase coming in crude oil and oil
products shipments.  During 1990-1998 growth averaged 3.2 percent per
annum.”  The 50 percent trade increase is comparable to the 38 percent
increase in gross tonnage during the same period.  Applying Equation 2-2
gives a result, 20*log(1.38) = 2.8, which is not much different from the
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expected increase in noise levels of 4.5 dB (equal to 0.32 dB/year multiplied
by 14 years) for this same time period.  Only further study can elucidate
whether the similarity in these figures is purely coincidental or scientifically
meaningful.



Long-Term Trends in Other Sources of Ocean Noise



No long-term systematic ocean acoustics data set exists to permit a
scientific assessment of trends of noise in the ocean.  Therefore, the follow-
ing discussion speculates on possible trends rather than describing any.
Although the levels of naturally occurring sound from physical sources
(particularly wind-generated and ice-generated noise) may be changing as a
result of possible changes in weather patterns associated with global warm-
ing, these changes are believed to be dwarfed by other trends.  Ocean
measurements do exist that demonstrate that ambient sound from some
biological sources is increasing in a few locations in the world, for example,
sounds produced by humpback whales in the waters around Australia (Cato
and McCauley, 2002).  The noise associated with whales is expected to
asymptote at preexploitation levels as the whale populations return to their
preexploitation numbers.  However, the overall trend in noise from all
biological sources is unknown.



Regarding anthropogenic noise sources, the previous sections of this
chapter show that educated speculation (Ross, 1976; Mazzuca, 2001) and
measurements at one location (Andrew et al., 2002) suggest that shipping
noise at low frequencies (20-80 Hz) has increased by about 10-15 dB over
a 25-50-year period.  Although the decrease in detection range associated
with this increase in noise can be calculated from a sonar systems perspec-
tive, the degree to which this change has an adverse impact on the marine
environment is unknown.  The change in level itself is not a cause of  great
concern given that naturally occurring processes can change noise levels by
20-30 dB over short periods (e.g., Plate 1).  However, other properties of
this increase in shipping noise may be biologically important, such as the
increase in the prevalence of noise (decrease in time intervals between ship-
ping-noise-dominated periods or increase in the number of locations where
shipping noise is a significant contributor), the character of the shipping-
generated signals themselves, and so on.  Increases in the number and size
of commercial and recreational craft have resulted in noise-level increases
substantially greater than 10 dB in some areas (e.g., 30 dB or so in the
frequency band from 10 to 100 Hz in Singapore Harbor) (Potter and Delory,
1998), but the potential impact on these environments is unknown.  This
trend has been accompanied by the proliferation of boats and ships equipped
with depth sounders and fish finders, which have likely raised the high-
frequency (above a few kilohertz) noise in some localized areas.  Again, the
amount of increase and its potential effects are unknown.
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Trends in seismic exploration are much simpler to define in terms of
activity than in terms of contribution to the underwater sound field.  As
discussed previously in this chapter, industry publications periodically re-
port the numbers of surveys presently being conducted in general locations.
However, given that exploration methods have been changing, for example,
large explosive sources have been replaced by air-guns, which have evolved
into air-gun arrays that focus the radiated acoustic energy in the vertical
direction, and that undiscovered oil and gas reserves probably are deeper
within the earth and/or are to be found in deeper waters, the overall impact
of changes on the ocean sound field is difficult to evaluate without a com-
bined ocean noise measurement and numerical modeling effort.



In contrast to focusing of acoustic energy in the vertical by present-day
geophysical exploration sources, the newly developing low-frequency navy
sonars radiate acoustic energy preferentially in the horizontal direction.
Because of the very low absorption of sound in the ocean at low frequen-
cies, these active sonar signals can travel over large distances.  Another
recent trend in U.S. military sonar has been toward the use of active systems
in coastal and shallow-water regions.  These sonars have the potential to
adversely impact marine mammals; evidence indicates that navy mid-fre-
quency (1-10 kHz) tactical sonars were directly related to the March 2000
mass stranding of marine mammals in the Bahamas (Evans and England,
2001).  Other mass strandings have been associated with the transmission
of high-level sonar signals, for instance, the May 1996 event in the Mediter-
ranean Sea (D’Amico and Verboom, 1998).  Whatever the frequency band,
the growth of sonar activity for military purposes started from essentially
zero to the present-day levels over just the last half century or so.



The number and type of man-made explosions that affect the world’s
oceans also have been changing.  The largest of these events is associated
with nuclear tests, which have taken place only since 1945 (Lawson, 2002).
Many of the early tests by the United States from 1945 to 1962 were
atmospheric tests conducted on small islands in the central part of the
Pacific Ocean just north of the equator.  The energy released during these
tests certainly created high-level impulsive ocean acoustic signals that trav-
eled over great distances.  Much of the subsequent U.S. testing was done
underground, sufficiently far from the coast that little impact on the ocean
environment occurred.  However, underground tests near coastlines can
create high levels of underwater sound.  As an illustration, one of the
French nuclear tests in 1995-1996 on the Mururoa Atoll in French Polynesia
in the South Pacific Ocean generated underwater signals that were recorded
by a single omnidirectional hydrophone at a range of 6,670 km with levels
20-45 dB above background noise across the frequency band 2-30 Hz
(D’Spain et al., 2001).  Given the steady progress since the mid-1990s in the
number of nations that have signed, and have ratified, the Comprehensive
Nuclear Test Ban Treaty, these tests appear to be increasingly rare.
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Long-term trends in the use of chemical explosive devices also may be
taking place.  Any speculation on these trends must exclude times of war
(the underwater noise created by explosions during the great naval battles
in World War II must have been extremely high) since the occurrence of
war and resulting contributions to the ocean noise field are highly unpre-
dictable and extremely episodic.  Long-term trends in the use of smaller
explosive devices also may be taking place.  As mentioned previously,
explosive sources used in seismic exploration are being replaced by air-gun
arrays.  However, explosives are routinely used to sever abandoned well-
heads so that they can be removed and to decommission the rigs them-
selves.  As oil production in a given region matures and declines, the use of
explosives in this way increases.  The use of explosives in ocean acoustic
and geophysical research has decreased, but these sources still are deployed
in a few experiments.  Military use of explosive charges as the source
component in active sonar systems (e.g., SUS; Urick, 1975) appears to be
decreasing.  Hull shock tests are rare events and do not appear to be
changing significantly in frequency of occurrence.  The use of seal bombs
has been discouraged by U.S. and international regulations and is being
replaced by other types of acoustic deterrent devices.  Fishing by the deto-
nation of underwater explosives (a technique whose success improves with
its increasing adverse impact on the marine environment) is banned but still
is practiced in some regions.  In any case, one quantitative measure of the
long-term change in numbers and spatial distribution of underwater explo-
sions is possible to obtain, at least for the North Pacific Ocean.  The
number and estimated source locations of detonations recorded over a
modern-day period of time could be compared to those recorded by 20
Missile Impact Location System hydrophones over a one-year period from
August 1965 to July 1966 (following Spiess et al., 1968).  Nearly 20,000
explosions were detected within this one-year period, with the winter rate
of occurrence of 300 explosions per month increasing to 4,000 explosions
per month in summer.  The highest activity was detected off the west coast
of North America, in the Gulf of Alaska, north of Hawaii, and seaward of
the Japanese and Kuril Islands (Spiess et al., 1968).  The significance of any
of these possible changes in the occurrence of underwater explosions to the
marine environment is unknown.
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3



Effects of Noise on Marine Mammals



INTRODUCTION



Richardson et al. (1995) provided a comprehensive summary of pub-
lished and gray literature data on marine mammal responses to specific
noise sources.  Although the literature continues to expand and many valu-
able new studies have appeared, most recent publications have tended to
provide variations on themes rather than new data at variance with the
conclusions summarized by Richardson et al..  A number of factors affect
the response of marine mammals to sounds in their environment:  the sound
level and other properties of the sound, including its novelty; physical and
behavioral state of the animal; and prevailing acoustic characteristics and
ecological features of the environment in which the animal encounters the
sound.  Critical issues about what determines effects of and responses to
intense transient sounds and what are the effects of long-term anthropo-
genic sound on individuals and populations remain unanswered (see Box 3-
1 for the priority research areas identified by the NRC [2000]).  The indi-
rect effects of anthropogenic sound on marine mammals via effects on their
predators, prey, and other critical habitat elements are largely
uninvestigated.



HEARING CAPABILITIES OF MARINE ORGANISMS



Marine Mammals



Hearing research has traditionally focused on mechanisms of hearing
loss in humans.  Animal research has therefore emphasized experimental



Copyright © National Academy of Sciences. All rights reserved.



Ocean Noise and Marine Mammals 
http://www.nap.edu/catalog/10564.html





http://www.nap.edu/catalog/10564.html








84 OCEAN NOISE AND MARINE MAMMALS



Box 3-1
Priority Research for Whales and Seals



Recommended by NRC (2000)



To move beyond requiring extensive study of each sound source and each area in
which it may be operated, [NRC (2000) recommended that] a coordinated plan
should be developed to explore how sound characteristics affect the responses of a
representative set of marine mammal species in several biological contexts (e.g.,
feeding, migrating, and breeding).  Research should be focused on studies of repre-
sentative species using standard signal types, measuring a standard set of biological
parameters, based on hearing type (Ketten, 1994), taxonomic group, and behavioral
ecology (at least one species per group).  This could allow the development of math-
ematical models that predict the levels and types of noise that pose a risk of injury to
marine mammals.  Such models could be used to predict in multidimensional space
where temporary threshold shift (TTS) is likely (a “TTS potential region”) as a thresh-
old of potential risk and to determine measures of behavioral disruption for different
species groups.  Observations should include both trained and wild animals.  The
results of such research could provide the necessary background for future environ-
mental impact statements, regulations, and permitting processes.



Groupings of Species Estimated to Have Similar Sensitivity to Sound
Research and observations should be conducted on at least one species in each of
the following seven groups:



1. Sperm whales (not to include other physterids)
2. Baleen whales
3. Beaked whales
4. Pygmy and dwarf sperm whales and porpoises [high-frequency (greater than



100 kHz) narrowband sonar signals]
5. Delphinids (dolphins, white whales, narwhales, killer whales)



work on ears in other species as human analogs.  Consequently, researchers
have generally investigated either very basic mechanisms of hearing or
induced and explored human auditory system diseases and hearing failures
through these test species.  Ironically, because of this emphasis, remarkably
little is known about natural, habitat, and species-specific aspects of hear-
ing in most mammals.  Marine mammals represent an extreme example of
not only habitat adaptations but also adaptations in ear structure and
hearing capabilities.



The same reasons that make marine mammals acoustically and
auditorally interesting—that is, that they are a functionally exceptional and
an aquatic ear—also make them difficult research subjects.  Some issues
about marine mammal hearing can be addressed both directly and inferen-
tially from the data at hand.  While large gaps remain in our knowledge,
progress has been made on some fronts related to sound and potential
impacts from noise.
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Marine mammals, and whales in particular, present an interesting hear-
ing paradox.  On one hand, marine mammal inner ears physically resemble
land mammal inner ears, although the external ears are typically absent and
the middle ear extensively modified.  Since many forms of hearing loss are
based in physical structure of the inner ear, it is likely hearing damage
occurs by similar mechanisms in both land and marine mammal ears.  On
the other hand, the sea is not, nor was it ever, even primordially silent.
Whales and dolphins, in particular, evolved ears that function well within
this context of natural ambient noise.  This may mean they developed
“tough” inner ears that are less subject to hearing loss under natural ocean
noise conditions.  Recent anatomical and behavioral studies do indeed
suggest that whales and dolphins may be more resistant than many land
mammals to temporary threshold shifts (TTSs), but the data show also that
they are subject to disease and aging processes.  This means they are not
immune to hearing loss, and certainly, increasing ambient noise via human



6. Phocids (true seals) and walruses
7. Otarids (eared seals and sea lions)



Signal Type
Standardized analytic signals should be developed for testing with individuals of the
preceding seven species groups.  These signals should emulate the signals used for
human activities in the ocean, including impulse and continuous sources.



1. Impulse—air-guns, explosions, sparkers, sonar pings
2. Continuous—frequency-modulated [low-frequency (LFA) and other sonars],



amplitude-modulated (drilling rigs, animal sounds, ship engines), broadband (ship
noise, sonar)



Biological Parameters to Measure
When testing representative species, several different biological parameters should
be measured as a basis for future regulations and individual permitting decisions.
These parameters include the following:



• Mortality
• TTS at signal frequency and other frequencies
• Injury—permanent threshold shifts
• Level B harassment
• Avoidance
• Masking (temporal and spectral)
• Absolute sensitivity
• Temporal integration function
• Nonauditory biological effects
• Biologically significant behaviors with the potential to change demographic



parameters such as mortality and reproduction.



SOURCE:  NRC, 2000.
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activities is a reasonable candidate for exacerbating or accelerating such
losses.



Unfortunately, existing data are insufficient to predict accurately any
but the grossest acoustic impacts on marine mammals.  Little information
exists to describe how marine mammals respond physically and behavior-
ally to intense sounds and to long-term increases in ambient noise levels.



The data available show that all marine mammals have a fundamen-
tally mammalian ear, which through adaptation to the marine environment
has developed broader hearing ranges (Figure 1-1) than are common to
land mammals.  Audiograms are available for only 10 species of odontocetes
and 11 species of pinnipeds.  All are smaller species that were tested as
captive animals.  However, there are 119 marine mammal species, and the
majority are large, wide-ranging animals that are not approachable or test-
able by normal audiometric methods.  Therefore, direct behavioral or physi-
ologic hearing data for nearly 80 percent of the genera and species of
concern for coastal and open-ocean sound impacts do not exist.  For those
species for which no direct measure or audiograms are available, hearing
ranges are estimated with mathematical models based on ear anatomy ob-
tained from stranded animals or inferred from emitted sounds and con-
trolled acoustic exposure experiments in the wild.



The combined data from audiograms and models show there is consid-
erable variation among marine mammals in both absolute hearing range
and sensitivity.  Their composite range is from ultra- to infrasonic.
Odontocetes, like bats, are excellent echolocators, capable of producing,
perceiving, and analyzing ultrasonic frequencies well above any human
hearing.  Odontocetes commonly have good functional hearing between
200 and 100,000 Hz, although some species may have functional ultrasonic
hearing to nearly 200 kHz.  The majority of odontocetes have peak sensi-
tivities (best hearing) in the ultrasonic ranges, although most have moderate
sensitivity to sounds from 1 to 20 kHz.  No odontocete has been shown
audiometrically to have acute, that is, best sensitivity or exceptionally re-
sponsive, hearing (<80 dB re 1 µPa) below 500 Hz.



Based on functional models, good lower-frequency hearing appears to
be confined to larger species in both the cetaceans and pinnipeds.  No
mysticete has been directly tested for any hearing ability, but functional
models indicate their hearing commonly extends to 20 Hz, with several
species, including blue, fin, and bowhead whales, that are predicted to hear
at infrasonic frequencies as low as 10–15 Hz.  The upper functional range
for most mysticetes has been predicted to extend to 20–30 kHz.



Most pinniped species have peak sensitivities between 1 and 20 kHz.
Some species, like the harbor seal, have best sensitivities over 10 kHz.  Only
the northern elephant seal has been shown to have good to moderate hear-
ing below 1 kHz (Kastak and Schusterman, 1999).  Some pinniped species
are considered to be effectively double-eared in that they hear moderately
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well in two domains, air and water, but are not particularly acute in either.
Others, however, are clearly best adapted for underwater hearing alone.



To summarize, marine mammals as a group have functional hearing
ranges of 10 Hz to 200 kHz.  They can be divided into infrasonic balaenids
(probable functional ranges of 15 Hz to 20 kHz; good sensitivity from 20
Hz to 2 kHz); sonic to high-frequency species (100 Hz to 100 kHz; widely
variable peak spectra), and ultrasonic dominant species (200 Hz to 200
kHz general sensitivity; peak spectra 16-120 kHz) (Wartzok and Ketten,
1999).



Other Marine Organisms



The inner ear of fishes and elasmobranchs (sharks and rays) is very
similar to that of terrestrial vertebrates [see Popper and Fay (1999) for
review].  While there are data on hearing capabilities for fewer than 100 of
the 25,000 extant species, investigations of the auditory system of evolu-
tionarily diverse species support the suggestion that hearing is widespread
among virtually all fishes, as well as elasmobranchs.



Most species of fish and elasmobranchs are able to detect sounds from
well below 50 Hz (some as low as 10 or 15 Hz) to upward of 500-1,000 Hz
(Figure 3-1).1  Moreover, a number of fish species have adaptations in their
auditory systems that enhance sound detection and enable them to detect
sounds to 3 kHz and above and have better sensitivity than nonspecialist
species at lower frequencies.  Goldfish and American shad are examples of
specialist species, while Atlantic salmon and Atlantic cod are examples of
species without specializations.



There are very few data on hearing by marine invertebrates, although a
number of species have highly sophisticated structures, called statocysts,
that have some resemblance to the ears of fishes (Offutt, 1970; Budelmann,
1988, 1992).  The statocysts found in the cephalopods (octopods and squid)
may primarily serve for determination of head position in a manner similar
to the components of the vertebrate ear  that determine head position for
vestibular senses.  It is possible, but not yet demonstrated, that cephalopods
use their statocysts for detection of low-frequency sounds.



There is also some evidence that a number of crustacean species, such
as crabs, have statocysts that are somewhat similar to those found in cepha-
lopods, although they have evolved separately.  While there are no data for



1It is also important to note that there are far fewer data for sharks than for bony fishes,
and the studies were usually based on one or two animals. Thus, all shark data must be taken
as somewhat tentative.  Since sharks make up such an important part of the marine ecosys-
tem, and since sharks rely heavily on sound to detect prey, it would be of great value to have
additional data on hearing in at least several species.
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hearing by marine crabs, a number of species of semiterrestrial fiddler and
ghost crabs are not only able to detect sounds but also use special sounds
for communication (reviewed in Popper et al., 2001).  In addition, a num-
ber of physiological studies of statocysts of marine crabs suggest that some
of these species are potentially capable of sound detection (Popper et al.,
2001).



Marine reptiles include snakes and turtles.  Although marine snakes
have auditory systems similar to those of terrestrial snakes, nothing is
known about their acoustic abilities.  Despite considerable interest in ma-
rine turtles, since many species are endangered, very little is known about
their hearing.  Difficulties in developing methods to successfully train turtles
to respond to acoustic stimuli have hindered research in this area.  Ears of
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FIGURE 3-1  Fish and shark audiograms.  Hearing capabilities in several fish
species and a shark showing the lowest sound level that an animal can detect at
each frequency.  It is important to note that while thresholds here are presented in
units of pressure, it is very likely that a number of species, including the sharks,
respond best to particle acceleration and had experiments been done in terms of
acceleration the shapes of the hearing curves might be somewhat different, though
it is likely that the range of detection would not change very much. The stimuli in
some of these experiments were in the near field where particle acceleration and
pressure are not directly related.  SOURCES:  American shad: Mann et al. (1997);
goldfish: Jacobs and Tavolga (1967); Atlantic salmon: Hawkins and Johnstone
(1978); Atlantic cod: Chapman and Hawkins (1973); bull shark: Kritzler and Wood
(1961).
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turtles are well developed, and there is some evidence that at least a few
species of marine turtles can detect sounds below 1 kHz.  However, until
more data are available, this value must be taken with considerable cau-
tion.  Bartol et al. (1999) measured the hearing of 35 juvenile loggerhead
sea turtles and the results suggested a hearing range from at least 250-750
Hz, with the most sensitive threshold recorded at the lowest frequency
tested, 250 Hz.  Ridgway et al. (1969) found that green turtles were most
sensitive to frequencies between 300 and 400 Hz and sensitivity declined
rapidly at frequencies outside of this range.  There is some additional
evidence from attempts at behavioral studies and from recordings of re-
sponses of the inner ear, but no data suggest higher frequencies of hearing.



ACOUSTIC TRAUMA IN MARINE MAMMALS



Recent reports and retrospectively analyzed data show an association
between the use of multiple high-energy mid-range sonars and mass
strandings of beaked whales (Ziphius cavirostris).  Recent mass strandings
of beaked whales have occurred in a temporal and spatial association with
ongoing military exercises employing multiple high-energy, mid-frequency
(1-10 kHz) sonars.  Strandings in the Mediterranean (D’Amico and
Verboom, 1998), the New Providence Channel in the Bahamas (Evans and
England, 2001), and most recently in the Canary Islands (2002) have
greatly increase public awareness of the issue of noise in the ocean.  In
addition, a retrospective review of earlier beaked whale strandings suggests
that there is at least an indirect causal relationship between the strandings
and the use of multiple, mid-range sonars in military exercises in some
nearshore areas.  Although the correlation in time between the use of
sonars and the strandings is quite compelling, there is no clear demonstra-
tion as yet of any causal mechanism.  Acoustic trauma is a very explicit
form of injury.  In the beaked whale cases to date, the traumas that were
observed could result from many causes, both directly and indirectly asso-
ciated with sound, or could have been from other causes.  Indeed, similar
traumas have been observed in terrestrial mammals under circumstances
having no relation to sound exposure.  Careful sampling has rarely been
possible in beaked whale cases, which has made adequate diagnosis prob-
lematic.  To date, only six specimens of beaked whale have been rigorously
analyzed.  The NATO report (D’Amico, 1998) and the joint NOAA-Navy
interim report (Evans and England, 2001) have not been discussed in detail
by this committee because of the preliminary nature of the findings.  How-
ever, this is clearly a subject to which much additional research needs to be
directed.  A program should be instituted to investigate carefully the causal
mechanisms that may explain the traumas observed and how the acoustics
of high-energy, mid-range sonars directly or indirectly are related to them
and to mass stranding events.
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EFFECTS OF MARINE NOISE ON MAMMAL BEHAVIOR



Behavioral responses of marine mammals to noise are highly variable
and dependent on a suite of internal and external factors.  Internal factors
include



• individual hearing sensitivity, activity pattern, and motivational and
behavioral state at time of exposure;



• past exposure of the animal to the noise, which may have led to
habituation or sensitization;



• individual noise tolerance; and
• demographic factors such as age, sex, and presence of dependent



offspring.



External factors include



• nonacoustic characteristics of the sound source, such as whether it is
stationary or moving;



• environmental factors that influence sound transmission;
• habitat characteristics, such as being in a confined location; and
• location, such as proximity to a shoreline.



Behavioral responses range from subtle changes in surfacing and breathing
patterns, to cessation of vocalizations, to active avoidance or escape from
the region of the highest sound levels.



Typical changes in cetacean response to anthropogenic noise are sum-
marized from several studies of bowhead whales as shorter surfacings,
shorter dives, fewer blows per surfacing, and longer intervals between suc-
cessive blows (Richardson et al., 1995).  These subtle changes are often the
only observable reaction of whales to reception of anthropogenic stimuli.
Although there may be statistically significant changes in some of these
subtle behavioral measures, there is no evidence that these changes are
biologically significant for the animals.  Typical changes in vocalizations
are a reduction or cessation in calling as shown in right whales in response
to boats (Watkins, 1986); bowhead whales in response to playbacks of
industrial sounds (Wartzok et al., 1989); sperm whales in response to short
sequences of pulses from acoustic pingers (Watkins and Schevill, 1975);
and sperm and pilot whales (Globicephala melaena) in response to the
Heard Island Feasibility Test source (Bowles et al., 1994). Humpback
whales, which appeared in all other behavioral measures to have habituated
to the presence of whale-watching boats, still tended to cease vocalizations
when near boats (Watkins, 1986).



Not all cetaceans respond with a decrease or cessation of calls.  Sperm
whales continued calling when encountering continuous pulsing from echo
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sounders (Watkins, 1977) and when exposed to received sound levels of
180 dB re 1 µPa (RMS) from the discharge of a detonator (Madsen and
Møhl, 2000); humpback whales moved away from low-frequency (3-kHz
range) sonar pulses and sweeps but did not change their calling (Maybaum,
1993); and a fin whale continued to call with no change in rate, level, or
frequency components as a container ship went from idle to full power
within a kilometer of the whale (Edds, 1988).  Sperm whales in the Carib-
bean became silent in the presence of military sonar signals (3-8-kHz range;
Watkins et al., 1985).



In addition to changing the frequency of occurrence of calls in the
presence of noise, some species change the source level and output fre-
quency and duration.  Beluga whales adjust their echolocation clicks to
higher frequencies and to higher source levels in the presence of back-
ground noise (Au et al., 1985). Miller et al. (2000) found that humpback
whales exposed to low-frequency active (LFA) sonar signals increased the
duration of their songs by 29 percent on average, but with a great deal of
individual variation.



Given the range of observed reactions in a variety of species, it is likely
that a sound that elicits escape behavior on the part of a mother and calf
pair could be ignored by feeding juveniles, or actively explored by a repro-
ductively active male.  Within a given age and sex class, the cumulative
probability of response by the animals is usually assumed to have a sigmoid
shape with respect to increasing noise levels.  Few studies have actually
determined the proportion of animals responding at varying levels of acous-
tic signal.  One study that investigated the probability of response showed
that for gray whales (Eschrichtus robustus) the ranges broadside to a seis-
mic gun for 10, 50, and 90 percent probability of avoidance were 3.6, 2.5,
and 1.2 km, at which the received sound levels were 164, 170, and 180 dB
re 1 µPa, respectively (Malme et al., 1984).



Hearing Sensitivity



Animals will only respond directly to sounds they can detect.  The
hearing sensitivities of only a few individuals in a select number of species
are known.  Even less is known about signal detection in the presence of
ambient noise.  Beluga whales (Delphinapterus leucas) can detect echoloca-
tion return signals when they are 1 dB above ambient noise levels (Turl et
al., 1987), and gray whales react to playbacks of the vocalizations of a
predator, the killer whale (Orcinus orca), when the playback signal is equal
to the ambient noise (Malme et al., 1983).  In both of these cases the signals
have important biological significance for the animal.  Anthropogenic sig-
nals do not have the same evolutionarily enhanced significance.



Many of the situationally specific responses of marine mammals to
sound will be dependent on the loudness of the sound.  The loudness of the
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sound is a function of the intensity of the sound at the location of the
animal and the sensitivity of the animal to the frequencies of the sound.  If
the audiograms of the marine mammal species of interest are known, the
potential effect of the sound can be estimated by weighting the level of the
sound at each frequency by the sensitivity of the animal to that frequency,
similar to the A-weighting of sound levels for humans hearing in air.  With-
out such knowledge, it will be difficult to develop a predictive model of the
impact of novel sounds on marine mammals.



Behavioral State



Animals that are resting are more likely to be disturbed by noise than
are animals engaged in social activities.  Würsig (personal observation cited
in Richardson et al., 1995) summarized the responses of several species of
dolphins to boats as “resting dolphins tend to avoid boats, foraging dol-
phins ignore them, and socializing dolphins may approach.”



Migrating bowhead and gray whales divert around sources of noise,
whether actual industrial activities or playbacks of industrial activities
(Richardson et al., 1995) with almost all bowheads reacting at received
levels of 114 dB re 1 µPa.  However, if no other option is available, migrat-
ing bowhead whales will pass through an ensonified field to continue their
migration.  During spring migration, when the only available lead was
within 200 m of a projector playing sounds associated with a drilling
platform, the bowheads continued through a sound field with received
levels of 131 dB re 1 µPa (Richardson et al., 1991).



Age and Sex



Some age and sex classes are more sensitive to noise disturbance, and
such disturbance may be more detrimental to young animals.  Age and sex
classes can be most clearly identified and observed among pinnipeds that
are on land or ice, so most of the data come from responses of these
pinnipeds.  Differences are expected between sexes and age among classes
in the way that they respond to underwater sounds.  In northern sea lions
(Eumetropias jubatus) dominant, territory-holding males and females with
young are less likely to leave a haulout site in response to an aircraft
overflight than are juveniles and pregnant females (Calkins, 1979).  Walrus
sometimes stampede into the water in response to aircraft overflights.  These
stampedes sometimes result in the death of calves (Loughrey, 1959).  Vessel
approaches to walrus on ice can cause the herd to enter the water and in
some cases leave calves stranded in slippery depressions on the ice.  These
calves are more vulnerable to predation by polar bears (Fay et al., 1984).
Mother-calf gray whale pairs appear to be particularly sensitive to distur-
bance by whale-watching boats (Tilt, 1985).  Humpback whale groups
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containing at least one calf were more responsive to approaches by small
boats on several behavioral measures of respiration, diving, swimming, and
aerial behaviors than were groups without a calf (Bauer et al., 1993).



Noise Source Context and Movement



The responses of cetaceans to noise sources are often dependent on the
perceived motion of the sound source as well as the nature of the sound
itself.  For a given source level, fin and right whales are more likely to
tolerate a stationary source than they are one that is approaching them
(Watkins, 1986).  Humpback whales are more likely to respond at lower
received levels to a stimulus with a sudden onset than to one that is continu-
ously present (Malme et al., 1985).  These startle responses are one reason
many seismic surveys are required to “ramp up” the signal so fewer animals
will experience the startle reaction and so that animals can vacate the area
of loudest signals.  There is no evidence, however, that this action reduces
the disturbance associated with these activities.  The ramp-up of a playback
signal or a seismic air-gun array takes place over a short timescale (a few
tens of minutes maximum) compared to the changing received levels an
animal experiences as it swims toward a stationary signal source.  Bow-
heads react to playback levels of drill ship noise at levels they apparently
tolerate quite well when they swim close to operating drill ships.  Richardson
et al. (1995) provide two explanations for these behavioral differences.
First is the speed of ramp-up, as noted earlier.  Second, the whales seen near
an operating drill ship may be the ones that are more tolerant of noise.  The
sensitive whales seen responding to the playback levels may have already
avoided the actual drill ship at ranges that were undetected by observers
near the ship.



Responses of animals also vary depending on where the animals are
when they encounter a novel noise source.  Pinnipeds generally show re-
duced reaction distances to ships when the animals are in the water com-
pared to when they are hauled out.  Swimming walrus move away from an
approaching ship at ranges of tens of meters, whereas walrus hauled out
leave the ice at ranges of hundreds of meters (Fay et al., 1984).  Similar
differences in avoidance ranges have been seen in California sea lions and
harbor seals.  Sight and smell might also be important cues for hauled-out
animals.



Bowhead whales in shallow water are more responsive to the over-
flights of aircraft than are bowheads in deeper water (Richardson and
Malme, 1993).  Beluga whales are more sensitive to ship noise when they
are confined to open-water leads in the ice in the spring (Burns and Seaman,
1985).  Migrating gray whales diverted around a stationary sound source
projecting playbacks of LFA sonar when the source was located in the
migratory path but seemed to ignore the sound source when it was located
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seaward of the migratory path.  When the source was in the path, received
levels of 140 dB re 1 µPa were sufficient to cause some path deflection.
However, when the source was located seaward of the migratory path, the
whales ignored source levels of 200 dB re 1 µPa at 1 m and received levels
greater than 140 dB re 1 µPa (Tyack and Clark, 1998).



Variability of Responses



The range of variability of responses of marine mammals to anthropo-
genic noise and other disturbances can be summarized in the responses of
beluga whales to ships.  One of the most dramatic responses in any species
of marine mammal has been observed over several years in beluga whales in
the Canadian high arctic during the spring.  At distances of up to 50 km
from icebreakers, or other ships operating in deep channels, beluga whales
respond with a suite of behavioral reactions (LGL and Greeneridge, 1986;
Cosens and Dueck, 1988; Finley et al., 1990).  The reactions include rapid
swimming away from the ship for distances up to 80 km; changes in surfac-
ing, breathing, and diving patterns; changes in group composition; and
changes in vocalizations.  The initial response occurs when the higher-
frequency components of the ship sounds, those to which the beluga whale
are most sensitive, are just audible to the whales. Possible explanations for
this unique sensitivity to ship sounds are partial confinement of whales by
heavy ice, good sound propagation conditions in the arctic deep channels in
the spring, and lack of prior exposure to ship noise in that year (LGL and
Greeneridge, 1986).  Supporting the latter point is the observation that
beluga whales that fled icebreaker noise at received levels between 94 and
105 dB re 1 µPa returned in one to two days to the area where received
icebreaker noise was 120 dB re 1 µPa (Finley et al., 1990).



Beluga whales in the St. Lawrence River appear more tolerant of larger
vessels moving in consistent directions than they are of small boats, fast-
moving boats, or two boats approaching from different directions.  Older
animals were more likely to react than younger ones, and beluga whales
feeding or traveling were less likely to react than animals engaged in other
activities, but when the feeding or traveling whales did react, they reacted
more strongly (Blane and Jaakson, 1994).  In contrast to the lower rate of
observed reactions of these beluga whales to larger vessels, a study of the
response of beluga whale vocalizations to ferries and small boats in the St.
Lawrence River showed more persistent reactions to the ferries.  The whales
reduced calling rate from 3.4 to 10.5 calls per whale per minute to 0.0 or
under 1.0 calls per whale per minute while vessels were approaching.  Rep-
etition of specific calls increased when vessels were within 1 km, and the
mean frequency of vocalizations shifted from 3.6 kHz prior to noise expo-
sure to frequencies of 5.2-8.8 kHz when vessels were close to the whales
(Lesage et al., 1999).
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In Alaska, beluga whale response to small boats varies depending on
the location.  Beluga whales feeding on salmon in a river stop feeding and
move downstream in response to the noise from outboard motorboats,
whereas they are less responsive to the noise from fishing boats to which
they may have habituated (Stewart et al., 1982).  On the other hand, in
Bristol Bay beluga whales continue to feed when surrounded by fishing
vessels and resist dispersal even when purposely harassed by motorboats
(Fish and Vania, 1971).



Thus, depending on habitat, demography, prior experience, activity,
resource availability, sound transmission characteristics, behavioral state,
and ever-present individual variability, the response of beluga whales can
range from the most sensitive reported for any species to ignoring of inten-
tional harassment.  Beluga whales also show the full range of types of
behavioral response, including altered headings; fast swimming; changes in
dive, surfacing, and respiration patterns; and changes in vocalizations.



Long-Term Responses



Almost all the studies conducted so far have looked at only short-term
effects of anthropogenic noise on marine mammals.  In most cases the
observed responses have been over periods of minutes to hours.  Even the
dramatic response of beluga whales to icebreakers in the high arctic, in
which the whales moved up to 80 km and were out of the area for one to
two days, falls into the category of a transient response over the annual
activity budget of the animals.  The whales habituated and had reduced
responses to subsequent icebreakers and ships in a given season.



Multiyear abandonment of a portion of the habitat because of human
activity has been reported for Guerrero Negro Lagoon in Baja California,
where shipping and dredging associated with an evaporative salt works
project caused the whales to abandon the lagoon through most of the
1960s.  When the boat traffic declined, the lagoon was reoccupied, first by
single whales and subsequently by cow-calf pairs.  By the early 1980s the
number of cow-calf pairs using the lagoon far exceeded the number prior to
the commencement of the commercial shipping (Bryant et al., 1984).  Killer
whales significantly reduced their use of Broughton Archipelago in British
Columbia when high-amplitude acoustic harassment devices (AHDs) were
installed to deter harbor seal predation at salmon farms.  The AHDs oper-
ated between 1993 and 1999, and almost no whales were observed in the
archipelago throughout most of this period.  However, when the devices
were removed in 1999, killer whales repopulated Broughton Archipelago
within six months (Morton and Symonds, 2002).



Clearly there are opportunity costs associated with even the transient
behavioral changes in response to noise.  The movements require energy
that might otherwise have been spent in acquiring food or mates or enhanc-



Copyright © National Academy of Sciences. All rights reserved.



Ocean Noise and Marine Mammals 
http://www.nap.edu/catalog/10564.html





http://www.nap.edu/catalog/10564.html








96 OCEAN NOISE AND MARINE MAMMALS



ing reproduction.  Repetitive transient behavioral changes have the poten-
tial of causing cumulative stress.  Even transient behavioral changes have
the potential to separate mother-offspring pairs and lead  to death of the
young, although it has been difficult to confirm the death of the young.  On
the other hand, pups can be injured or killed when trampled by adults
rapidly leaving a haulout in a transitory response to a disturbance.



MASKING OF ACOUSTIC CUES BY MARINE NOISE



 One of the most pervasive and significant effects of a general increase
in background noise on most vertebrates, including marine mammals, may
be the reduction in an animal’s ability to detect relevant sounds in the
presence of other sounds—a phenomenon known as masking.  Masking,
which might be thought of as acoustic interference, occurs when both the
signal and masking noise have similar frequencies and either overlap or
occur very close to each other in time.  Noise is only effective in masking a
signal if it is within a certain “critical band” (CB) around the signal’s
frequency.  Thus, the extent of an animal’s CB at a signal’s frequency, and
the amount of noise energy within this critical frequency band, is funda-
mentally important for assessing whether or not masking is likely to occur.



CBs have been measured both directly and indirectly in a number of
marine mammals.  In cases where data are available over a wide range of
frequencies, critical bandwidth as a proportion of frequency plotted against
frequency shows a steep rise at lower frequency and a less pronounced rise
at higher frequencies (Figure 3-2).  This pattern is also seen in terrestrial
mammals.  CBs are narrow for odontocetes at high frequencies (>1 kHz)
and increase markedly at lower frequencies.  This means that at higher
frequencies only the noise energy within a narrow band of a signal will be
effective in masking it, while at lower frequencies sound energy in a much
wider band will cause masking.



Directional Hearing



When noise and a signal arrive at a receiver from different directions,
two mechanisms can function to reduce masking.  The first relates to the
receiving beam pattern of the animal; that is, the extent to which its audi-
tory system is more sensitive to sound on a particular bearing.  Normally
the direction of greatest sensitivity is ahead, and an attending animal will
typically orient toward a sound source so that the absolute level of the
sound at the receiver is increased and (provided the noise and signal are on
different bearings) the signal-to-noise ratio is also improved.  Animals can
also determine the direction from which a sound arrives based on cues, such
as differences in arrival times, sound levels, and phases at the two ears.  The
ability that this provides to resolve the signal and noise to different direc-
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FIGURE 3-2  Critical bands of (a) odontocetes and (b) pinnipeds plotted as a
proportion of frequency vs. frequency. SOURCE:  Adapted from Wartzok and
Ketten (1999).
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tions can further reduce masking.  Thus, an animal’s directional hearing
capabilities have a bearing on its vulnerability to masking.  Odontocetes
have good directional hearing above 1 kHz (Renaud and Popper, 1975),
but directional hearing at lower frequencies has been less completely stud-
ied.  The shielding effects of head structures that are important for both the
receiver beam and for causing the sound-level differences at the two ears
that contribute to directional hearing are both wavelength dependent.  This
is reflected by a general trend for a less acute directional hearing ability for
lower-frequency sounds. The directivity index (DI) is a measure of the
effectiveness of an acoustic receiver in reducing the effects of omnidirec-
tional noise and is expressed as the number of dBs above the signal that
omnidirectional noise must rise to mask it.  Au and Moore (1984) investi-
gated the DI of a bottlenose dolphin for a signal arriving from ahead and
found that it ranged from 10.4 dB at 30 kHz to 20.6 dB at 120 kHz.  At
these frequencies, then, sounds arriving from ahead, such as echolocation
return echoes, will be substantially protected from masking.  Directional
hearing is less acute in pinnipeds and has not been measured formally in
any of the great whales.



Masking of Representative Signals by Realistic Noise



Most studies of masking with captive animals have explored the mask-
ing of a very simple signal, typically a pure tone, by broadband noise of
constant spectral density (i.e., white noise).  In the real world both signals
and masking noise are more complex spectrally and temporally, and only a
few studies have explored these more realistic scenarios.



The masking effects of noise from oil-spill cleanup vessels on killer
whale vocalizations were investigated in a series of experiments conducted
with two captive killer whales (Bain and Dahlheim, 1994).  Three sets of
experiments that varied the characteristics and relative position of the inter-
fering noise were conducted.  Boat noise masked all tones below 20 kHz.
Masking was reduced when signal and noise sources were separated, and
this effect was most pronounced at higher frequencies and greater angles of
separation, suggesting the directional hearing ability of the whale was re-
ducing masking.  In contrast to the pure tone signal results, when the signal
was of biological relevance, that is, killer whale vocalizations, there was
little evidence of masking by boat noise.



Concern about interference with beluga whales’ communication by
icebreaking activity led Erbe and co-workers to explore masking of a bel-
uga call by three different types of icebreaker noise (Erbe, 1997, 2000; Erbe
and Farmer, 1998; Erbe et al., 1999).  The noise types were ice ramming
(primarily propeller cavitation), natural ice cracking, and an icebreaker’s
bubbler system (high-pressure air blown into the water to push floating ice
away from the ship).  Bubbler noise was the most effective masker of beluga
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calls with a critical noise-to-signal ratio (CNSR) of 15.4 dB, followed by
ramming noise (CNSR of 18 dB), with natural ice-cracking noise being least
effective (CNSR 29 dB).  Experiments using trained animals are time con-
suming and expensive to perform, so a series of software models were
designed to exhibit the same masking performance as a beluga whale (Erbe
et al., 1999).  A neural network model showed the best performance.
However, the model was trained and tested using only a single vocalization
and three samples of masking noise, and thus may not be robust for other
signal and noise combinations.  Human performance in masking tests was
very similar to that of the beluga whale (Erbe et al., 1999).



Zones of Masking



One way of identifying the potential effects of noise is to determine the
areas, or zones of influence, over which particular effects might occur.
Richardson et al. (1995) identified four concentric zones with decreasing
size and increasing intensity of the signal. The largest zone is that of audibil-
ity, followed by responsiveness, then masking, and finally the zone of hear-
ing loss, discomfort, or injury. The outer three zones can be essentially
coterminous.  If marine mammals attend to barely detectable signals, then
any increase in noise may contribute to masking.  The zone of masking is
defined by the range at which sound levels from the noise source are re-
ceived above threshold within the CB centered on the signal.  A ray-tracing
propagation model predicted a zone of masking of beluga whale calls by
icebreaker ramming noise of 40 km (Erbe and Farmer, 2000).



Møhl (1981) developed an alternate approach for exploring the signifi-
cance of different levels of masking noise.  He used the sonar equation to
show that as the noise increases by a set amount, the range for detecting a
signal at a given signal to noise would be reduced by a constant proportion
called the range reduction factor (RRF).  For example, a 6-dB increase in
noise would decrease by half the range for signal detection under transmis-
sion loss (TL) determined by spherical spreading, given the same signal-to-
noise ratio.  Under conditions where TL is given by cylindrical spreading,
the range is reduced to one-quarter of its original value.  (It is worth noting
that in some cases the area over which signals can be detected will be a
more appropriate measure than the range, in which case reduced effective-
ness resulting from masking will scale in relation to RRF2.)  One attractive
feature of Møhl’s approach is that it does not require assumptions to be
made about the signal-to-noise ratio the animal requires to make detec-
tions.  It follows directly from the sonar equation that the RRFs resulting
from an introduced noise are greater when existing levels of background
noise are lower.  However, it could be argued that in most cases the appro-
priate measure of the biological cost of masking relates to the absolute level
of signal detection efficiency for the animal in the presence of all noise.  In
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this case, an animal whose auditory efficiency was already reduced by
masking from existing higher levels of background noise might be more
likely to be adversely affected by an additional masking source than an
animal in a quiet environment.



Masking Thresholds



Masking experiments usually measure whether or not any signal can be
detected in a particular level of noise.  However, detection may not always
be the most biologically appropriate measure; in some situations more
stringent criteria may apply.  Erbe and Farmer (2000) pointed out that
relatively low signal-to-noise levels that allow detection might not be suffi-
cient to allow signal recognition.  They suggested a higher “recognition
threshold” should be considered.  An even higher level, an “understanding
threshold” may be necessary for an animal to glean all information from
complex signals.



Although results from masking experiments are often presented in terms
of specific thresholds, it can be more useful to think of masking affecting
the probability of correctly detecting a signal.  This perspective is particu-
larly appropriate in real-world situations, where levels and spectral charac-
teristics of signal and noise are likely to vary over time.



Strategies to Reduce the Probability of Masking



Marine mammals evolved in an environment containing a wide variety
of naturally occurring sounds, and thus they show a variety of strategies to
reduce masking.  Vocal signals may be designed to be robust to masking
effects.  Signals can be more easily detected in noise if they are simple,
stereotyped, and occur in a distinctive pattern.  Signals may also show a
high level of redundancy; they may be repeated many times to increase the
probability that at least some will be detected.  However, these characteris-
tics all minimize the amount of information that a signal can convey.  Ani-
mals can adapt their behaviors to minimize masking, and it is reasonable to
interpret such behavioral changes as an indication that masking has oc-
curred.  For example, the vocal output of a beluga whale changed when it
was moved to a location with higher levels of continuous background noise
(Au et al., 1985).  In the noisier environment, the animal increased both the
average level and frequency of its vocalizations, as though it were trying to
compensate for and avoid the masking effects of, the increased, predomi-
nantly low-frequency, background noise levels.  Penner et al. (1986) con-
ducted trials in which a beluga whale was required to echolocate on an
object placed in front of a source of noise.  The animal reduced masking by
reflecting its sonar signals off the water surface to ensonify to the object.
The strongest echoes from the object returned along a path that was differ-
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ent from that of the noise.  This animal’s ready application of such complex
behavior suggests the existence of many sophisticated strategies to reduce
masking effects.



Beluga whales increased call repetition and shifted to higher peak fre-
quencies in response to boat traffic (Lesage et al., 1999).  Gray whales
increased the amplitude of their vocalizations, changed the timing of vocal-
izations, and used more frequency-modulated signals in noisy environments
(Dahlheim, 1987).  Humpback whales exposed to LFA sonar increased the
duration of their songs by 29 percent (Miller et al., 2000).



The physiological costs of ameliorating masking effects have not been
reported.  Although these examples all appear to show animals adapting
their vocal behavior to reduce the impact of masking, this does not imply
that there were no costs resulting from increased levels of noise.  Masking
may have been reduced but not eliminated.  Costs of the changed behavior,
such as increased energetic expenditure on higher-intensity vocalizations
and use of vocalizations at suboptimal frequencies cannot be estimated yet.



Critical Research Needs to Understand Effects of Masking



Attempts to assess the masking effects of a particular type of noise in
marine mammals are hindered by our poor understanding of how animals
make use of the many acoustic cues in the marine environment.  Though it
is assumed that they attend to, and make use of, each other’s communica-
tion vocalizations, it is unclear what received levels are necessary to elicit
recognition and response to social calls.



The biological implications of signal masking will depend greatly on
the function of the signal and the context.  In a healthy animal population
in which males compete with each other vocally to attract a female, the
introduction of masking noise might have little effect because increased
noise would disadvantage all males equally.  Even if the females’ ability to
make a mating choice were diminished, they would still be likely to find a
mate.  In the case of a severely depleted population, the ability of males and
females to find each other using acoustic cues could become vital for the
well-being of the species.  If additional noise reduced acoustic range by
masking and effective reproduction were compromised, the consequences
for individuals and populations could be very significant (Payne and Webb,
1971; Myrberg, 1980).



How marine mammals make use of the myriad acoustic cues in the
marine environment, or the “acoustic scene,” is even more poorly under-
stood than masking of communication.  Many of these acoustic cues are
faint and are thus susceptible to masking by even low levels of noise.  While
a vocalizing animal may adapt its vocal behavior to compensate for in-
creased levels of masking noise by vocalizing more intensely, changing the
emphasized frequency or increasing redundancy, masking of these other
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acoustic cues cannot be mitigated.  A better understanding of the role of
passive listening, that is, investigation of the environment through listening
without active generation of echolocation pulses, in the lives of marine
mammals may well be the most fundamental research need for assessing
masking impacts.  Detailed field research involving fine-scale behavioral
observations linked to sensitive real-time acoustic monitoring will be re-
quired to gain any appreciation of how marine mammals utilize these low-
level noises.



To investigate the occurrence of masking in the real world, field projects
could be designed to study behavioral changes, thought to be indicative of
masking (such as the strategies to avoid masking outlined earlier), and
behavioral performance in situations with different levels of background
noise could be monitored (see also recommendations in NRC, 2000; Ap-
pendix D).  Measures of feeding rates and hunting success, mate-searching
behavior, and predator avoidance would be necessary to elucidate whether
masking effects were likely to affect the survival or reproduction of the
individual and ultimately impact populations.



HABITUATION, SENSITIZATION, AND TOLERANCE OF
MARINE MAMMALS TO MARINE NOISE



Habituation to repeated presentations of a signal that is not associated
with physical discomfort or overt social stress is a common adaptive feature
of sensory systems that predates the evolution of mammals.  It is not
surprising that marine mammals show habituation to many signals that
initially cause an overt reaction.  To demonstrate habituation, the same
signal needs to be presented to the same individual repeatedly and the
response of that individual charted over the sequential presentations.  Such
a demonstration in marine mammals is rare.  Instead, habituation is in-
ferred by the changes in the response of animals of the same species in the
same area over time.  This assumes that although the individuals are uni-
dentified in the group, there is consistency in group composition over the
course of the study.  A second-order inference of habituation can also be
made by comparing the reactions of individuals of the same species from
two different areas to the same stimulus, the stimulus being one to which
animals in one area have been exposed previously, whereas animals in the
other area are assumed naive with respect to this particular stimulus.



Some of the clearest evidence of habituation comes from attempts to
use sound sources to keep marine mammals away from an area or a re-
source (Jefferson and Curry, 1994).  Acoustical harassment devices (AHDs)
have been used in an attempt to keep pinnipeds away from aquaculture
facilities or fishing equipment.  AHDs emit tone pulses or pulsed frequency
sweeps in the 5-30 kHz range at source levels up to 200 dB re 1 µPa at 1 m.
Although initially effective, over time some of the devices became less able
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to deter harbor seals (Phoca vitulina), presumably because of habituation
(Mate and Harvey, 1987) but also because of a change in seal behavior in
which the animals spend more time swimming with their heads out of the
water when they are in intense sound fields.  Seals and California sea lions
(Zalophus californianus) even habituate to “seal bombs” that can have
peak sound pressure levels of 220 dB re 1 µPa at 1 m (Mate and Harvey,
1987; Myrick et al., 1990).  Harbor porpoises (Phocoena phocoena) ha-
bituate to pingers placed on gillnets in an attempt to reduce the porpoise
bycatch.  The probability of porpoises being within 125 m of a pinger
decreased when the pinger was first activated, but within 10-11 days had
increased to equal the control (Cox et al., 2001).



Watkins (1986) summarized 25 years of observations of whale re-
sponses near Cape Cod to whale-watching boats and other vessels.  Minke
whales (Balaenoptera acutorostrata) changed from frequent positive inter-
est to generally uninterested reactions.  Fin whales (B. physalus) changed
from mostly negative to uninterested reactions.  Humpbacks (Megaptera
novaeangliae) changed dramatically from mixed responses that were often
negative to often strongly positive reactions, and right whales continued the
same variety of responses with little change.  Gray whales wintering in San
Ignacio Lagoon are less likely to flee from whale-watching boats later in the
season than they are shortly after arriving in the lagoon (Jones and Swartz,
1984).  In all these examples, factors in addition to habituation could have
contributed to the observed changes.



In contrast to habituation, which results from repeated presentations of
an apparently innocuous stimulus, sensitization is the result of prior presen-
tation of a stimulus that either by itself or in conjunction with another
action results in a negative experience for the animal.  In sensitization,
responses at subsequent presentations are more marked than are the re-
sponses at the initial presentation.  Northern fur seals (Callorhinus ursinus)
showed little initial reaction to a ship, but if that ship were subsequently
used in seal hunting, the seals avoided it at distances up to a mile (H.
Kajimura, in Johnson et al., 1989).  Walruses hauled out on land are more
tolerant of outboard motorboats in years when they are not hunted from
such craft than they are in years when these boats are used in walrus hunts
(Malme et al., 1989).  Bottlenose dolphins that had previously been cap-
tured and released from a 7.3-m boat would flee when that boat was more
than 400 m away, whereas bottlenose dolphins that had not been captured
by the boat often swam quite close to it (Irvine et al., 1981).  All the
reported cases of sensitization are the result of conditioning: the pairing of
a given stimulus with a significantly negative experience.



Animals will tolerate a stimulus they might otherwise avoid if the ben-
efits in terms of feeding, mating, migrating to traditional habitat, or other
factors outweigh the negative aspects of the stimulus.  Already noted is the
case of bowhead whales on spring migration, where they needed to use the
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one available lead in the ice cover to continue on their eastward migration
and passed through a sound field with projected drilling ship sounds at
levels of 131 dB re 1 µPa (Richardson et al., 1991).  Bowheads also return
to the same areas of the Canadian Beaufort Sea year after year even though
seismic surveys occurring at the same time are an annual feature of these
areas (Richardson et al., 1987).  Whether there are particularly dense con-
centrations of prey in these areas or whether the bowheads’ response is
simply historical philopatry is unknown.



In at least one case, a source that did not elicit a fleeing response turned
out to be capable of causing damage.  Humpback whales in Newfoundland
remained in a feeding area near where seafloor blasting was occurring.  The
humpbacks showed no behavioral reaction in terms of general behavior,
movements, or residency time.  In fact, residency time was greater in the
bay closest to the blast site than it was in other bays of equivalent size and
productivity nearby. Estimated peak received levels during blasting were
approximately 153 dB re 1 µPa with most of the sound energy below 1,000
Hz (Todd et al., 1996).  Two humpback whales found dead in fishing nets
in the area had experienced significant blast trauma to the temporal bones
(Ketten et al., 1993).



ACOUSTICALLY INDUCED STRESS



Acute responses to sounds may be difficult to quantify, but they are
much more tractable to investigation than are responses to repeated or
chronic sounds.  Sounds resulting in one-time acute responses are less likely
to have population-level effects than are sounds to which animals are ex-
posed repeatedly over extended periods of time.   Long-term population
effects will have the greatest impact on marine mammal species.



Long-term effects of ocean sounds can include the transformation of
TTS to permanent threshold shift and an increase in occurrence of patho-
logical stress.  Stress can be defined as a perturbation to homeostasis.  So
long as the perturbation is within the range the physiological system is
capable of handling, is of short duration, and is not continually encoun-
tered, homeostasis is restored through an adaptive stress response.  How-
ever, when the perturbation is frequent, outside the normal physiological
response range, or persistent, the stress response can be pathological.



Stress can induce secretion of corticotrophin releasing factor (CRF)
from the hypothalamus.  CRF promotes the release of glucocorticoids and
catecholamines, which modulate the immune response and can lead to
changes in the response to infectious, neoplastic, allergic, inflammatory,
and autoimmune diseases (Webster et al., 1977).  Chronic stress can also
suppress reproduction (Rabin et al., 1988), inhibit growth (Diegez et al.,
1988), and alter metabolism (Mizrock, 1995).



Although stress-induced pathologies have been hard to identify in free-
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ranging marine mammals, based on work with terrestrial mammals, it is
likely that  marine mammals would experience the same responses.  The
stress caused by pursuit and capture activates similar physiological responses
in terrestrial mammals (Harlow et al., 1992) and cetaceans (St. Aubin and
Geraci, 1992).  One of the first recognized effects of chronic stress was the
hypertrophy and hyperplasia of the adrenal cortex and medulla (Selye,
1973).  Some possibly stress-induced adrenal pathologies have been ob-
served in marine mammals.  Harbor porpoises that died of chronic causes
were more likely to exhibit adrenocortical hyperplasia than were ones that
died of acute causes (Kuiken et al., 1993).  Mass-stranded Atlantic white-
sided dolphins had adrenal cysts, which were possibly stress related (Geraci
et al., 1978).  Both adrenocortical hyperplasia and cysts were observed in
stranded beluga whales with the incidence and severity of the lesions in-
creasing with age, although the authors could not attribute the adrenocor-
tical changes to chronic stress, in contrast to normal aging (Lair et al.,
1997).



Controlled laboratory investigations of the response of cetaceans to
noise have shown cardiac responses (Miksis et al., 2001) but have not
shown any evidence of physiological effects in any of the blood chemistry
parameters measured.  Beluga whales exposed for 30 min to 134-153 dB re
1 µPa playbacks of noise with a synthesized spectrum matching that of a
semisubmersible oil platform (Thomas et al., 1990) showed no short-term
behavioral responses and no changes in standard blood chemistry param-
eters or in catecholamines.  Preliminary results from exposure of a beluga
whale and bottlenose dolphin to a seismic watergun with peak pressure of
226 dB re 1 µPa showed no changes in catecholamines, neuroendocrine
hormones, serum chemistries, lymphoid cell subsets, or immune function
(Romano et al., 2001).



Among terrestrial mammals, a bank of blood indicators is a more
reliable measure of stress across species or within species and across time
(Hattingh and Petty, 1992).  In cetaceans, Southern et al. (2001) and South-
ern (2000) are attempting to develop microassays to detect in skin samples
from free-ranging cetaceans changes in a suite of 40 stress-activated pro-
teins.



Although techniques are being developed to identify indicators of stress
in natural populations, determining the contribution of noise exposure to
those stress indicators will be very difficult but important to pursue in the
future when the techniques are fully refined.



NEW RESEARCH TOOLS TO UNDERSTAND
MARINE MAMMAL BEHAVIOR



Any real understanding of long-term and cumulative effects of noise on
marine mammals will require the development and refinement of a number
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of new research instruments.  Ideally, sound pressure level should be re-
corded as the animal receives it and the vocalizations of the animal also
need to be recorded in real time along with as many movement parameters
and physiological parameters as possible.  Recently several new tags have
been developed that incorporate some of these features.  Researchers work-
ing on northern elephant seals, Mirounga angustirostris, have developed
acoustic recording packages that include a hydrophone and temperature
and depth sensors (Burgess et al., 1998) or a digital audio recorder with a
time-depth recorder and a time-depth-velocity recorder (Fletcher et al.,
1996) in a package that can be placed on juvenile seals.  The tags record
received sound, seal swim strokes, and during quiet intervals at the surface
both respiration and heartbeats.  Cetacean researchers further developed
these concepts into digital sound recording tags that record onto solid-state
memory received signal levels, animal vocalizations, pitch roll and orienta-
tion, and depth (Burgess, 2001; Johnson et al., 2001; Madsen et al., 2002).
Three-dimensional tracks of the whale’s movements can be reconstructed
from the recorded data.  These tags are typically applied with suction cups
so although they provide a lot of data, it is only for a short time period.
Another tag places a suction-cup hydrophone on a dolphin to record heart-
beats.  This has been tested so far on captive animals where the dolphin
showed significant heart rate accelerations in response to playbacks of
conspecific vocalizations compared to baseline rates or to playbacks of tank
noise (Miksis et al., 2001).  Finally, radio tags need to be developed that
remain attached for several years and transmit only on a programmed cycle
or in response to a query signal.  For most marine mammal species, the
difficulty in identifying individual animals rapidly and reliably makes it
very difficult to follow animals for long periods of time to determine cumu-
lative effects.  Borggaard et al. (1999) were able to follow individually
identified minke whales over four years and noted that this provided a more
sensitive means of assessing impacts of industrial activity than did abun-
dance and distribution measures.  At a minimum, animals must be identi-
fied and observed preexposure, during exposure, and postexposure for a
sufficient number of repetitions and for a sufficient period of time to be able
to make any reasonable statements on the effect of the exposure on a given
animal and potentially on the population.  Without these data, we will
simply continue to collect disparate observations of transient behavior,
which tell us little about the impact of anthropogenic noise on marine
mammals.



MARINE ECOSYSTEM IMPACTS OF NOISE



While the focus of the concern regarding the impact of marine ambient
sounds is on mammals, mammals make up only a tiny fraction of all marine
species.  Moreover, other marine organisms, fishes and invertebrates, are
critical components of the food chain for marine mammals (and terrestrial
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mammals, including humans), and any impact on these organisms, or their
eggs and larvae, could have significant impact on mammals.



The data on the impact of sound on fishes are very limited and nonex-
istent for reptiles and invertebrates.  A few studies that suggest that expo-
sure to high-level pure tones for an hour or more will damage the sensory
cells of the ears of a few species (one freshwater and one marine; Enger,
1981; Hastings et al., 1996), although the extent of damage is limited and
only occurs after several hours of continuous exposure.  Moreover, there is
evidence that fish will recover from drug (aminoglycoside antibiotic) in-
duced hair cell damage over a period of several weeks (Lombarte and
Popper, 1994).2  At the same time, during a recovery period of several
weeks, fish are without a full set of sensory cells and so they may not be
able to detect predators and prey, and thus have a substantially decreased
chance for survival.



There are significant caveats on the fish noise-exposure studies [see
Hastings et al. (1996) for a full discussion].  First, the studies were done
with just a few species, and only Enger (1981) used a marine species, so it is
not clear if these data can be extrapolated to other species.  Second, the
exposure in all of the studies was for long periods of time and to pure tones.
Since most anthropogenic noise is likely to be of short duration, extrapola-
tion from long-term continuous exposure to short-term or pulsed exposure
may be inappropriate.  Third, the animals in these experiments were con-
fined near the sound source.  Since fish are free to move around, it might be
expected that they would move away from an intense sound.



Another issue is the sound levels used in the few fish studies.  In both
studies, sounds were 90-140 dB above threshold (about 180 dB re 1 µPa).



Perhaps a more significant study is one on the impact of air-guns on the
ears of a variety of Australian marine fishes.  In this study, fish were
exposed to the sound of a small air-gun and the ears collected for analysis
of inner ear hair cell damage (McCauley et al., 2000, 2003).  The results
show that exposure to air-guns with a maximum received level of 180 dB re
1 µPa over 20-100 Hz causes major damage to sensory cells of the ear of at
least one species.  Despite a number of caveats to these results, they suggest
air-guns damage sensory hair cells in fishes.  While similar studies have not
been done with marine mammals, one must question whether these results
could also have implications for marine mammals exposed to air-guns,
particularly since the hair cells in fishes and marine mammals are so similar
to one another.



There are also data that suggest that there may be significant impacts
on fish behavior from air-guns, and perhaps from other sound sources.
Several studies suggest that intense sounds may result in fish moving from



2While the sensory cells of the ears of fishes and marine mammals are the same, regenera-
tion of damaged cells does not occur in mammals.
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an area for extended periods of time.  For example, Engås et al. (1996)
showed a significant catch decrease in a fishing area after use of air-guns,
suggesting that fish moved from the ensonified area and only returned days
later.  There is also some evidence low-frequency noise produced by fishing
vessels and their associated gear may cause fish to avoid the vessels
(Maniwa, 1971; Konagaya et al., 1980).  While all of these data need
replication, they do suggest that sounds may change the behavior of fish.
Movement of fish from a feeding area of marine mammals (or fishing areas
for humans) could have an adverse impact on the higher members of a food
chain and therefore have long-term implications despite the fish themselves
not being killed or maimed.



Another concern is the impact of high-level anthropogenic sounds on
overall behavior.  Since many species of fish use sound for attracting mates
and for other behaviors, any masking of these sounds could alter behavior.
Increased environmental sounds in the vicinity of coral reefs may have a
substantial impact on settling of larval fish on the reefs.  Larval reef fish of
many species spend part of their lives offshore and away from reefs, and
then need to find a reef where they will live for the remainders of their lives
(Leis et al., 1996).  Recent evidence suggests that at least some larval fish
are likely to use the reef sounds to find the reefs and that the fish will go to
regions of higher-level sounds (Tolimieri et al., 2003).  Thus, if there are
intense offshore sounds, larval fish may be confused and not be able to find
the reef. Alternatively, such sound may mask reef sounds, again preventing
larval fish from finding the reef.



Potentially, anthropogenic sounds can have effects on marine life at a
number of different levels, from short-term effects on individuals to long-
term effects on populations and even species.  Effects that can be dramatic,
even lethal, at the level of the individual may have negligible consequences
at the population level if, for example, small numbers of a large healthy
population are affected.  Conversely, effects that may seem insignificant for
the well-being of individuals could have important conservation conse-
quences for populations that are depleted and under stress.  For example, a
decrease in feeding rate that might equate to a year’s delay in attaining
sexual maturity, a small increase in infant mortality, or a slightly shorter
life span may not be overly significant to an individual animal but could
mark the difference between extinction and recovery for a critically endan-
gered species.  It is important to emphasize that whether or not a particular
impact could be of conservation significance will depend on the status of
the population; thus, the conservation significance of particular impacts
must be assessed on a case-by-case basis.  While much legislation and
scientific work focuses on conservation goals, it is important to recognize
that the well-being and welfare of individual wild animals is also a concern
for many members of the public and harassment of any individual marine
mammal is prohibited by the Marine Mammal Protection Act.
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4



Modeling and Databases of Noise in the
Marine Environment



INTRODUCTION



The task statement for this committee states:  “The study will review
and identify gaps in existing marine noise databases and recommend re-
search needed to develop a model of ocean noise that incorporates tempo-
ral, spatial, and frequency-dependent variables.”   This chapter describes
current acoustic models and extant databases of underwater noise and
discusses efforts to model noise effects in marine mammals.  High-quality,
well-documented databases are essential for model validation and further
model development and should contain information on the various envi-
ronmental and biological factors that control the impact of noise on marine
mammals.  Gaps that must be filled to model the impact on marine mam-
mals are identified for both models and databases.  However, as with all
models of the physical world, uncertainties in parameters and approxima-
tions in the modeling techniques are inevitable and must be accounted for
using statistically valid means when interpreting the model predictions.



ACOUSTIC MODELING OF THE MARINE ENVIRONMENT



Noise in the ocean is usually broken into two broad categories based on
the type of source.  The first type of noise is generated by a single, identifi-
able, and usually close source of noise, such as an air-gun array or one or
more marine mammals or other biological sources.  The second type is
generated by multiple indistinguishable sources of noise, such as vessels in a
shipping lane and whitecaps.  Some important parameters for characteriz-
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ing the effects from single sources are frequency, source level, pattern of
amplitude versus time (time series), directionality of radiation or beam
pattern, and distance from the source.  Effects from multiple unidentified
sources are primarily characterized by frequency, directionality, and level at
the receiver.  To underwater acousticians, the term “ambient noise” refers
to the second type of noise from multiple and unidentifiable sources as
stated in Chapter 1.



Models are used to assess the interactions of sound fields created by
multiple sources, propagation through space and time, and interactions
with marine mammals.  The term “models” refers to a variety of tools,
including empirical fits to measured data, such as the Wenz curves, com-
puter simulation models, and numerical models, which can be either phys-
ics or empirical based.  Physics models rely on known relations such as
those expressed in Equations 1-1 to 1-5.  Empirical models are based on
observed data rather than underlying physics.  In many cases the dominant
mechanisms of natural sources of ocean ambient noise, for example, those
associated with wind-generated noise, have not yet been conclusively iden-
tified.  Therefore, physics-based approaches that incorporate actual source
mechanisms are still in their infancy in underwater acoustics.  In contrast,
empirical models such as the Knudsen curves (Knudsen et al., 1948) and the
Wenz curves (Wenz, 1962) have been extremely successful; they remain the
basis of standardized noise spectra used by the U.S. and British navies.



The first part of this chapter describes current acoustic models and
efforts to model underwater noise effects on marine mammals.  Gaps that
must be filled to model the effects of noise on marine mammals are identi-
fied in modeling efforts and current databases.



Modeling Single Sources of Noise



Some ocean noise can be traced to a single identifiable source.  High-
quality models exist to predict the time series of the received signal from a
source of specified directivity and given transmitted signal time series.
Propagation models utilize bathymetric databases, geoacoustic informa-
tion, oceanographic parameters, and boundary roughness models to pro-
duce estimates of the acoustic field at any point far from the source (see
Glossary for definitions).  The quality of the estimate is directly related to
the quality of the environmental information used in the model.  For ex-
ample, in continental shelf waters, geoacoustic parameters such as com-
pressional sound speed, attenuation, and sediment density can significantly
affect the acoustic propagation.  Variability introduced in these parameters
can substantially affect model predictions; propagation loss can be incor-
rect by as much as 20 dB as a result of inaccurate geoacoustic parameters.



There are four main categories of acoustic propagation models prima-
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rily used in underwater acoustics:  parabolic equation (PE), normal mode,
wavenumber integration, and ray models.  Each of these different catego-
ries represents a different approach to simplifying either the acoustic wave
equation  (the fundamental mathematical equation that contains all the
basic physics of sound propagation) or the model of the environment, or
both.  Simplification is required in order to allow computer codes to be
constructed and to make them computationally efficient.  Accuracy of all
four model types is dependent on the frequency of sound being modeled
and the environmental characteristics.  In general, the PE is used for range-
dependent environments at frequencies below 1,000 Hz.  Normal mode
models can be significantly more efficient for modeling in some environ-
ments at frequencies below 1,000 Hz.  The accuracy of most normal mode
models is limited in strongly range-dependent environments such as the
continental shelf and slope.  Wavenumber integration is usually limited to
frequencies below 1,000 Hz and typically is limited to range-independent
environments, although this approach recently has been extended to range-
dependent environments.  Ray codes are accurate and efficient for most
environments but are limited to frequencies usually above 1,000 Hz.  For
all the models mentioned, azimuthal coupling resulting from three-dimen-
sional medium variability (i.e., the transfer of acoustic energy propagating
in one azimuthal direction into energy propagating in a different azimuthal
direction) is not modeled and is considered less important than the effects
of environmental uncertainty.  Many propagation models are available to
the public (Table 4-1).  Examples of transmission loss computed using the
MMPE model show the complexities of the propagation process, as well as
the substantially reduced sound level at 3,000 Hz, when compared to those
of 200 Hz, for longer ranges (Figure 4-1).  The latter behavior is due to the
effect of increased absorption at higher frequencies (cf. Figure 1-2 and
Table 4-2).



TABLE 4-1 Propagation Models and Other Information Available from
the Current Contents of the Ocean Acoustics Library at SAIC
Category Models



Parabolic equation FOR3D, MMPE, PDPE, RAM, UMPE
Normal modes AW, COUPLE, KRAKEN, MOATL, NLAYER, WKBZ
Wavenumber integration OASES, RPRESS, SCOOTER, SPARC
Rays BELLHOP, HARPO, RAY, TRIMAIN
Other Related modeling software and data sets to support



oceanographic and acoustical analyses



SOURCE:  http://oalib.saic.com; Etter (2001).  Reproduced courtesy of Academic Press/
Elsevier Ltd.
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Modeling Distributed Sources of Noise



The Wenz curves are used to predict or model the noise level from
unidentifiable sources (Plate 1; Wenz, 1962).  These curves provide the
noise spectrum level that a theoretical ideal receiver receives, given in deci-
bels referenced to 1 µPa2/Hz.  An ideal receiver has an omnidirectional
reception sensitivity—in other words, its sensitivity does not vary with
direction.  Ambient noise is a random quantity, meaning that a given real-
ization of the noise time series is unpredictable.  However, statistical char-
acteristics of the time series such as its variance are predictable (see Glos-
sary).  Low-frequency noise is usually much higher level than high-frequency
noise due because of the character of the noise sources themselves and also
as a result of the frequency dependence of sound absorption in the ocean, as
described below.  Typically, the property of the noise that is modeled is its
pressure spectral density level.  A spectrum and spectral density are fre-
quency catalogues of a time-varying signal.  The pressure spectral density of
ambient noise, modeled as a random process, is the variance per hertz of the
pressure time series (µPa2/Hz).  For a deterministic process, the pressure
spectral density is the mean squared pressure per hertz (see Glossary).
Below 10 Hz, microseisms caused by the nonlinear  interaction of ocean
surface waves are the dominant  source of ocean noise.  Earthquakes also
contribute intermittently.



Between 10 and 200 Hz distant shipping is the largest contributor to
the noise spectrum level (Wenz, 1962).  From 200 Hz to 80 kHz, wind-
generated breaking waves are the primary contributor to ambient noise.
These levels are dependent on wind speed, and data validate the model
(Felizardo and Melville, 1995).  These ambient noise spectra use 1-Hz
bands, while studies of noise masking in mammalian ears has typically
found that one-third-octave bands are good models for these ears.  For
example, the one-third-octave band centered at 50 Hz runs from approxi-
mately 45 to 56 Hz.  To convert a 1-Hz band level to a one-third-octave
band, 10 times the logarithm of the bandwidth is added to the 1-Hz band
level.  For the one-third-octave band centered at 50 Hz, this translates to



TABLE 4-2  Absorption by Seawater for Two Frequencies for a Range of
1,000 kma



Noise Typical Absorption Loss Absorption Loss
Source Frequency at 1,000 km at 10 km



Shipping 100 Hz 2 dB 0.002 dB
Wind 1,000 Hz 60 dB 0.6 dB



aNote that these losses are in addition to geometrical spreading and scattering losses.
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about a 10-dB increase.  At the one-third-octave band centered at 3,000 Hz,
the difference between it and the 1-Hz band is approximately 28 dB.



Ambient noise from distant sources is affected by the environment.
Noise absorption by seawater is strongly dependent on frequency, effec-
tively limiting the distance high-frequency sounds propagate (Figure 1-2).
Absorption causes a decrease in received signal levels (i.e., an increase in
transmission loss), which occurs in addition to the decrease produced by
geometrical spreading effects, as discussed in Chapter 1.



The absorption of shipping noise in the 1-Hz band, centered at 100 Hz,
is approximately 0.002 dB per km.  In other words, 1,000 km from a source
of 100 Hz, the attenuation loss is about 2 dB in addition to the geometrical
spreading losses. For higher-frequency sound, such as that generated by
wind at 1,000 Hz, the absorption factor increases to approximately 0.06 dB
per km.  At a distance of 1,000 km from a 1,000-Hz source, the attenuation
loss is about 60 dB (Table 4-2).  For distant sources of ambient noise,
frequency largely determines the region over which these sources can be
important.  Ships contribute to ambient noise at ranges of hundreds of
kilometers, while wind noise contributes to ambient noise for distances of
kilometers.



It should be noted that the majority, if not all, the models for oceanic
ambient noise have been developed for and supported by Navy sponsors.
Appendix C provides a summary of underwater acoustic noise models.
This summary is not meant to be all-inclusive but rather to indicate some of
the better-known and more heavily used examples.  Over the decades since
World War II, naval sonar systems, starting from simple transducer units,
have increased in complexity.  Initially, the sonars operated in an omnidi-
rectional mode and required only a knowledge of ambient noise as seen
with that sensor.  As the systems acquired more and more directional
discrimination to help localize targets, knowledge of ambient noise direc-
tionality was also required.  The initial attempts to define and measure
noise directionality were confined to studies of the variations either in the
vertical  direction only or the azimuthal direction only.  Later, as the sonar
arrays became even more spatially discriminating, beam noise estimates
were required where both horizontal and vertical limits were used.



From the perspective of an omnidirectional system, the Wenz curves
would be the model required.  The summary in Appendix C, then, goes on
from that point, with the ambient noise models where there are listed a
number of directional models with respect to either the horizontal or verti-
cal plane(s).  The beam noise statistics category provides those models that
describe beam noise properties.  For more details the reader is directed to
excellent texts devoted to underwater ambient noise, modeling, and mecha-
nisms (Etter, 1996; Applied Acoustics, 1997).



Models such as ANDES, CNOISE, and RANDI provide predictions of
the geographic, seasonal, frequency, and directional dependence of ambient
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FIGURE 4-2  Output of Comprehensive Acoustic System Simulation/Gaussian Ray
Bundles (CASS/GRAB) Model.  The thick solid curve shows the base level with no
shipping noise, a sea state of 0, and no rain.  The seven parallel dashed curves from
10 Hz to 100 kHz show the surface agitation component only for sea states 0
through 6 (in ascending level).  The three dashed curves from 550 Hz to 15.5 kHz
represent the rain component for intermittent (lower curve), moderate (middle
curve), and heavy (upper curve) rain.  SOURCE:  Naval Undersea Warfare Center
Division.



noise from multiple unidentified sources such as distant shipping and wind.
These models include shipping density statistics, wind-speed databases based
on meteorological models, state-of-the-art propagation models, and oceano-
graphic databases.  The models are usually used for sonar performance
prediction and maintained by the world’s navies.  No existing model is
capable of predicting the effects of distributed noise sources on marine
mammals.



An omnidirectional ambient noise model is included as part of the
sonar simulation model CASS/GRAB (Comprehensive Acoustic System
Simulation/Gaussian Ray Bundles; Weinberg and Keenan, 1996; Weinberg
et al., 2001).  The CASS/GRAB model, approved by the Oceanographic and
Atmospheric Master Library (P.C. Etter, 1996, 2001) was developed at the
Naval Undersea Warfare Center (formerly NUSC) using empirical fits to
ambient noise measurements (Figure 4-2).  The model accounts for “ocean
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turbulence,” dominant in the 1-10-Hz band, shipping noise prevalent from
10 to 500 Hz, “surface agitation” from 500 Hz to 100 kHz, and thermal
noise at frequencies greater than 100 kHz.  Noise from rain also is included
in the 550-Hz to 15.5-kHz band.



Dynamic Ambient Noise Prediction System



The Dynamic Ambient Noise Prediction System (DAPS) is the most
recent development in the succession of U.S. Navy ocean ambient noise
models.  It is composed of three modules:



• Historical Vessel Module, an updated Historical Temporal Shipping
(HTS) database containing information on commercial ships and fishing
vessels with a simulated vessel movement module;



• Dynamic Ambient Noise Module (DANM), successor to the ANDES
program; and



• Reported Vessel Module.



DAPS was designed to predict the azimuthal dependence of ocean noise in
the 25-5,000-Hz frequency band, including surface shipping and wind-
generated noise.  Lloyds of London records were used for initial shipping
spatial distributions, and ship tracks were inferred from shipping lanes as
input to a propagation model.  Fishing vessel activity used historical vessel
distributions and fishery statistics collected by the Food and Agricultural
Organization of the United Nations to incorporate fishing vessel densities.
The wind-generated component was obtained from the Surface Marine
Gridded Climatology and empirical relations between the ocean ambient
noise levels and wind speed.  The DANM module presently is being re-
viewed by the U.S. Navy’s Oceanographic and Atmospheric Master Library
(OAML), which is responsible for maintaining and distributing standard-
ized databases and models to the U.S. Navy fleet.  If successful, DANM will
be the first ambient noise model to obtain OAML approval.



MODELING THE EFFECTS OF NOISE ON MARINE MAMMALS



A conceptual model can assist in describing the interactions necessary
to assess the impact of ocean noise on marine mammals and other marine
animals.  The ocean noise input to the system of marine mammals consists
of all types of ocean noise, including those generated naturally by physical
and biological means and those generated from human activities (Chapter
2).  The system being evaluated consists of marine mammals and in the
simplest terms can be treated as multiple environmental and physical fac-
tors on which the ocean acts to produce the output.  The output consists of
metrics that can be used to assess the impact of the ocean noise on the
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FIGURE 4-3  Components of the ocean noise input to the overall conceptual
model.
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system.  Such measures may be physiologically based, such as noise levels
that produce temporary or permanent threshold shifts in given animals, or
behaviorally based, such as sound levels that cause cessation of mating
calls.  Ocean noise can be dispersed (Figure 4-3) and is capable of incorpo-
rating available (sub)models.  These existing models can be used to deter-
mine the appropriate input to a model and evaluate a given scenario.



A model of effects that predicts the impact of acoustic signals on ma-
rine mammals should consist of six main components:  (1) a description of
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the source time function or source spectrum and level and a model of the
source distribution, (2) physical oceanographic and geoacoustic databases,
(3) models of marine mammals distribution in three dimensions to deter-
mine exposure, (4) models to predict the sound signal at an animal, (5)
biological databases and models for marine mammal hearing and move-
ment, and (6) population-based models to look for effects at these levels.



Recent breakthroughs in the understanding of the effects of noise on
animal hearing along with developments in the understanding of acoustic
propagation have enabled the combination of hearing models with acoustic
models, referred to as integrative models.  These integrative models include
a physical oceanographic component that controls the propagation of
sound.  Integrated models include a library of common sound sources
(biological and man-made), environmental features that affect sound propa-
gation such as bathymetry and ocean dynamics, and algorithms for model-
ing sound propagation, such as PE models.  Biological components are
divided into the following:  animal distribution databases; animal behavior
data and models, including migration, diving patterns, and behavioral re-
sponses to sounds; and models for the mechanical and  neural responses to
sound by the organism.  Systems architecture of integrative models can be
designed to include data synthesis display and communications tools that
enable investigators to work as a distributed network and databases and
modeling algorithms that are shared among widely distributed universities,
labs, and data centers.  The goals of these models or their successors are to
predict the outcome of a given sound exposure regimen and to represent
that information in dynamic graphical displays and probabilistic functions.
In other words, model predictions will be quantitative with quantified lim-
its of uncertainty.



One example of these new and integrative animal effects models is the
ESME (Effects of Sound on the Marine Environment) model, sponsored by
ONR.  At present ESME is halfway through the four-year development
plan.  ESME identifies the elements necessary for a predictive risk assess-
ment model and develops an architecture for fitting the pieces together.
Not all of the necessary databases are full, and gaps in understanding still
exist.  To date, a basic structure has been developed and applied to two
simple but realistic test problems.  The first scenario dealt with the effects of
noise on dolphins in the Southern California Bight.  The second test prob-
lem focused on dolphins in the Middle Atlantic Bight south of Rhode
Island.  These test problems assess intermodule communications and test
different databases and modeling algorithms.  The tests also examine differ-
ent configurations for ESME and its successors.  Several alternative models
for further development will likely result from ESME, ranging from the
simple to the most complex.
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A relatively simple integrative model, such as the Acoustic Integration
Model (AIM), could be PC based to enable a wider range of users to
experiment with underwater sound scenarios, providing educational, scien-
tific, and environmental management functions.  AIM was designed to
model the movements and behaviors of acoustic sources and receivers.
These receivers are virtual animals and have been dubbed animats.  The
AIM model interfaces with another acoustic propagation model that simu-
lates the acoustic field produced by the acoustic source(s).  The animats can
be programmed to simulate natural responses, including reactions to the
sound field.  The acoustic history of each animat is recorded, a valuable and
important output.  The model allows multiple Monte Carlo model simula-
tions to estimate the impact of various scenarios.  At the other end of the
scale, ESME or an equivalent tool might be integrated with state-of-the-art
complex multidimensional physical ocean models running on supercom-
puters.  A complex version of the integrative tools would clearly limit
accessibility to only the most sophisticated users but would offer the great-
est possible flexibility and accuracy.



At present, the integrative models are concentrating on modeling ef-
fects of individual sound sources on individual animals or individuals within
pods.  The effects of distributed sources are not, at this time, being investi-
gated.  Hearing at the individual level is being modeled at several levels,
from the micromechanical activity of the inner ear through whole head
resonance.  Inner ear models are based on basilar membrane response data
for well-studied ears, especially in vivo measurements in mice, cats, and
gerbils.  Inner ear structural data on these ears are being compared with
parallel data from representative marine mammal ears (mysticete,
odontocete, and pinniped) in order to modify the inner ear response models
to accurately represent stiffness and mass variations in marine mammals
compared to smaller land mammals.  This will affect both sensitivity and
frequency responses in marine ears.  Middle ear and whole head responses,
particularly head transfer functions, are two areas for which no adequate
land analog exists.  Models for these elements of hearing are being formed
based on direct measures of marine mammal tissue mechanical characteris-
tics, acoustic impedances, and complex tissue resonance.



No attempts have been made to model the effects of noise on the
habitat and ecosystem of marine mammals.  Fish and other marine organ-
isms respond to noise in both experimental systems and marine environ-
ments.  Because they are prey items for some marine mammals and are
important components of the marine ecosystem, it is also necessary to
examine the effects of noise on these organisms to incorporate all of the
effects of noise on marine mammals.
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DATABASES



Ancillary Data for Effects Modeling



The data necessary to allow modeling of the overall effect of ocean
noise on marine mammals are quite varied and in general do not yet exist in
the volume and completeness needed.  There are three major categories of
data that are required: (1) data that characterize sources, (2) data that
characterize how acoustic energy propagates from the source to the animal,
and (3) data that characterize the effects that sounds have on marine mam-
mals and fishes, both physiological and behavioral.



The information needed about the sources is the characterization of the
source itself, such as its output level, its frequency band, and so on, as
discussed at the beginning of this chapter, and the activity level of the
sources, where they are operating, and when.  One needs to know the
velocities, densities, and attenuation factors in the water column and in the
upper strata below the seafloor to describe accurately the propagation of
sound waves from the source to the animal some distance away.  The
information is needed to characterize the effects that sounds have on ma-
rine mammals and the specific research topic being examined.



Data do exist that fall into all three of these categories, but they are
incomplete, scattered, and, in many cases, inaccessible for national security
reasons.  However, two programs are specifically addressing the potential
impact of ocean acoustic noise on the marine environment by developing
comprehensive databases.  These databases presently will be used for rapid
data retrieval, mapping, and statistical correlation studies, but they also
could be used as inputs to future physics-based, numerical modeling efforts.
One is the Sound, Oceanography, and Living Marine Resources (SOLMAR)
program at the NATO Supreme Allied Commander Atlantic Undersea Re-
search Centre in La Spezia, Italy.  Data, primarily from the Mediterranean
Sea, are being assembled on the occurrence of cetacean strandings, results
of visual surveys, and underwater acoustic recordings of vocalizations.  Stan-
dard oceanographic and geophysical measurements such as water mineral
and chlorophyll content, conductivity/temperature/depth profiles, and
bathymetry data are also being collected.  In addition, satellite-based mea-
surements such as altimetry, sea color, and sea surface temperature are also
being collected.  SOLMAR databases are applied to a Geographical Infor-
mation System (GIS) framework.  Another program, the Living Marine
Resources Information System, is developing databases of global distribu-
tions of marine animal species with no acoustic data.  The primary sources
of information presently are the National Marine Fisheries Service visual
survey reports, as well as other publications in the open literature; however
these data are confined largely to coastal areas.



The Census of Marine Life is a new international effort to determine
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numbers and types of marine organisms and their geographic and depth
distribution worldwide.  One part of this program is an open-access,
Internet-based collection of databases and associated processing tools called
the Ocean Biogeographic Information System (OBIS).  The databases will
initially include components such as a history of marine animal popula-
tions, biogeoinformatics of Hexacorallia for corals and sea anemones, and
data on the chemosynthetic ecosystems in the Arctic and northern Atlantic
Oceans.  Also included are oceanographic and environmental databases, all
in a GIS framework to permit full ecological system assessment.  The com-
puter and communications-based setting is expected to permit computa-
tional functionality among internationally distributed systems.



Organized information about ports and shipping lanes is maintained by
the U.S. Navy’s Space and Naval Warfare Systems Command, which de-
fines 521 ports and 3,762 traffic lanes.  Lloyds of London maintains infor-
mation about the merchant fleets of the world, the number of ships in each
ship-type category, and gross tonnage.



Oil industry activity that contributes most to ocean noise can be moni-
tored by subscribing to any of a number of commercial information ser-
vices.  For example, IHS Energy provides relatively comprehensive informa-
tion dating back to 1994 about individual marine seismic crews and where
they are, and have been, working.  The location data may be no more
specific than “North Sea,” and no information is given about the specifica-
tions of the air-gun arrays being used.  IHS Energy will research its database
and generate reports for a fee.  A similar type of service is provided by ODS-
Petrodata with regard to offshore mobile and platform drilling rigs.  To-
gether, these two services can supply an overall picture of where these noise
sources are in time and space, but neither provides information about the
noise generated by these operations.  Measurements need to be recorded of
different drilling techniques in different environments to determine if they
make enough noise to cause concern.  If so, then a catalogue of the noise
output of the different techniques should be maintained and used to calcu-
late the contribution to the noise budget from drilling rigs.  Because the
information is considered proprietary, it is unlikely that the details of air-
gun arrays will be included in the seismic crew databases.  Using published
values of air-gun array source levels of 260 dB re 1 µPa-m, peak-to-peak
(Richardson et al., 1995), will produce estimates that err safely on the high
side.  This level is best used for the output oriented vertically, and for the
horizontally oriented output, a number around 235 dB re 1 µPa-m, peak-
to-peak, is more suitable.



There appears to be no suitable, all-inclusive source of information
about offshore construction activities outside of the oil and gas industry.
These activities include cable laying, dredging and reclamation projects,
tunnel boring and bridge building, dock building, and port construction.
Petrodata’s Marine and Coastal Construction System is a database and
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newswire service that provides information on planned worldwide marine
and coastal construction projects.  It seems most adept at capturing projects
located in Europe, Asia, and the Middle East.  Again, measurements of the
noise created by these activities are not numerous, so this is an area where
much work needs to be done if an assessment is to be made as to the
importance of these activities to the ocean noise budget.



Data on the physical properties of the ocean waters and the near-
seafloor sediments exist in detail in some places and are nonexistent in
others.  It is beyond the scope of this report to discuss this topic here other
than to say that in some instances it is crucial to know the details of the
seafloor topography, the details of the water column sound speed and
absorption  properties, and the details of the seismic velocities, densities,
and absorption properties of the strata below the seafloor.



Although there is an extensive literature on the effects of sound on
marine mammals, it is patchy and inconclusive.  A tremendous amount of
work remains to be done to determine the effects of sound on marine
mammals.  In particular there have been few studies to relate specific dos-
age of sound to effects likely to be of biological significance.  One of the
recommendations of this report is that a single federal agency or organiza-
tion be charged with the responsibility of overseeing all of these activities,
including all data collection.  As more and more locations around the world
place restrictions on activities that create noise in ocean waters, and such
restrictions cause data to be collected with regard to this issue, it seems
prudent to establish an official body that catalogues these different data
sets, if it does not actually oversee the storage and archiving of them.



Ocean Noise Databases



Currently there is no coordinated program to organize, support, and
execute an ongoing data collection effort to supplement the general ambi-
ent noise data sets that were the basis of empirical curves such as those of
Wenz and Knudsen.  There are ongoing individual efforts, but they are
incomplete, scattered, and in some cases may not be available because of
national security reasons within the United States and other nations.  Typi-
cally, these efforts are focused on averaged values of the acoustic pressure
spectrum and transients are excluded.  One significant collection is the
archived information of the U.S. Navy, held by the Naval Oceanographic
Office (NAVOCEANO).  Nearly 50,000 omnidirectional measurements of
ambient marine noise are held within the NAVOCEANO Data Warehouse.
Data collection began in the 1950s and is organized by season, frequency,
location, and time.  NAVOCEANO also maintains wind noise estimates
based on the model projections using adaptations of the Wenz curves (Plate
6a-d).



Representative samples of NAVOCEANO archives for two seasons
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(summer and winter) and two frequencies (50 and 3,500 Hz) highlight the
potential usefulness of such a dataset (Plate 7a-d).  The data collected are
oriented to geographic regions of past, current, and future naval operations
interests.  Data measurements vary in duration of collection, from very
short (<1 hour) to drifting buoys that gather data for weeks to months.
Through careful analysis data collected in the presence of known contami-
nants (seismic sources, nearby passing ships) were discarded.  Perhaps the
most striking feature of these figures is the lack of data in most of the
world’s oceans.



Additional noise databases can be found in Etter (1996).  Etter’s Table
10.3 lists the Advanced Environmental Acoustic Support data bank as well
as the NAVOCEANO database, and Table 10.5 contains noise databases
that reside in the OAML.  These OAML-approved databases include three
shipping noise databases that cover all of the northern hemisphere as a
function of season, Arctic noise near the marginal ice zone on a monthly
basis, and the wind and residual noise database, which provides monthly
variations in noise levels not containing shipping for the northern hemi-
sphere.



Access to the databases listed is restricted, making it difficult to review
them and use them for scientific purposes.  All were gathered to meet U.S.
Navy sonar system needs.  Much of the data probably were not collected in
a systematic way using fixed procedures.  A clear bias toward the horthern
hemisphere exists.



Other ambient noise data sets can be found in various places outside
the operational navy community.  As one example, the National Oceano-
graphic and Atmospheric Administration has been collecting SOSUS (Sound
Surveillance System) data off the coast of the State of Washington since
1991 (Chris Fox, personal communication to committee, 2001).  However,
at present, a major gap in existing noise databases is that no long-term
(greater than a decade), systematically collected, ocean acoustic data set
exists for any frequency band.



Additional gaps in marine noise databases include the facts that no
noise database is known to exist for the southern hemisphere except the set
of measurements made around the continent of Australia by the Defence
Science and Technology Office, and possibly those in the waters off New
Zealand.  In addition, no systematic noise monitoring data set has been
collected in biologically sensitive areas for specific species.  Finally, if the
whole frequency band from 1 Hz to 200 kHz is taken as the band of
interest, a gap exists in databases at frequencies above several kilohertz.
Additional planning is required in collecting data at high frequencies be-
cause of the large data rates involved; continuous sampling is not practical
unless some type of real-time processing is implemented.



A well-recognized issue with ambient noise measurements, particularly
in shallow water, is the effect of the propagation characteristics on the
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received field.  Therefore, a gap in existing shallow-water noise databases is
lack of knowledge of the ocean-bottom geoacoustic properties in the re-
gions where the measurements were made.  More generally, the quality of
ambient noise databases is directly related to the quality and variety of
ancillary information (e.g., near-surface winds, shipping traffic, visual ob-
servations of marine animals) collected simultaneously at the same loca-
tion.  Development of a long-term ocean noise monitoring system requires
careful consideration of which types and in what ways this supporting
information will be collected.



SUMMARY



Sound sources in the ocean can be categorized and modeled as two
main types: unknown distributed sources (that is, unknown location, source
level, and spectral content) referred to as ambient noise and best modeled as
statistical in nature, and identified single sources best modeled deterministi-
cally.  Noise from the collection from all sources is referred to as “ocean
noise”  in this report.  The dominant source of ambient noise is associated
with ocean surface wave activity.  In the frequency  band from 5 to 200 Hz,
shipping may be dominant, at least in the northern hemisphere.  The time-
averaged received levels of shipping noise in some locations can be fairly
well modeled.  Above 200 Hz, noise levels from breaking waves are roughly
modeled through the use of empirical relations between noise level and
wind speed.  Limitations exist in ambient noise models not just from lack of
knowledge of the source characteristics and distributions but also resulting
from uncertainties in the environment.  The sounds from single sources,
such as sonar and air-guns, are usually well modeled by propagation codes.
The accuracy of these models is limited by environmental uncertainty.  The
effects of sound from single sources on marine mammals are beginning to
be modeled by integrative tools such as AIM and ESME.  The effects of
distributed sources, such as shipping and wind, on marine mammals are not
yet well modeled.



From field observations and threshold experiments on captive animals
(see Chapter 3), it is clear that sound can disturb marine mammals both
behaviorally and physiologically.  Noise from shipping may be affecting
marine mammals adversely.  Similarly, high-intensity transient sources at
short ranges may have significant effects on marine mammal physiology or
behavior.  Modeling these effects is possible and prudent.  While modeling
the physiologic effects is relatively straightforward, modeling behavioral
effects is difficult and needs more effort.  In all cases, field data must be
collected to validate the model predictions.



Copyright © National Academy of Sciences. All rights reserved.



Ocean Noise and Marine Mammals 
http://www.nap.edu/catalog/10564.html





http://www.nap.edu/catalog/10564.html








127



5



Findings and Recommendations



This report is the third in a series by the National Research Council
examining the potential effects of ocean noise on marine mammals.  Al-
though these reports evolved from very different charges and were gener-
ated by separate committees, similar research needs became evident during
each study.  The recommendations in this report expand on rather than
replace those from earlier efforts (Appendix D; NRC, 1994, 2000).  Rec-
ommendations of all three reports should be examined to better compre-
hend the full spectrum of research required to understand the effects of
human-generated noise on the marine ecosystem.  It should also be noted
that while some of the research needs from past reports, particularly from
the first report (NRC, 1994), have been met, some of the new information
has led to additional research questions that must now be answered.



SOURCES OF NOISE IN THE MARINE ENVIRONMENT



The recommendations made here are intended to improve our under-
standing of the effects of noise on marine mammals.  To this end, any
efforts to implement these recommendations should be planned  and struc-
tured to facilitate use in conjunction with data on marine mammal physiol-
ogy and behavior.



Currently, data regarding noise produced by shipping, seismic survey-
ing, oil and gas production, marine and coastal construction, and other
marine activities are either not known or are difficult to analyze because
they are maintained by separate organizations such as industry database
companies, shipping industry groups, and military organizations.  It would
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be advantageous to have all data in a single database in order to improve
the ability of interested parties to access the data sets and use them in
research, for scientific publications, in education, and for management and
regulatory purposes.  This database could be a distributed network of
linked databases, using a standardized series of units of measure.  Interna-
tional cooperation in this database development effort, as well as interna-
tional access to the information, should be encouraged since the marine
mammal and ocean noise issue is global.



Recommendation:  Existing data on marine noise from anthropogenic
sources should be collected, centralized, organized, and analyzed to provide
a reference database, to establish the limitations of research to date, and to
better understand noise in the ocean.



Each characteristic of noise from anthropogenic sources may differen-
tially impact each species of marine mammals.  The complex interactions of
sound with marine life are not sufficiently understood to specify which
features of the acoustic signal are important for specific impacts.  Therefore
as many as characteristics as possible should be measured and reported.



Recommendation:  Acoustic signal characteristics of anthropogenic
sources (such as frequency content, rise time, pressure and particle velocity
time series, zero-to-peak and peak-to-peak amplitude, mean squared ampli-
tude, duration, integral of mean squared amplitude over duration, repeti-
tion rate) should be fully reported.  For transients, publication of actual
acoustic pressure time series would be useful.  Experiments should be con-
ducted that expose marine mammals to variations in these characteristics in
order to determine the physiological and behavioral responses to different
characteristics.  Particular attention should be paid to the sources that are
likely to be the large contributors to ocean noise in particularly significant
geographical areas and to sources suspected of having significant impacts
on marine life.



Little is known about long-term trends in ocean noise levels.  Although
evidence is limited concerning long-term trends in ocean noise, and few
observations concerning the effects of ocean noise on marine life exist, the
current data are sufficient to warrant increased research and attention to
trends in ocean noise.



Recommendation:  A long-term ocean noise monitoring program over
a broad frequency range (1 Hz to 200 kHz) should be initiated.  Monitoring
and data analysis should include average or steady-state ambient noise as
well as identifiable sounds such as seismic surveying sources, sonars, and
explosive noise that are not identified in classical ambient noise data sets.
Acoustic data collection should be incorporated into global ocean observ-
ing systems initiated and under discussion in the United States and else-
where.  A research program should be initiated that develops a predictive
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model of long-term noise trends.  Data from monitoring systems should be
available in a timely manner to facilitate informed decision making by
interested industry, military, and marine researchers, operators, and regula-
tory agencies.



Efforts must be made to measure ocean noise in marine mammal habi-
tats.  Until these habitats are fully known and described, it is reasonable to
begin a long-term monitoring program in coastal areas and areas close to
known marine mammal foraging, migration, and breeding areas.



Recommendation:   Efforts to measure ocean noise should be targeted
toward important marine mammal habitats.  As new marine mammal habi-
tats are identified, these should be added to the acoustic surveys in order to
provide a complete picture of the acoustic environment in important ma-
rine mammal ecosystems.



Identifying reliable indicators for anthropogenic sources will provide
an additional modeling tool and predictive capability that will be particu-
larly useful in areas where long-term monitoring may be difficult or impos-
sible.  For instance, although the global shipping fleet increased from 30,000
commercial vessels in 1950 to 87,000 vessels in 1998, consequent noise
changes cannot be determined because noise data were not collected in a
systematic way to allow scientific comparisons, nor are they being system-
atically collected at this time.  Similar needs exist for every facet of human
activity in the oceans.



Recommendation:  Research to determine quantitative relationships
between levels of anthropogenic activity and noise should be conducted.
For example, if there is a robust relationship between vessel type and noise,
vessel traffic data could be used to predict shipping noise.



MARINE MAMMALS AND OCEAN NOISE



Although it is difficult to obtain direct evidence of impacts of human
activity on marine mammals, it is even more difficult to determine long-
term impacts on individuals or impacts on populations.  Although the few
documented cases of direct impact on individuals have raised awareness of
potential population impacts, no measures exist of marine mammal popu-
lation effects from ocean noise.



Recommendation:  Whenever possible, all research conducted on ma-
rine mammals should be structured to allow predictions of whether re-
sponses observed indicate population-level effects.



Despite the large body of marine mammal research to date, including
what was recommended in previous reports (NRC, 1994), there is a sur-
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prising lack of information regarding the global distribution of marine
mammals.  Migration routes, breeding grounds, and feeding areas are
known for relatively few species.  In order to predict the importance of
noise effects on marine mammal behavior, the seasonal and geographic
distribution of the mammals must be better known both through survey
data and through the use of predictive oceanographic variables, such as
topography, bottom type, and water column variables.  This enormous task
will require the development of new sampling and extrapolation techniques
in order to be practically achievable.



Recommendation:  Research should be conducted beyond locales al-
ready known and studied to globally characterize marine mammal distribu-
tions and populations.



While good progress has been made in describing marine mammal
acoustic repertoires, much less is known about the details of natural pat-
terns of sound production, including the means of production and context
in which different vocalizations are produced, as well as how they vary
diurnally, seasonally, and geographically.  Marine mammals themselves
may be significant sources of ocean noise, although possibly in localized
areas over limited time periods.



Recommendation:  Research should be undertaken to describe the dis-
tribution and characteristics of sounds generated by marine mammals and
other marine organisms seasonally, geographically, and within behavioral
contexts.  These studies will also shed light on the contribution which
marine organisms make to the global ocean noise budget.



Efforts to improve marine mammal tagging technology should con-
tinue to receive support.  Two technological improvements of current tags
are needed: (1) increase the duration of long-term data-gathering tags from
months to multiple years to observe annual behavior cycles and migration
patterns, and (2) extend the duration of high-resolution tags from hours to
days to gather more data on daily behavior and environmental cues.  Cur-
rent tagging technology allows individual marine mammals to be tracked
up to months.  Tags capable of higher-resolution data collection, including
animal orientation, acceleration, and produced or received sounds, can
generally collect data for less than one day.  These data have proven very
valuable in determining behavioral patterns in a variety of cetaceans and
pinnipeds and correlating their behavior with environmental cues.  The
technology should continue to be developed to allow longer studies using
both the high- and low-resolution tags.



Recommendation:  Marine mammal tagging studies should be contin-
ued to observe behavioral changes in response to acoustic cues and to
provide important data for simulation models.
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Short-term responses of marine mammals to anthropogenic noise
sources have been documented to a limited degree; however, long-term
effects of marine noise on the behavior of marine mammals have received
less attention.  Impacts due to increases in background ambient noise have
not been documented.



Recommendation:  Research should be conducted to determine subtle
changes in marine mammal behavior, as well as failure to detect calls from
other animals or echoes from their own echolocation, that might result
from masking of biologically important acoustic information by anthropo-
genic sounds.



Stress indicators may be one useful marker for long-term effects of
anthropogenic noise on marine mammals.



Recommendation:  Research efforts should seek to determine if reliable
long-term stress indicators exist and if they can be used to differentiate
between noise-induced stress and other sources of stress in representative
marine mammal species.



Fish use sound in many ways that are comparable to the ways marine
mammals communicate and sense their environment.  The effects of an-
thropogenic noise on fishes and other nonmammalian species, including
their eggs and larvae, are largely unknown.  As cohabitants of the marine
ecosystem and as members of the same food web, noise impacts on marine
fish could, in turn, affect marine mammals.



Recommendation:  The impact of noise on nonmammalian organisms
in the marine ecosystem should be examined.



OCEAN NOISE MODELS



Simulation models that predict the characteristics of the noise (fre-
quency content, mean squared level, peak level, pressure time series, etc.)
and their effects on marine mammals may assist in understanding and
mitigating harmful effects of marine noise on mammals.  At least one such
effort is underway: the Effects of Sound on the Marine Environment model
sponsored by the Office of Naval Research.  Modeling some direct physi-
ologic effects on hearing (e.g., temporary or permanent threshold shift) is
relatively straightforward, although limited by the small data sets available
from a limited number of species.  These integrative tools should be ex-
panded to include the effects of sources of noise that may change their
distribution over time such as shipping, wind-induced breaking waves, and
distributed biologic noise.  More effort should be placed on modeling, both
explicit marine species hearing models and behavioral effects models for all
types of ocean noise.



Recommendation:  Modeling efforts that integrate acoustic sources,
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propagation, and marine mammals should be continued and fully sup-
ported.



The conventional approach that utilizes an average pressure spectrum
budget is limited in its application to the marine mammal problem.  A more
comprehensive approach that encompasses contributions of both transient
events and continuous sources to ocean noise should be pursued.  Many of
this committee’s recommendations, particularly those concerning informa-
tion on distribution and source signatures of man-made sources, must be
addressed in order to have the capability to develop a marine-mammal-
relevant global ocean noise model.  In addition, since model validation is a
critical part of the model development process, the committee’s recommen-
dations pertaining to the collection of high-quality, well-documented ocean
noise data sets must be pursued in tandem.



Recommendation:  A model of global ocean noise that properly reflects
the impact of both ambient noise and noise from identified sources on
marine mammals should be developed and verified.



OVERARCHING RECOMMENDATIONS



Federal leadership is needed to (1) monitor ocean noise, especially in
areas with resident marine mammal populations; (2) collect and analyze
existing databases of marine activity; and (3) coordinate research efforts to
determine long-term trends in marine noise and the possible consequences
for marine life.



Recommendation:  A federal agency should be mandated to investigate
and monitor marine noise and the possible long-term effects on marine life
by serving as a sponsor for research on ocean noise, the effects of noise on
marine mammals, and long-term trends in ocean noise.



Recent reports both in the press and from federal and scientific sources
indicate that there is an association between the use of high-energy mid-
range sonars and some mass strandings of beaked whales.  Recent mass
strandings of beaked whales have occurred in close association, both in
terms of timing and location, with military exercises employing multiple
high-energy, mid-frequency (1-10 kHz) sonars.  In addition, a review of
earlier beaked whale strandings further reinforced the expectation that
there is at least an indirect relationship between strandings and the use of
multiple mid-range sonars in military exercises in some nearshore beaked
whale habitats.  Several press reports about the recent incidents appeared
while this report was in preparation attributing the strandings to “acoustic
trauma.”  Acoustic trauma is a very explicit form of injury.  In the beaked
whale cases to date, the traumas that were observed can result from many
causes, both directly and indirectly associated with sound, but similar trau-
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mas have been observed in terrestrial mammals under circumstances having
no relation to sound exposure.  Careful sampling and analysis of whole
animals have rarely been possible in the beaked whale cases to date, which
has made definitive diagnoses problematic.  To date, eight specimens in
relatively fresh condition have been rigorously analyzed.  Because of the
repeated associations in time and location of the strandings and sonar in
military exercises, the correlation between sonars and the strandings is
compelling, but that association is not synonymous with a causal mecha-
nism for the deaths of the stranded animals.  The cause of death in all cases
was attributed to hyperthermia, but a precise cause for the unusual traumas
that were also seen in the cases examined has not yet been determined.  The
NATO/SACLANT Undersea Research Center report (D’Amico and
Verboom, 1998) and the joint NOAA-Navy interim report (Evans and
England, 2001) have not been discussed in detail in this document because
of the preliminary nature of the findings.  However, this is clearly a subject
to which much additional research needs to be directed.



Recommendation:  A program should be instituted to investigate care-
fully the causal mechanisms that may explain the traumas observed in
beaked whales, whether this is a species-specific or broader issue, and how
the acoustics of high-energy, mid-range sonars may directly or indirectly
relate to mass stranding events.  The research program outlined in Evans
and England (2001) represents a good initial effort.



Addressing the challenge of both short- and long-term effects of ocean
noise on marine mammals is a difficult problem and will require a
multidisciplinary effort between biologists and acousticians to establish a
rigorous observational, theoretical, and modeling program.  An initial sig-
nificant focus of this work should be the examination of the possible rela-
tionship between the acoustics of identifiable high-energy, mid-frequency
sonars, marine mammal trauma, and mass stranding events.  In addition, a
study of the potential influence of ambient noise on long-term animal be-
havior should be vigorously pursued.



Recommendation:  A research program should be instituted to investi-
gate the possible causal relationships between the ambient and identifiable
source components of ocean noise and their short- and long-term effects on
marine organisms.



The public, including environmental advocates, are very interested in
anthropogenic noise in the ocean and its effect on marine animals.  Recently
there has been a communication gap between users of sound in the ocean,
including scientists, and the public.  Much of the gap in understanding
between the ocean science community and the public arises from the public’s
lack of understanding of fundamental acoustic concepts and the scientific
community’s failure to communicate those concepts effectively.  Source and
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received levels, propagation loss, air-water physical acoustic differences,
and the term “decibel” are examples of concepts that have been misunder-
stood by the media, environmental organizations, and the general public.



Recommendation:  The committee encourages the acoustical oceanog-
raphy community, marine mammal biologists, marine bioacousticians, and
other users of sound in the ocean, such as the military and oil industry, to
make greater efforts to raise public awareness of fundamental acoustic
concepts in marine biology and ocean science so that they are better able to
understand the problems, the need for research, and the considerable po-
tential for solving noise problems.
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Committee and Staff Biographies



COMMITTEE CHAIR



George Frisk is a senior scientist in the Ocean Acoustics Laboratory in
the Department of Applied Ocean Physics and Engineering (AOPE) at the
Woods Hole Oceanographic Institution.  From 1992 to 1997, he was chair
of the AOPE department.  He is the author of a textbook on ocean and
seabed acoustics and has supervised or cosupervised 18 graduate students
in the MIT/WHOI Joint Graduate Program in Applied Ocean Science and
Engineering.  His research interests include acoustic propagation, reflec-
tion, and scattering in the ocean and seabed, acoustic surface waves, scat-
tering theory of waves, computational physics, inverse methods,
seismoacoustic ambient noise, and Arctic acoustics and are funded prima-
rily through the Office of Naval Research.  Dr. Frisk is a fellow of the
Acoustical Society of America and a member of the Institute of Electrical
and Electronics Engineers and Sigma Xi.



COMMITTEE MEMBERS



David Bradley is a senior research scientist at the Applied Research
Laboratory at Penn State University.  His research is focused on environ-
mental acoustics; in particular, he conducts research in acoustic radiation,
propagation, scattering, reflection, absorption, and natural/man-made noise
analysis, including spatial and temporal fluctuations.  His research is funded
in part by the Office of Naval Research. Dr. Bradley is a former member of
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the Ocean Studies Board and chaired the steering committee for the Sixth
Symposium on Tactical Oceanography.



Jack Caldwell is a geophysical manager with WesternGeco in Houston,
Texas.  Dr. Caldwell is a leader in the geophysical services industry with
regard to environmental issues related to marine seismic surveys.  He was a
member of the Minerals Management Service’s High Energy Seismic Survey
team, through which he has worked with numerous government agencies,
the oil and gas industry, and the environmental communities on issues
related to marine mammals and sound from industry seismic sources.



Gerald D’Spain is an associate research geophysicist at the Marine
Physical Laboratory, Scripps Institution of Oceanography.  Among Dr.
D’Spain’s research interests are ambient noise in the ocean and biological
sounds, including marine mammal vocalizations and fish choruses and syn-
thetic apertures in the ocean.  His work is largely funded by the Office of
Naval Research.



Jonathan Gordon is an honorary lecturer at the University of St.
Andrews.  His research has focused on cetacean acoustics, in particular,
communication and echolocation in sperm whales, developing practical
passive acoustic techniques in cetacean conservation (e.g., censusing, mea-
suring length, assessing behavior), and studying and helping to mitigate the
effects of man-made noise in marine mammals.  Recent work includes
studies on the effects of oceanographic and seismic sources on cetaceans
and working with Birmingham Research University and Shell UK to de-
velop more effective mitigation procedures for seismic surveys based on
passive acoustic monitoring.



Mardi Hastings resigned from the committee in 2002 to accept a posi-
tion at the Office of Naval Research.  Prior to this position, she was an
associate professor of mechanical engineering and biomedical engineering
at the Ohio State University.  Her major research interests include acoustics
and vibrations, guided wave transmission, marine bioacoustics, and ultra-
sonics.  Dr. Hastings is a registered professional engineer and member of
several professional organizations, including the Acoustical Society of
America, American Society of Mechanical Engineers, and Institute of Noise
Control Engineering.  She received the Presidential Young Investigator
Award from the National Science Foundation and the Lumley Research
Award from Ohio State and is listed in Who’s Who in Science and Engi-
neering.  She was elected to be a fellow of the ASA in 1996.



Darlene Ketten holds a joint appointment as a senior scientist in biol-
ogy at the Woods Hole Oceanographic Institution and as an assistant pro-



Copyright © National Academy of Sciences. All rights reserved.



Ocean Noise and Marine Mammals 
http://www.nap.edu/catalog/10564.html





http://www.nap.edu/catalog/10564.html








157APPENDIX A



fessor of otolaryngology at Harvard Medical School.  Her research focuses
on the sensory mechanisms of marine organisms, three-dimensional imag-
ing and modeling of structural adaptations of aquatic vertebrates, under-
water acoustics, underwater hearing, and diagnostic radiology of trauma
and diseases of auditory systems.  She receives research funding from the
National Institutes of Health, the Office of Naval Research, the Seaver
Foundation, and the National Marine Fisheries Service.  Dr. Ketten is a
fellow of the Acoustical Society of America.



James Miller is a professor in the Department of Ocean Engineering at
the University of Rhode Island.  Dr. Miller’s research interests lie in under-
water acoustics, tomography, and sonar.  He has been at the forefront in
the application of acoustic tomography imaging techniques in coastal wa-
ters and has studied the effects of shallow water on the performance of
sonars.  Recently, Dr. Miller has been particularly interested in mapping
ocean-bottom properties using nonlinear tomographic techniques.  He is
investigating the use of high-frequency sonars for whale ship-strike avoid-
ance.  He has also investigated the effects of low-frequency underwater
sound on marine mammals and divers.



Daniel L. Nelson is a senior program manager in the Physical Sciences
Business Unit of BBN Technologies, in Cambridge, Massachusetts.  He has
more than 30 years of experience in marine acoustics research, develop-
ment, and consulting including 15 years as the manager of BBN’s Marine
Acoustics and Mechanical Systems Department.  Dr. Nelson is responsible
for formulating approaches to solving complex marine acoustics problems,
structuring the efforts necessary to implement these approaches, and over-
seeing all technical and managerial aspects of project planning and imple-
mentation.  His primary areas of expertise include the measurement, analy-
sis, prediction, and control of the underwater-radiated noise of ships and
boats.



Arthur  N. Popper is a professor in the Department of Biology and is
director of the Neuroscience and Cognitive Science Program at the Univer-
sity of Maryland.  His research focuses on understanding the basic structure
and function of the auditory system in vertebrates, with particular interest
in the ear of fishes and their sensory hair cells.  Dr. Popper served on the
Ocean Studies Board Committee on Low-Frequency Sound and Marine
Mammals and was chair of the Committee to Review Results of the Acous-
tic Thermometry of the Ocean Climate’s Marine Mammal Research Pro-
gram.  Dr. Popper is a fellow of the American Association for the Advance-
ment of Science and the Acoustical Society of America.  His research is
funded by the National Institutes of Health, and he is the coeditor of the
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Springer Handbook of Auditory Research, a series of over 20 books on the
hearing sciences.



Douglas Wartzok is the vice-provost for academic affairs and dean of
the University Graduate School of Florida International University.  Dr.
Wartzok served as the associate vice-chancellor for research, dean of the
graduate school, and professor of biology at the University of Missouri-St.
Louis for 10 years.  For the past 30 years, his research has focused on
sensory systems of marine mammals and the development of new tech-
niques to study these animals and their use of sensory systems in their
natural environment. He and his colleagues have developed acoustic track-
ing systems for studying seals and radio and satellite tracking systems for
studying whales. For eight years he edited Marine Mammal Science and is
now editor emeritus.



STAFF



Jennifer Merrill, Study Director, received her Ph.D. in marine and es-
tuarine environmental science from the University of Maryland in 1999.  A
former NOAA Sea Grant Dean John A. Knauss Marine Policy fellow, she is
now a program officer with the Ocean Studies Board of the National Re-
search Council.  In addition to this study, she directs a study of the feasibil-
ity of a coordinated international ocean exploration program and managed
a workshop examining the future of marine biotechnology in the United
States.



Julie Pulley, Project Assistant, received her B.S. in biology from Howard
University in 1999.  She has been with the Ocean Studies Board since 2001.
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Acronym List



ABR auditory brainstem response
AHD acoustic harassment device
AIM Acoustic Integration Model
ANDES Ambient Noise Directionality Estimation System
ANSI American National Standards Institute
ATOC Acoustic Thermometry of Ocean Climate



CASS Comprehensive Acoustic System Simulation
CB critical bandwidth
CNSR critical noise-to-signal ratio
CR critical ratio
CRF corticotrophin releasing factor



DANM Dynamic Ambient Noise Module
DAPS Dynamic Ambient Noise Prediction System



ESME Effects of Sound on the Marine Environment



FAO Food and Agricultural Organization
FFT fast Fourier transform



GRAB Gaussian Ray Bundles



HITS Historical Temporal Shipping
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IOS International Organization for Standardization



LFA Low-Frequency Active (sonar)



MMPA Marine Mammal Protection Act



NAS National Academy of Sciences
NAVOCEANO Naval Oceanographic Office
NMFS National Marine Fisheries Service
NOAA National Oceanic and Atmospheric Administration
NOPP National Ocean Partnership Program
NRC National Research Council
NRDC Natural Resources Defense Council
NSF National Science Foundation



OAML Navy’s Oceanographic and Atmospheric Master Library
ONR Office of Naval Research
OSB Ocean Studies Board



PE parabolic equation
PTS permanent threshold shift



RMS root mean squared
RRF range reduction factor



SOFAR sound fixing and ranging
SOLMAR Sound, Oceanography, and Living Marine Resources



Database
SOSUS Sound Surveillance System
SPAWAR Space and Naval Warfare



TTS temporary threshold shift



USFWS U.S. Fish and Wildlife Service
USGS U.S. Geological Survey
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Examples of Underwater Acoustics
Noise Models



NAVY MODELS OF UNDERWATER NOISE



Ambient Noise



Ambient Noise Directionality System (ANDES; Renner, 1986a, b, 1988)
Ambient Noise Model (AMBENT; Robinson and McConnell, 1983)
Noise Model (CNOIS; Estalote, 1984; Osborne, 1979)
Directional Ambient Noise (DANES; Lukas et al., 1980)
Directional Underwater Noise Estimation System (DUNES; Bannister et al.,



1989)
Fast Ambient Noise Model (FANM; Cavanagh, 1974a, b; Lasky and Colilla,



1974)
Normal Mode Ambient Noise (Kuperman and Ingenito, 1980)
Research Ambient Noise Directionality Model (Wagstaff, 1973; Hamson



and Wagstaff, 1983; Schreiner, 1990; Breeding, 1993)
CASS/GRAB (Weinberg and Keenan, 1996; Weinberg et al., 2001)
Dynamic Ambient Noise Prediction System (DAPS)



BEAM NOISE STATISTICS



Analytic



BBN Shipping Noise (BBN Technologies Noise, Inc.; Mahler et al., 1975;
Moll et al., 1977, 1979)



Bell Telephone Laboratories (BTL; Goldman, 1974)
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USI Array Noise (Jeannette et al., 1978)
Sonobuoy Noise (Shankey and McCabe, 1976)



Simulation



Beam Program Library (BEAMPL; Etter et al., 1984)
Discreet Shipping Beam Noise Model (DSBN; Cavanagh, 1978)
Narrow Beam Towed Array Model (NABTAM; Etter et al., 1984)



Data compiled from P.C. Etter, 1996, Table 7.1.
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Research Recommendations from
Previous NRC Reports (1994, 2000)



RECOMMENDATIONS—NRC (1994)
LOW-FREQUENCY SOUND AND MARINE MAMMALS:



CURRENT KNOWLEDGE AND RESEARCH NEEDS



Limitations of Current Knowledge



Data on the effects of low-frequency sounds on marine mammals are
scarce.  Although we do have some knowledge about the behavior and
reactions of certain marine mammals in response to sound, as well as about
the hearing capabilities of a few species, the data are extremely limited and
cannot constitute the basis for informed prediction or evaluation of the
effects of intense low-frequency sounds on any marine species.



Changes in the Proposed Regulatory Structure



It is the committee’s judgment that the regulatory system governing
marine mammal “taking” by research actively discourages and delays the
acquisition of scientific knowledge that would benefit conservation of ma-
rine mammals, their food sources, and their ecosystems.  The committee
thus proposes several alternatives for reducing unnecessary regulatory bar-
riers and facilitating valuable research while maintaining all necessary pro-
tection for marine mammals.Continued progress has been made on many
of the recommendations made in previous reports (NRC, 1994; 2000) but
further progress is needed in order to obtain the base of data needed to fully
understand the impact(s) of sound on marine mammals and other marine
organisms.
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Topics for Future Research



Aims of research should be:



To determine the normal behaviors of marine mammals in the wild and
their behavioral responses to human-made acoustic signals.



To determine how marine mammals utilize natural sounds for commu-
nication and for maintaining their normal behavioral repertoire.



To determine the responses of free-ranging marine mammals to hu-
man-made acoustic stimuli, including repeated exposure to the same indi-
viduals.  How is the use of natural sounds altered by the presence of
human-made sounds?



To determine how different sound types and levels affect migration and
other movement patterns of marine mammals.



To determine the responses of deep-diving marine mammals to low-
frequency sounds whose characteristics (source level, frequency, bandwidth,
duty cycle) duplicate or approximate those produced by acoustic oceanog-
raphers.



To determine the structure and capabilities of the auditory system in
marine mammals.



To determine basic hearing capabilities of various species of marine
mammals.



To determine hearing capabilities of larger marine mammals that are
not amenable to laboratory study.



To determine audiometric data on multiple animals in order to under-
stand intraspecific variance in hearing capabilities.



Determine sound-pressure levels that produce temporary and perma-
nent hearing loss in marine mammals.



To determine morphology and sound conduction paths of the auditory
system in various marine mammals.



To determine whether low-frequency sounds affect the behavior and
physiology of organisms that serve as part of the food chain for marine
mammals.



To develop tools that can enhance observation and data gathering
regarding marine mammal behavior or that can protect the animals from
intense human-made sounds.



To develop tags that can be used for long-term observations of marine
mammals, including studies on physiological condition, location (in three
dimensions), sound exposure levels, and acoustic behavior.



To develop means of using in-place acoustic monitoring devices to
study marine mammal movement and behavior on an ocean basin scale and
of following individuals or groups of animals for extended periods and
distances.



To develop procedures for rapid determinations of hearing capabilities
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(and perhaps other physiological studies) on beached or ensnared marine
mammals.



To investigate the possibility of protecting marine mammals from some
of the adverse effects of intense, low-frequency sounds by capitalizing on
any normal avoidance reactions these animals might have to certain sounds.



RECOMMENDATIONS—NRC (2000)
MARINE MAMMALS AND LOW-FREQUENCY SOUND



Future Research and Observations Priority Studies



Recommendations:  The committee supports the recommendation of
NRC (1994) that there is a need for planned experiments designed to relate
the behavior of specific animals to the received level of sound to which they
are being exposed.  Very few studies have succeeded in this aim.  Because
studies of ocean acoustics and marine mammal behavior are very challeng-
ing, successful experiments will require a closer collaboration between bi-
ologists and acousticians than has been the case in the past for many field
studies.  Success will also require continued refinement of techniques for
making acoustic and visual observations, such as methods for locating
vocalizing marine mammals and development of tags that can monitor
received levels at the tagged animal.



To move beyond requiring extensive study of each sound source and
each area in which it may be operated, a coordinated plan should be devel-
oped to explore how sound characteristics affect the responses of a repre-
sentative set of marine mammal species in several biological contexts (e.g.,
feeding, migrating, and breeding).  Research should be focused on studies
of representative species using standard signal types, measuring a standard
set of biological parameters, based on hearing type (Ketten, 1994), taxo-
nomic group, and behavioral ecology (at least one species per group; re-
printed as Box 4-1 in this report).  This could allow the development of
mathematical models that predict the levels and types of noise that pose a
risk of injury to marine mammals.  Such models could be used to predict in
multidimensional space where TTS is likely (a “TTS potential region”) as a
threshold of potential risk and to determine measures of behavioral disrup-
tion for different species groups.  Observations should include both trained
and wild animals.  The results of such research could provide the necessary
background for future environmental impact statements, regulations, and
permitting processes.



The uncertainty in predictions of received sound levels hinders the
application of models of marine mammal responses to sound and will
require three complementary approaches: (1) development of better acous-
tic propagation models; (2) development of better observing systems to
gather the data needed in models; and when the first two are not feasible,
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(3) development of better systems to observe ambient sound in the ocean
and transient noise pollution events.  Any research that includes relatively
loud sound sources should monitor sound levels around the source site to
gather data to calibrate their acoustic propagation models.



Acoustic studies focused on topics other than marine mammals should
try to keep sound sources away from marine mammal “hotspots,” even if
this complicates logistics, increases costs, and/or decreases the efficiency of
the experiments.



Studies of wild marine mammals should include careful determination
of their locations, coupled with improved sampling and modeling of acous-
tic propagation to estimate received sound levels accurately.  Alternatively,
acoustic data loggers could be mounted on individual animals to record (1)
the sounds (and their levels) to which the animals are exposed; (2) their
vertical and horizontal movements; and (3) the sounds produced by the
animals, including physiological sounds such as breathing and heartbeats.



 A central theme of this report is that the task of developing predictive
models of acoustic conditions that would harm marine mammals could be
simplified by partitioning research among a small number of species that
are representative in their hearing capabilities and sensitivities of larger
groups of marine mammals.  Box 4.1 (this report) describes the priority
species groups, signal characteristics, and biological response parameters
that should be investigated.



Richardson et al. (1995) summarized studies of marine mammal re-
sponses to human-generated sounds, particularly those associated with oil
exploration and shipping.  Some of these studies reported a significant
difference between levels of pulsed versus more continuous sounds required
to evoke a response in whales.  To evoke the same level of response in
migrating gray whales, a pulsed air-gun sound required levels 50 dB higher
than a diverse array of low-frequency continuous sources.  This result is
unexpected based on human hearing capabilities.  How do marine mam-
mals respond to signals with durations between the pulsed air-gun noise
(pulses separated by 7 to 15 s) and more continuous sounds?  Another
important question is:  How do marine mammals respond when the re-
ceived level is the same from two sources at different distances?  This would
help to discriminate whether marine mammals generally respond to re-
ceived level (as was the case in the Phase II LFA study), estimated range to
source, the gradient of acoustic energy over distance, and/or other sound
characteristics.



Response to Stranded Marine Mammals



Recommendations:  The concept of Stranded Whale Auditory Test
(SWAT) teams recommended in NRC (1994) and NRDC (1999) should be
implemented by funding trained scientists and associating them with strand-
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ing networks.  The Office of Naval Research (ONR) partially funded a
small effort to support the activities of a SWAT team, but the hardware and
field methods are not yet adequate for wide testing.  The ONR program
manager (R. Gisiner) estimates that a considerable, but not unreasonable,
amount of hardware and software design and testing will be needed (about
one to two years of effort) before a system capable of regular operation
under the SWAT team approach is feasible.  However, this activity should
be expanded to at least two teams, one on the East Coast and one on the
West Coast of the United States.  The teams should be responsible for (1)
necropsy of suspected/possible marine mammal victims of sound injury (to
be able to show whether sound caused the injuries or deaths) and (2) testing
of hearing on stranded or entangled live animals.  There is a need to expand
the pool of individuals capable of doing this kind of work and capable of
relating ear anatomy to function.  An immediate need is for funding a
specialist in evoked potential audiometry to develop improved methods
applicable to large whales.  A post-doctoral fellowship might be the most
economical way to achieve this goal.  The National Marine Fisheries Ser-
vice (NMFS) and/or ONR should include funding for such work in the next
budget cycle.  Alternative possibilities for studying hearing in animals that
are not kept in captivity also should be explored, such as placing a tag with
electrodes on the head of a free-swimming whale and playing sound to the
animal in a quiet environment.



Multiagency Research Support



Recommendations:  If government funding shortages and priorities
continue to constrain budgets for marine mammal research in the foresee-
able future, management of sound in the ocean should remain conservative
(and should incorporate management of all sources of human-generated
noise in the sea, including industrial sources), in the absence of required
knowledge.  If government regulators need better information on which to
base decisions, they should take such steps as necessary to provide in-
creased funding for marine mammal research and to improve the ways that
needed research is identified, funded, and conducted.  Acquiring better
information is often complicated because the regulatory parts of agencies
like NMFS and the Fish and Wildlife Service (FWS) are separated from
research, and funded research may not necessarily match research needed
by regulators.  It is imperative that the research and regulatory arms of
NMFS and FWS maintain good linkages within these two agencies and that
priority is given to research needed by regulators in each agency.  Govern-
ment agencies with basic science missions (e.g., National Science Founda-
tion [NSF] and National Institutes of Health [NIH]) should fund marine
mammal research at the levels needed to answer fundamental questions
about hearing anatomy and physiology.  Mission agencies with responsi-
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bilities related to marine mammals (e.g., ONR, National Oceanic and At-
mospheric Administration [NOAA], Minerals Management Service (MMS),
U.S. Geological Survey [USGS]) should also fund basic research (notwith-
standing ONR’s limitations under the Mansfield Amendment), in the spirit
of the recommendation of NRC (1992) that “federal agencies with marine-
related missions find mechanisms to guarantee the continuing vitality of the
underlying basic science on which they depend.”  Such research should
receive the same level of peer review as other basic research and be competi-
tive with such programs for funding.  Because marine mammal research is
quite expensive, multiagency funding may be necessary to spread the costs.
Alternatively, multiple parts of the same agency may need to cooperate in
order to provide sufficient funds.



Multidisciplinary Research Teams and Peer Review



Recommendation:  Consideration should be given to establishing a
multiinvestigator program to study the effects of sound on marine mam-
mals, funded by consortia of government agencies, nongovernmental orga-
nizations, shipping, and hydrocarbon exploration and production indus-
tries.  These consortia should include individuals, organizations, and
companies in nations that share marine mammal stocks and sound-produc-
ing activities with the United States (e.g., Canada, Mexico, nations of the
North Atlantic Treaty Organization).  Such consortia could be initiated
through a workshop to bring together the interested communities.  The
design and implementation of auditory research on marine mammals ide-
ally should be an interdisciplinary enterprise.  Valuable contributions can
be made by physical acousticians on the choice of sound stimuli to be used,
by electronics experts on the choice and calibration of transducers for
presenting the stimuli, by marine biologists on the choice of species and/or
the best season and location for testing, by psychoacousticians on the test-
ing procedures, and by statisticians on initial design and eventual data
analysis and presentation.  Without collaboration among specialists within
these various disciplines, there is a greater probability that expensive and
time-consuming projects will contain errors that preclude an unambiguous
interpretation of the results.  These projects are sufficiently complex that
one or two individuals cannot reasonably be expected to have the full range
of knowledge necessary for success.  The logistical difficulties, permitting
issues, and expense of such research demand advanced planning in all these
areas.



If such a research program is established, it should use a public Request
for Proposal (RFP) process that results in proposals from more than one
research team and is modeled after the peer-review processes used by NSF
and NIH.  Conversely, some research should continue to be funded through
the less conservative ONR model, which provides program managers with



Copyright © National Academy of Sciences. All rights reserved.



Ocean Noise and Marine Mammals 
http://www.nap.edu/catalog/10564.html





http://www.nap.edu/catalog/10564.html








169APPENDIX D



greater latitude to fund more innovative science.  A spectrum of funding
styles is useful.  The RFP should be well advertised to encourage ideas and
proposals from a wide range of researchers and institutions (including for-
eign participants), rather than relying on a set of traditional investigators.
The goal of the process should be to optimize the selection of hypotheses,
methods, and design and to identify the best performer(s) (e.g., best track
record in previous work) for the proposed work.  It is to the advantage of
the sponsors to implement programs of broad-based peer review for such
proposals.  Future research on marine mammals unquestionably would
profit from a broad-based review of the plans developed by multidisciplinary
teams and evaluated by a peer-review process that is objective and indepen-
dent.  Such a review should determine whether the investigative team did
the following adequately:



• identified basic problem(s);
• established specific hypotheses to be tested, with appropriate meth-



ods for data reduction, data presentation, and statistical analysis;
• identified optimal experimental methods and test conditions (includ-



ing geographic location of study); and
• evaluated the power of the proposed experimental design.



Because long research projects often need to adjust to experience gained
in field programs and learning about what kinds of observations are practi-
cal and achievable, it is important to provide advice from an outside review
team later in the life of a project.



Sponsors of research need to be aware that studies funded and led by
one special interest are vulnerable to concerns about conflict of interest.
For example, research on the effects of smoking funded by NIH is likely to
be perceived to be more objective than research conducted by the tobacco
industry.  Concern for peer review, efficiency, and independence argues for
having an agency such as NSF take the lead in managing an interagency
research program on the effects of noise on marine mammals.



Agencies that fund such applied research should ensure that adequate
funding for analysis and plans for peer review are in place before a research
award is made.  Analysis might be speeded by employing a larger team for
analysis and involving this team in planning the observations to make them
as easy as possible to analyze later.  Although publication in peer-reviewed
journals is the standard by which most research is judged, applied research
output from projects like the Marine Mammals Research Project (MMRP)
is not necessarily suitable for publication in available academic journals
and the results may need to be used for regulatory decisions within a
shorter amount of time than the normal journal paper cycle.  Timely peer
review of such studies might be better accomplished by conducting a mail
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and/or panel review of results by an independent group established specifi-
cally for this purpose.



Population-Level Audiograms



Recommendations:  Federal agencies should sponsor studies on the
hearing abilities of both free-swimming and stranded animals.  Population-
level audiograms of many individuals (such as are performed for humans;
see Yost and Killion, 1997) are necessary for establishing the baseline of
hearing capabilities and normal hearing loss in marine mammals, as also
recommended in NRC (1994).  Stranded animals should be assessed to
determine if their hearing is “normal.”  Data are needed to provide com-
parisons that would allow an evaluation of how common hearing deficits
may be among stranded animals.  The development of population-level
audiograms will require the perfection and wide use of auditory evoked
potential techniques, to eliminate the need to train all tested animals.  How-
ever, if the cost and techniques limit widespread auditory evoked potential
measurements of captive animals, a good sample of multiple animals (dif-
ferent ages and both genders) of the same species should be tested.



National Captive Marine Mammal Research Facility



Recommendations:  If the studies described in Chapter 3 and Box 5.1
(NRC, 2000) are of sufficient priority to reduce uncertainties in the regula-
tion of human-generated sound in the ocean, federal agencies should estab-
lish a national facility for the study of marine mammal hearing and behav-
ior.  The committee believes that such a facility might be established at
relatively little incremental cost by enhancement of an existing Navy facil-
ity.



The facility for captive marine mammal research would have animals
for “hire” by investigators funded for peer-reviewed research.  Offset funds
would come from individual grants and researchers, but the funding base
for such a facility should not be provided solely by  such offsets.  Allocation
of space, animals, and facility resources should be determined by a broad-
based review board on the basis of the quality and significance of the
proposed research.  An additional virtue of establishing a national captive
marine mammal research facility is that the total number of marine mam-
mals removed from the wild would be minimized.    Investigators could
apply for support for short- or long-term study of the animals at this
facility, from the range of agencies funding marine mammal research, at
costs that would not have to include long-term maintenance of the animals.
Such a facility should include the capability to work with trained animals in
the open ocean.  The Navy’s Marine Mammal Program facility in San
Diego keeps marine mammals and already has trained animals and exper-
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tise in  maintaining them.  Its role potentially could be expanded to provide
a more widely accessible national facility, including unclassified research.
If such a facility is operated by the Navy, it will be necessary to ensure that
research data are not restricted from publication.  Establishment of a facil-
ity to promote field studies could also enable research recommended in this
report, but such a facility would be more expensive and a lower priority
than a national facility for research on trained, captive animals.



Regulatory Reform



Recommendations:  Congress should change the Marine Mammal Pro-
tection Act (MMPA) and/or NOAA should change the implementing legis-
lation of the MMPA to allow incidental take authorization based solely on
negligible impact on the population.  Research should be undertaken to
allow the definition of Level A harassment to be related to the TTS pro-
duced in a species, when known.  Level B harassment should be limited to
meaningful disruption of biologically significant activities that could affect
demographically important variables such as reproduction and longevity.



Comprehensive Monitoring and Regulation of Sound in the Ocean



Recommendations:  Noise monitoring is important and acoustic hot-
spots should be identified.  Fortunately, ambient noise data exist for a
variety of locations, which could provide time series and baselines for
additional monitoring.  Existing data should be identified and made acces-
sible through a single easy-to-access source.  Like marine mammal research
programs, funding for noise monitoring should be awarded based on re-
sponses to a request for proposals and careful evaluation of the costs and
benefits of the proposed systems.  The opening of the existing IUSS for
whale research was important for demonstrating the power of bottom-
mounted hydrophone arrays, but the IUSS may or may not provide the best
system for the acoustic monitoring tasks envisioned here, given that it was
designed for an entirely different purpose.



The first step in comprehensive monitoring and regulation of sound in
the ocean should be to attempt to characterize the existing ambient sound
field in the ocean and to characterize the sources that contribute to it.
Monitoring of baseline sound levels should be carried out, particularly in
critical habitats of acoustically sensitive or vulnerable species or in habitats
critical to specific life stages, such as breeding and calving areas.  Protection
of marine mammals from subtle or long-term effects of harassment cannot
be achieved through regulation of individual “takes.”  An alternative habi-
tat-oriented approach is required to protect marine mammals from the
cumulative impacts of noise pollution, chemical pollution, physical habitat
loss, and fishing.  Such an approach requires monitoring of the status of
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marine mammal populations along with the quality of critical habitats,
including the acoustic quality.  Account should be taken of the populations
involved; it is sensible to protect more rigorously species that are more
endangered (e.g., northern right whales, Eubalaena glacialis) than those
that are less at risk.  Basic research regarding what is significant about
critical habitats and what factors have population-level effects—for ex-
ample, food supply, water quality, and noise levels and characteristics—
will prove much more effective for protecting marine mammals than merely
attempting to regulate individual human activities that may potentially
cause changes in the behavior of an individual marine mammal.  NMFS
regulations should encompass the entirety of noise pollution and other
threats to marine mammals.



Copyright © National Academy of Sciences. All rights reserved.



Ocean Noise and Marine Mammals 
http://www.nap.edu/catalog/10564.html





http://www.nap.edu/catalog/10564.html








173



Appendix
E



Glossary of Terms



UNDERWATER ACOUSTICS TERMS



This glossary contains definitions and explanations for many of the
terms used in this report.  Most of these definitions are consistent with
those in the American National Standards Institute’s (1994) “Acoustical
Terminology” and those in Harris (1991).  The text below indicates where
the definitions in this report differ somewhat from the standard definitions.
The first part of this glossary is divided into the following sections in order
to group together concepts on a similar topic: “Noise and Statistical Analy-
sis,” “Physics of Sound,” “Spectral Analysis and the Frequency Domain,”
“Temporal Character of Man-made Sounds,” and “A Few Specific Sources
of Noise.”



Decibel—a logarithmic measure of the relative amplitude of two quantities.
The two quantities being compared must have the same units so that their
ratio is unitless.  In underwater acoustics, the standard unit of acoustic
pressure is the micro Pascal (µPa), or one-millionth of a Pascal.  Therefore,
the amplitude of acoustic pressure is compared to 1 µPa so that the sound
pressure level (SPL) is defined as



SPL = 20*log10(Ap/1 µPa)



where Ap is the pressure amplitude determined in a specified way (e.g., peak
amplitude, RMS amplitude).  The units of SPL are dB re 1 µPa.  An
equivalent way of defining the SPL is in terms of the square of the pressure
amplitude,
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SPL = 10*log10(Ap*Ap/(1 µPa)2)



The deci in decibel indicates that the logarithm to the base 10 of squared
pressure is multiplied by a factor of 10.  This factor of 10 applies to
quantities that are second order in the acoustic variables; for example, are
proportional to the square of pressure, squared particle velocity amplitude,
or the product of pressure and particle velocity.  Examples of such quanti-
ties are acoustic energy density, magnitude of vector acoustic intensity, and
acoustic power (see the “Physics of Sound” section of the Glossary).  A
factor of 20 is used for quantities at first order in the acoustic variables–
acoustic pressure and acoustic particle velocity amplitude, for example.
With regard to particle velocity, the sound particle velocity amplitude level
(SPVL) can be defined in terms of the particle velocity amplitude, Av, as



SPVL = 20*log10(Av/1 m/s) = 10*log10[Av*Av/(1 m/s)2]



It has units of dB re 1 m/s.  More care must be taken in dealing with
particle velocity because of its vector nature and because the polarization of
the motion typically is more complicated than that of simple rectilinear
motion.



The original definition of the decibel was given in terms of intensity
amplitude ratios.  This original definition is repeated in some modern text-
books.  However, as indicated above, the decibel now is used in a much
broader way, as can be seen in the national and international acoustics
standards adopted by the American National Standards Institute (ANSI)
and the International Organization for Standardization (ISO).  In fact,
those textbooks that define the decibel in terms of intensity amplitude
ratios often proceed to report quantities in units of dB re 1 µPa or dB re 1
µPa2; these reference values pertain to quantities of pressure and pressure
squared, respectively, and are not the units of intensity amplitude (which
are W/m2).



Calls for the elimination of the decibel sometimes are heard.  The
decibel is here to stay, not only because it is part of ANSI and ISO stan-
dards, but because it is a valuable way (among others) of reporting acous-
tical quantities.  It was invented and popularized for good reasons by the
early pioneers in acoustics.  The major reasons for its continued usefulness
are given in Chapter 1, such as the fact that sound levels can span a large
range of values (large dynamic range) and human perception of loudness
appears to be logarithmic in nature.  A far better recommendation than the
elimination of the decibel is to insist that its reference units always be
reported clearly.
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Acoustic Source Properties, Sound Field Properties, and
Properties of the Fluid Medium



Quantities that measure properties of the sound field and those that
measure properties of the fluid medium itself must be clearly distinguished.
For example, specific acoustic impedance is a property of a received sound
field, whereas characteristic acoustic impedance is a property of the me-
dium (see the “Physics of Sound” section of the Glossary).  Another ex-
ample is sound speed; group speed and phase speed are properties of a
sound field, whereas medium sound speed obviously is a property of the
medium.  Acoustic density is the perturbation of the fluid density from its
ambient value by the presence of sound and so is a property of the sound
field.  In contrast, the fluid ambient density is the density of the medium in
the absence of sound.  The same relationship holds for acoustic pressure
and hydrostatic pressure.



Likewise, clear distinctions must be made between the properties of an
acoustic source and those of a received field.  For example, the sound level
at a receiver is reduced from the source level by the transmission loss
between source and receiver.  (This transmission loss is quite large over
short distances at close range from point-like sources as a result of spherical
spreading.)  The character of a received signal is due not only to the source
of the signal but also the medium through which the signal has traveled.
The received level is directly measured, whereas source level must be de-
rived for many types of sources.  For controlled, man-made sources that
intentionally transmit sound such as sonars and air-gun arrays, the source
level in most cases is well known.  However, to derive the source level for
uncontrolled and naturally occurring sources using underwater acoustic
measurements of the received field, the location of the source must be
known or determined, and the propagation conditions from source to re-
ceiver location must be accurately modeled.  This effort has been accom-
plished successfully in situations for naturally occurring discrete sources
that can be modeled as simple points in space such as individual vocalizing
animals.  However, estimating the source levels of spatially diffuse natu-
rally occurring sources—chorusing fish schools, snapping shrimp colonies,
ocean surface breaking waves, oscillating bubble clouds—is a topic of re-
search.  In other cases, the propagation conditions from source to receiver
are too complicated to model with reliable accuracy at present and are
areas of modern-day research.  Examples of such naturally occurring sources
in this category are earthquakes, surf, and lightning.



Noise and Statistical Analysis



Ambient Noise—the noise associated with the background din emanating
from a myriad of unidentified sources.  Its distinguishing features are that it
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is due to multiple sources, individual sources are not identified (although
the type of noise source—e.g., shipping, wind—may be known), and no one
source dominates the received field.  Ambient noise is not necessarily that
from distant sources, as sometime stated, since the collection of breaking
waves directly above a receiver are not “distant” nor is thermal agitation.
In addition, ambient noise in this report does not imply naturally occurring
since ocean traffic noise has long been considered part of the ambient.
Finally, although ambient noise is continuously present (at varying levels),
the individual sources contributing to this background din do not have to
create sounds continuously in time.  The collection of individual snapping
sounds from a colony of snapping shrimp, the clicking from a pod of sperm
whales, or the sounds of breaking waves from a surface distribution of
whitecaps typically are considered contributors to the ambient field even
though the individual signals are transient in time.



Ambient vs. Specific Sources, Stochastic (Random) vs. Deterministic—the
distinction between what is part of the ambient noise field and what is
considered to originate from specific sources is somewhat arbitrary.  For
example, distant ships that contribute to the ambient noise field can be-
come part of the set of specific sources with additional information.  How-
ever, in any measurement or modeling effort, perfect knowledge of the
contributing sources, their source characteristics, or the environment can
never be achieved.  The distinction between ambient noise and that from
specific sources has a direct impact on modeling and the interpretation of
signal processing results.  Since ambient indicates a collection of sources not
specifically identified, this component is modeled as stochastic in nature.
That is, the properties of an ensemble (or collection) are the relevant fea-
tures; for example, the probability of getting a 6 on the roll of a die.  On the
other hand, sounds from an identified source typically are modeled deter-
ministically—the properties of a given realization are relevant.  For ex-
ample, a deterministic approach to rolling a die would predict what face of
the die will appear given the die’s initial position and velocity, its elastic
properties and those of the table on which it lands.



The proper interpretation of data analysis results also requires an un-
derstanding of the distinction between stochastic and deterministic pro-
cesses.  For example, the spectral density of a continuous-in-time, aperi-
odic, deterministic signal is interpreted as the signal’s mean squared
amplitude per frequency, whereas for a stochastic signal it is the variance of
the signal on a per frequency basis.



Noisy, Loud—describe the perception of sound and are not a property of
the sound field itself.  Their proper interpretation requires a clear indication
of the perceiver of the sound; loud to whom, noisy to what species of
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marine mammal, and so on.  Note that nowhere in this report is a compari-
son presented of the sound levels of various airborne sources and underwa-
ter acoustic sources.  Such a comparison tends to anthropomorphize the
effects of underwater noise sources.  The issue here is not whether a given
ocean acoustic source is “as loud as a jet engine” to a human, but rather
how loud it is to a given marine species underwater.  (The committee did
not deal with the issue of the impact of airborne sound on marine mammals
in air, only on the potential impact of airborne sound once it coupled into
the underwater acoustic field.)  Sounds that humans find bothersome may
not have a significant impact on some marine species; conversely, sounds
we cannot perceive may have significant adverse impact on some species in
the marine environment.



Ocean Noise—the underwater sound from all types of noise sources, in-
cluding noise from specific identified sources as well as ambient noise.  For
the purposes of evaluating the potential effects of underwater sound on the
marine environment, both ambient noise and the noise from identified
sources must be considered.



Variance—a statistical quantity that measures the variation (spread) of a
random variable about its average (mean) value.  For example, if the indi-
vidual acoustic pressure samples as a function of time are assumed to be
realizations of an underlying random process, the mean squared pressure is
an estimate of the variance of the random process.  The mean (a statistical
measure of central tendency) of acoustic pressure and of acoustic particle
velocity is equal to zero, by their definitions as variations about an equilib-
rium state.  For stochastic (random) processes, the spectrum is the variance
as a function of frequency.  Likewise, the spectral density is the variance on
a per frequency basis (Bendat and Piersol, 1986), and integration across all
frequencies is equal to the broadband spectral level and to the variance of
the original time series.



Other statistical properties of the ambient noise field are studied,
such as its temporal and spatial coherence (measures of the degree of relat-
edness of two signals separated in time and in space, respectively; for ex-
ample, see references in Urick, 1984) because of their relevance to signal
and array processing and because they help identify certain noise source
and propagation properties.  A closely related property to spatial coherence
is the directionality of the field, both vertically and azimuthally.  The field’s
directional properties may be quite relevant to its potential impact on ma-
rine mammal hearing.  For example, a diffuse interfering sound field may
have a greater impact on masking than a highly directional one.
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Physics of Sound



The field of physics contains words that also are used in common,
everyday language.  Examples are intensity, power, work, and energy.  In
physics these words have very specific and well-established definitions.
However, they are often misused in the underwater acoustics literature.
The most prevalent error probably is the use of intensity to describe the
mean square pressure.  Another common mistake is to use power when
referring to instantaneous squared pressure and to refer to the sum of
squared pressure over time as energy.  The descriptions below conform to
the physics definition of the terms as they apply to the study of acoustics.
They are presented in this report to help remove the confusion that sur-
rounds this topic.



Acoustic Energy Density—the energy per unit volume in the sound field.
Two types of mechanical energy density exist in an acoustic field, potential
energy density and kinetic energy density.  The potential energy density
measures the ability of the deformed fluid (deformed by the presence of
sound) to do work.  The acoustic kinetic energy density measures the ability
of the fluid to do work because of the fluid motion associated with the
acoustic field.  The mean square pressure is proportional to the average
potential energy density.  Therefore, the integral of the pressure squared
over a time interval is simply the mean squared pressure multiplied by the
duration of the time interval, or proportional to the average potential en-
ergy density multiplied by the duration of the time interval.  This time
integral is not equal to energy, as it is sometimes mistakenly called.  Simi-
larly, the acoustic kinetic energy density is proportional to the mean squared
particle velocity amplitude.  The standard units of energy are joules, so that
acoustic energy density (either potential or kinetic, or the sum of the two)
has decibel units of dB re 1 J/m3.  Both types of acoustic energy density and
acoustic energy (obtained by summing the energy densities over a specified
volume of fluid) are second order in acoustic field variables.



Acoustic Impedance—a measure of the resistance to acoustic motion.  There
are two types of impedance that measure significantly different properties.
Characteristic impedance is a property of the fluid medium itself and is
equal to the product of the fluid ambient density (mass per unit volume in
the absence of sound) and the speed of sound.  The second type is specific
acoustic impedance.  It is a property of the sound field at a given point in
space and is equal to the ratio of the acoustic pressure amplitude to acoustic
velocity amplitude.  As in the discussion of the decibel, the particle motion
in acoustic fields can be quite complicated so that care is required in dealing
with specific acoustic impedance.  For example, acoustic velocity at a given
frequency can have a component that is in quadrature with the acoustic
pressure as well as one in phase, so that the specific acoustic impedance can
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have both real and imaginary components.  In a few special sound fields,
such as a single plane wave in a homogeneous fluid, the specific acoustic
impedance equals the characteristic impedance.  However, this equivalence
does not hold in general.



Acoustic Intensity—the flow of acoustic energy through a surface with unit
area per unit time.  It is equivalent to acoustic energy flux density.  Acoustic
intensity equals the product of the acoustic pressure with the acoustic par-
ticle velocity, and therefore it is second order in acoustic field variables.  As
with particle velocity, acoustic intensity is a vector quantity; it has both a
magnitude and a direction.  The direction is the direction of flow of acous-
tic energy and is perpendicular to the surface with unit area referred to in
the first line of this definition.  The magnitude of the time-averaged flux
density is not proportional to the mean squared acoustic pressure except in
a few special types of sound fields.  Energy flux density in acoustic fields
can be categorized into two types.  The first type, called active intensity, is
the net flux of energy.  It measures the propagating part of the sound field,
which is that part of the field that can transfer information from one
location to another.  The second type of energy flux density has a time
average of zero.  However, this flow, the reactive intensity, is equally im-
portant in that it allows interference patterns in acoustic fields to exist.  The
units of acoustic intensity are those of energy per unit time per unit area.
The standard units of energy are joules.  A joule per second is equal to one
watt.  Therefore, acoustic intensity has units of W/m2.  In those rare cases in
the underwater acoustics literature where true vector acoustic intensity is
discussed, the reference unit of intensity typically is 1 pW/m2 so that the
corresponding decibel units are dB re 1 pW/m2.



Acoustic Particle Velocity—the velocity of the fluid itself associated with
the presence of a sound field.  Velocity has both a magnitude and a direc-
tion (i.e., it is a vector quantity); pressure has magnitude only (it is a scalar
quantity).  The units of particle velocity amplitude in the SI system of units
are m/s.  A common assumption is that the acoustic particle velocity is
“rectilinear”; that is, the particle motion is back and forth along a linear
path along the direction of propagation.  This type of motion occurs only in
specific wave fields, such as a single propagating plane wave in a whole
space or at specific points in space in more general types of wave fields.  In
ocean acoustic propagation, the particle can be elliptical or circular, both in
the prograde and retrograde directions, as well as rectilinear.  Acoustic
particle velocity, along with acoustic pressure is a quantity that is first order
in the acoustic field variables.



Acoustic Power—the integral over a well-defined surface area of the com-
ponent of active vector acoustic intensity perpendicular to the surface.



Copyright © National Academy of Sciences. All rights reserved.



Ocean Noise and Marine Mammals 
http://www.nap.edu/catalog/10564.html





http://www.nap.edu/catalog/10564.html








180 OCEAN NOISE AND MARINE MAMMALS



Since the value of power will depend upon the area and orientation of the
surface, as well as its location in the medium, the characteristics of the
surface over which the integration is performed must be clearly specified.
An important exception occurs when the area is that of a simple closed
surface, such as a sphere.  If the region enclosed by this simple closed
surface does not include an acoustic source, the time-averaged acoustic
power equals zero.  That is, as much acoustic energy flows into the sphere
as out of it, on average.  This result is true for other simple closed surface
shapes such as a cube or cylinder.  If a source of sound is contained within
the closed surface, the acoustic power measured by integrating the intensity
over the surface is equal to the acoustic power of the source itself, regard-
less of the dimensions of the enclosing region (assuming that absorption of
sound within the enclosed region is negligible).  Therefore, for simple closed
surfaces, acoustic power is a property of the source(s) contained within the
region and is not a property of the sound field itself.  Power is the time rate
of change of energy in a system, so that the acoustic power of a source is the
rate at which the source puts acoustic energy into the fluid medium.  The
units of acoustic power are joules per second, or watts, so that its decibel
units are dB re 1 pW.  As an example, a 75-watt lightbulb consumes nearly
139 dB re 1 pW of electrical power.  Power, like intensity, is second order
in acoustic field variables.



Acoustic Pressure—the force per unit area exerted by the fluid due as a
result of its deformed state in a sound field.  This force per unit area is
analogous to the force exerted by a stretched or compressed spring.  Acous-
tic pressure variations are variations of fluid pressure about an equilibrium
value.  In underwater acoustics, the equilibrium pressure is determined by
the weight of the overlying water column (in atmospheric acoustics it is the
weight of the overlying column of air) in the earth’s gravitational field.  The
units of pressure in the SI system of units are pascals (Pa).  In underwater
acoustics the standard reference is one-millionth of a Pascal, called a
micropascal (1 µPa).  Acoustic pressure, like acoustic particle velocity, is
first order in the acoustic field variables.  The other acoustic field quantities
presented in this section—acoustic energy density, acoustic intensity, and
acoustic power—are second-order field quantities.



Adiabatic Incompressibility—the change in pressure (acoustic pressure plus
ambient pressure) required to cause a unit fractional change in the fluid
density.  It measures how much force is needed to cause a given change in
fluid volume.  The adiabatic part of the term signifies that during the
change in pressure, no heat or other form of energy is able to enter or
escape the fluid undergoing deformation.  Every type of wave motion re-
quires some kind of force that tends to restore equilibrium conditions.  In
acoustics this restoring force is provided by the “springiness” of the fluid.
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The adiabatic incompressibility, also called the bulk modulus, is the quan-
titative measure of the “stiffness” of the springiness of a fluid.  It is derived
by the fluid ambient density multiplied by the square of the medium sound
speed.



Fluid Ambient Density—a property of a fluid that is equal to its mass per
unit volume in the absence of sound.  The term ambient as used here
signifies the fluid’s equilibrium state and should be distinguished from its
use in the term ambient noise.



Shock Wave—an acoustic wave where the amplitude of the field is so large
that the linear approximation to the governing physics equations is no
longer valid and where discontinuities in acoustic quantities such as pres-
sure and particle velocity can occur.



Sound—mechanical waves in a fluid that cause fluid motion and changes in
pressure—compressions and dilatations—about an equilibrium state.  The
deformations in an individual freely propagating plane wave have a specific
relationship between the temporal and spatial scales of variation in the
direction of propagation.  This relationship is given by the speed of sound.
In addition, sound waves usually travel through a fluid medium without
resulting in a net transport of the fluid itself—an exception occurs when the
amplitude of the field becomes so large that nonlinear terms in the govern-
ing equations become important, as in a shock wave.  The basic physics of
sound is based on fundamental conservation laws (conservation of mass,
conservation of momentum, and conservation of energy).  A commonly
held view of acoustics is, “I know sound when I hear it.”  However, this
statement is not true, for example, when the wind is “heard” blowing past
one’s ears as a result of the pressure fluctuations associated with wind
turbulence.  It is important to distinguish between the physical properties of
sound itself and the perception of sound by humans and animals.



Spectral Analysis and the Frequency Domain



Note that some of the terms below (spectrum and spectral density) are
defined in a somewhat different way than is found in textbooks.



Autospectrum, Autospectral Density —see Spectrum; see Spectral Density



Fast Fourier Transform (FFT)—a computationally efficient algorithm for
performing the Fourier transform with digitized data.  The FFT can be
viewed as a bank of narrow bandpass filters adjacent in frequency.  The
output of each filter is the equivalent amplitude and phase of the narrow
band of frequency components centered on that filter’s center frequency
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that are contained in the time series.  Computer codes that implement  the
fast Fourier transform are readily available.  Window functions often are
used to taper the ends of a segment of time series prior to performing the
transform in order to reduce the possibility of the spectral levels in one
frequency band contaminating the levels in a significantly different fre-
quency band (“spectral leakage”; resulting from the spectral sidelobes of
the window function; see Harris, 1978).  In order to numerically calibrate
the FFT output to obtain an auto spectrum or autospectral density, the
square of the Fourier transform amplitudes is normalized by the following
quantities:



Autospectrum: square of the sum of the window values over the FFT
length (fftl):



W( )
i 1



fftl



i
=
∑























2



Autospectral Density: sum of the squared individual window values
times the data sampling frequency (fs):



f W ( )s
2



i 1



fftl



=
∑ i



If a rectangular window is used so that W(i) = 1/fftl for all i = 1 to fftl,
the normalization factor for the autospectrum is equal to one, and that for
the autospectral density equals fs/fftl, which equals the FFT frequency reso-
lution (bin width).  These normalization factors pertain to “two-sided”
autospectra and autospectral densities (i.e., those with both positive and
negative frequencies); for one-sided quantities that span only the nonnega-
tive frequencies, the normalization factors are half those given above
(Bendat and Piersol, 1986).



Fourier Transform—a mathematical transformation that converts data val-
ues as a function of time (time series) into values as a function of frequency.
In effect, the Fourier transform of a recorded piece of music describes the
frequencies and levels of the individual notes (and their phases) that were
played in creating the music.  The transform is linear in the sense that the
Fourier transform of a sum of quantities is equal to the sum of their trans-
forms.  The original time series can be reconstructed exactly from the
Fourier transform output by an inverse transform.  For this reason, a signal
in the time domain and its corresponding Fourier transform in the fre-
quency domain are considered transform pairs.  An analogous relationship
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exists between the space and spatial frequency domains.  (The inverse of the
spatial frequency in a given spatial dimension is proportional to the wave-
length of the wavefield in that dimension, just as the inverse of temporal
frequency is proportional to the period of the wavefield.)



There exist several theorems that relate the properties of signals in the
time domain and their corresponding Fourier transforms.  These theorems
can have important applications to the topic of this report.  As a possible
example, consider the rise time of an acoustic signal, which may be an
important metric for evaluating the potential impact of a given sound on
marine animals.  A related concept is the rate of change of the signal
amplitude with time, given by its derivative with time. A theorem in Fourier
analysis states that the transform amplitude of the derivative of a signal is
proportional to frequency multiplied by the transform amplitude of the
original signal.  Therefore, the higher-frequency components of a signal
have greater importance in determining its time rate of change than the
lower-frequency components (and must be present for a rapid rise time to
occur).  This theorem allows the Fourier transform and spectrum of the
time rate of change of a quantity to be determined directly from the Fourier
transform of the quantity itself.



Frequency—rate at which a repetitive event occurs, measured in hertz (Hz),
cycles per second (from Richardson et al., 1995).



Infrasonic—describing sound that is lower in frequency than the minimum
audible to humans generally below 20 Hz.  Some baleen whales produce
infrasonic sound.



Octave—a continuous band of frequencies in which the highest frequency is
twice that of the lowest frequency.



Octave Band Levels—the spectral level obtained by integrating the spectral
density across the octave band of interest.



One-third-Octave and One-third-Octave Band Levels—a third of an octave
is a continuous band of frequencies in which the highest frequency is the
cube root of 2 (21/3) times that of the lowest frequency.  A one-third-octave
band about a center frequency of Fc ranges from Fc/(2



1/6) to Fc*(21/6).  The
nominal standard bandwidth for the way in which the mammalian ear
processes sound is a third octave.  A one-third-octave band level is the
spectral level obtained by integrating the spectral density across the one-
third-octave band of interest.



Spectral Density (Spectral Density Function)—the spectrum per unit fre-
quency.  It is defined mathematically in terms of a limit, but numerical
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estimates are based on normalizing by the FFT binwidth.  The autospectral
density is the spectral density for a single time series of a specified quantity
(versus the cross-spectral density, involving two different time series, which
is not discussed in this report).  The spectral density is the most appropriate
quantity to use with signals whose spectral content varies continuously
with frequency in a relatively smooth way (“continuous spectra”; see
Priestley, 1989) since the numerical estimates of the spectral density levels
of very narrow band components (lines) are dependent upon the FFT length.
The spectrum level in a given frequency band (the “band spectral level”)
can be obtained by integrating the spectral density across that band.  Be-
cause of the overall increase in ocean ambient noise levels with decreasing
frequency, band spectral levels are particularly sensitive to the lower fre-
quency limit of the integration.  The mean squared amplitude (or variance
for random processes) of the original time series over a given time interval
equals the integral of the spectral density for that time period across the
whole frequency band.  The decibel unit for the pressure spectral density in
underwater acoustics is dB re 1 µPa2/Hz and those for the particle velocity
spectral density are dB re 1 (m/s)2/Hz.



Spectral Level and Spectral Density Level—As used in this report, spec-
tral level refers to either the band spectral level across a specified frequency
band or the spectral level at a given frequency for narrowband tones, and
spectral density level is the level of the spectral density.  The two are not
synonymous, in contrast to the definition in ANSI (1994).



Spectrum—in general, the frequency (temporal or spatial) dependence
of some quantity.  In this report, the spectrum of acoustic field quantities
also is used for the band spectrum (across a specified frequency band) for
continuous-in-frequency spectra and the spectrum at specific frequencies
for discrete spectra (line spectra) (Bendat and Piersol, 1986) and refers to
the squared amplitude of the Fourier transform of a quantity at first order
in the acoustic field variables (pressure, particle velocity) as a function of
frequency.  The spectrum, as opposed to the spectral density, is the appro-
priate frequency domain description for signals composed of discrete fre-
quency components (e.g., periodic signals such as those composed of a set
of tonals).  In that case, the spectrum levels are independent of the FFT
length as long as the length is sufficient to resolve all contributing compo-
nents (and the signal’s time series does not change in character with change
in the Fourier transform length).  In contrast, the spectrum level of continu-
ous spectra varies with varying FFT length since the amount of signal
energy contained in each frequency bin changes with the binwidth and so
actually represents a band spectral level.  In calculating the spectrum from
the Fourier transform, the phase is discarded so that a time series cannot be
reconstructed from its spectrum.  The pressure spectrum often is called the



Copyright © National Academy of Sciences. All rights reserved.



Ocean Noise and Marine Mammals 
http://www.nap.edu/catalog/10564.html





http://www.nap.edu/catalog/10564.html








185APPENDIX E



power spectrum, but it is not a measure of acoustic power (nor of electrical
power if the original time series is a voltage signal).  The term power
spectrum in almost all cases is a misnomer and should be avoided unless
true power in the physics sense is being considered.  The units of the
spectrum are the square of the units of the time series; the pressure spec-
trum has units of pressure squared. In underwater acoustics the squared
pressure is referenced to 1 µPa2 so that its spectrum in decibel units is dB re
1 µPa2.  As determined by the definition of the decibel and the properties of
the logarithm, the decibel units of the pressure spectrum are equivalent to
dB re 1 µPa. Similarly, the acoustic particle velocity amplitude spectrum has
decibel units of dB re 1 (m/s)2, equivalent to dB re 1 m/s.



The spectrum and spectral density of quantities at second order in the
acoustic field variables, such as energy density, acoustic intensity, and acous-
tic power, are defined in terms of the spectra and spectral densities of the
acoustic quantities at first order.  For example, the potential energy density
spectrum is equal to the pressure spectrum normalized by twice the adia-
batic incompressibility, the kinetic energy density spectrum equals half the
fluid ambient density times the particle velocity amplitude spectrum, and
the acoustic intensity spectrum equals the cross-spectrum between the pres-
sure and particle velocity (D’Spain et al., 1991).  The acoustic power spec-
trum is the acoustic intensity spectrum integrated over a specified surface
area.



ultrasonic—having a frequency above the human ear’s audibility limit of
about 20,000 Hz used of waves and vibrations.



Temporal Character of Man-made Sounds



In Chapter 2, man-made sources were categorized according to the
activity involved in creating the sound, for example, seismic surveying,
shipping, sonar use.  A second way of organizing the noise created by these
sources is according to their frequency content, as is done in the introduc-
tion to Chapter 2.  The following table presents a third way of grouping
man-made sounds based on their temporal character.  The table also con-
tains a listing of common metrics for each of the four categories, followed
by comments on some of them.  Note that some metrics are not appropriate
for certain classes of signals, as discussed below.
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TABLE E-1  Man-made Sounds Grouped by Temporal Character



Temporal Some Examples of
Character Common Metrics Man-made Sources



Transient1 Time domain explosions
time series sonic booms1



0-pk amplitude2



pk-pk amplitude2



rise time
total duration3



mean squared amplitude4



RMS amplitude4



squared amplitude summed
over total duration5



Frequency Domain
spectral density or spectrum



Continuous in time, Frequency Domain discrete tone sonars
Periodic6 frequencies of tonals (commonly used in research)



spectral levels of tonals ships: propeller cavitation
spectrum7 tonals
Time Domain prop-driven aircraft blade
maximum 0-pk amplitude tip tonals
maximum pk-pk amplitude machinery and pumps:
mean squared amplitude engine rotation tonals
rms amplitude



Periodic transient Time Domain sonars (commercial, military,
duty cycle research)
period seismic air-guns and arrays
all those under Transient pile driving



pingers and AHDs
Frequency Domain
repetition rate
spectral density or
spectrum of each transient



Continuous in time, Time Domain broadband ship cavitation
Aperiodic mean squared amplitude dredging



rms amplitude icebreaking
0-pk amplitude
pk-pk amplitude



Frequency Domain
spectral density7
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TABLE E-1  Continued



1Transient can signify transient in time (of short duration) or transient in space (passing
through a certain region in a short period of time), or both.  For example, a moving source
like a surface ship or a supersonic aircraft radiates sound continuously in time but creates
transient-in-time signals recorded by a fixed receiver.  Therefore, it is important to specify
whether transient applies to the source characteristics or to the received field.



2The zero-to-peak and peak-to-peak amplitudes are illustrated for an air-gun array signal
in the upper panel of Figure 2-4.



3The total time duration of a signal emitted by a source usually can be defined unambigu-
ously.  However, when it pertains to a received signal, the total duration can depend on the
level of ocean noise with respect to the received signal level (“signal-to-noise ratio”) since
noise can cover up the lower-level parts of the signal.  In addition, propagation through the
ocean can cause a change in the signal duration since the speed at which sound energy travels
(“group velocity”) can be a function of frequency, a phenomenon called “dispersion.”  There-
fore, it is important to indicate clearly whether the signal duration is the duration emitted by
the source or that measured at the receiver.  This same point applies to all the other metrics in
the table (see the discussion on source level versus received level in the Glossary).



4The time interval for the calculation of mean squared amplitude (the average of the
squared amplitudes over a specified time interval) and root mean squared (RMS) amplitude
(the square root of the mean squared amplitude) for a transient signal must be clearly speci-
fied in order for the quantity to be properly interpreted.



5Squared pressure integrated over the total signal duration is not equal to energy, as often
stated.  This issue is discussed in the “Physics of Sound” section.  Rather, a more appropriate
term might be “unweighted sound exposure.”  According to ANSI (1994), the term sound
exposure is the “time integral of squared instantaneous frequency-weighted sound pressure
over a stated time interval or event.”  The A-frequency weighting appropriate for human
hearing sensitivity usually is used.  However, no frequency weighing equivalent to unity
weighting across the whole frequency band needs to be applied.  Alternatively, a species-
specific metric could be defined using a frequency weighting based on an audiogram (such as
those plotted in Figure 1-1).



6When the term continuous is used, a clear distinction must be made between continuous
in time and continuous in frequency.  A continuous-in-time, periodic signal has a discrete
spectrum, whereas a signal with a continuous-in-frequency spectrum can be either continu-
ous-in-time and aperiodic or a transient-in-time domain.



7Spectrum and spectral density are defined in the “Spectral Analysis and the Frequency
Domain” section of the Glossary.  Note that a spectral density is not appropriate for sounds
composed of a discrete set of tones (line spectra), since the spectral density level of a tone
depends upon the FFT length.  Conversely, the spectrum level of signals whose frequency
content varies continuously with frequency (“continuous spectra”) also varies with FFT length,
since the FFT length determines the bandwidth over which the signal energy is integrated (see
the “Spectral Analysis and the Frequency Domain” section of the Glossary).  In these cases,
the FFT bandwidth must be reported since these levels actually are “band,” where the band is
the FFT binwidth.
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A Few Specific Sources of Noise



Cavitation—the tearing apart of a fluid when the negative pressure (dilata-
tion) becomes sufficiently large.  This process causes the formation of
bubbles and the radiation of sound (Urick, 1975). Cavitation imposes an
upper limit to the maximum acoustic power output of a sonar system.  For
example, at 3 kHz at shallow depths, Urick indicates that the cavitation
threshold is slightly more than 1 atm = 1.013 bar = 1.013 × 1011 µPa = 220
dB re 1 µPa.  Some cavitation can be tolerated so that the maximum levels
can be a factor of 2 to 3 greater than the threshold, suggesting a maximum
level of slightly more than 230 dB re 1 µPa.  One reason for constructing
arrays of sources is to create higher equivalent source levels along the array
main beam in the far field than could be achieved by a compact source
because of the limitations imposed by cavitation.



Microseisms—naturally occurring noise created by the nonlinear interac-
tion of oppositely propagating ocean surface waves.  Oppositely propagat-
ing waves give rise to a standing wave pattern that radiates sound with
twice the frequency of that of the interacting surface waves.  Microseisms
are the dominant natural noise source in the space- and time-averaged
ocean noise spectra below 5-10 Hz.  Seismologists created the term mi-
croseisms because they also are the dominant source of noise in high-
quality, on-land seismometer measurements; however, their source mecha-
nism is unrelated to seismic processes in the solid earth.  The Wenz curves
(Plate 1) list “Seismic Background” above “Surface Waves—Second-Order
Pressure Effects,” but it is now known that the latter are the dominant
source of prevailing ocean noise. Earthquakes and other tectonic processes
contribute only intermittently.



Sonic Boom—a wave that is generated continuously by an object traveling
faster than the speed of sound in the atmosphere.  A sonic boom starts as a
nonlinear shock wave with discontinuous jumps in pressure and fluid den-
sity.  Because of dissipation and absorption, it eventually evolves into a
linear acoustic wave at some distance from the source region. Its temporal
character depends on the shape and size of the supersonic object, its speed,
and its trajectory.  The leading wavefront of a sonic boom is much like the
bow wave of a surface ship, which is being “towed” along by the moving
object.  The sonic boom is a transient with respect to a receiver not travel-
ing with the same velocity as the supersonic object creating the boom.



Thermal Noise—the pressure fluctuations associated with the thermal agi-
tation of the ocean medium itself.  It is what is left over when all other noise
sources are removed and so provides the lowest bound for noise levels in
the ocean.  Thermal noise dictates the shape and level of ambient noise
spectra above 50-100 kHz (depending on sea state; see Plate 1).



Copyright © National Academy of Sciences. All rights reserved.



Ocean Noise and Marine Mammals 
http://www.nap.edu/catalog/10564.html





http://www.nap.edu/catalog/10564.html








189



Appendix
F



Biological Terms



audiogram—graph showing an animal’s absolute auditory threshold
(threshold in the absence of much background noise) versus frequency.
Behavioral audiograms are determined by tests with trained animals. Cf.
evoked potential.*



A-weighting—a frequency response characteristic with the same sensitivity
to frequency as that of the human ear.  An A-weighted sound-level meter
will have the same sensitivity (response) to sound at different frequencies as
the average human ear.



baleen whale—whales in the order of Mysteceti that possess plates of dense,
hair-like material (keratin) that hang side by side in rows from the roof of
the mouth.  These plates are for filter feeding on surface plankton and were
formerly known as “whalebone” but have no actual resemblance to true
bone.



beaked whale—members of the family Ziphiidae, which includes five gen-
era:  Berardius, Hyperoodin, Mesoplodon, Tasmacetus, and Ziphius.



catecholamine—any of various amines (as epinephrine, norepinephrine, and
dopamine) that function as hormones or neurotransmitters or both.



cephalopod—a member of a group of mollusks including squids, cuttlefish,
and octopuses.
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cetacean—any member of the order Cetacea of aquatic, mostly marine
mammals that includes whales, dolphins, porpoises, and related forms;
among other attributes they have a long tail that ends in two traverse
flukes.



critical band (CB)—frequency band within which background noise has
strong effects on detection of a sound signal at a particular frequency.*



critical ratio (CR)—difference between sound level for a barely audible tone
and the spectrum level of background noise at nearby frequencies.*



echolocation†—a physiological process for locating distant or invisible ob-
jects (as prey) by means of sound waves reflected back to the emitter (as a
bat) by the objects.



ecosystem†—the complex of a community of organisms and its environ-
ment functioning as an ecological unit.



elasmobranchs†—any of a subclass (Elasmobranchii) of cartilaginous fishes
that have five to seven lateral to ventral gill openings on each side and that
comprise the sharks, rays, skates, and extinct related fishes.



glucocorticoid—steroids such as cortisol and corticosterone produced by
the adrenal cortex and affecting a broad range of metabolic and immuno-
logic processes.



habituation (behavioral)—gradual waning of behavioral responsiveness
over time as animals learn that a repeated or ongoing stimulus lacks signifi-
cant consequences for the animal (cf. sensitization).*



hair cell—a special kind of cell that has tiny hairs projecting from its surface
into the intercellular space.  Movement of the hairs is registered by neurons
that contact the hair cell.  Hair cells are found in the inner ear of mammals.



haulout—the act of a seal leaving the ocean and crawling onto land or ice.



homeostasis—a relatively stable state of equilibrium or a tendency toward
such a state among the different but interdependent elements or groups of
elements of an organism, population, or group.



hyperplasia—an abnormal or unusual increase in the elements composing a
part (as cells composing a tissue).



hypertrophy—excessive development of an organ or part; specifically an
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increase in bulk (as by thickening of muscle fibers) without multiplication
of parts.



hydrophone—transducer for detecting underwater sound pressures; an un-
derwater microphone.*



invertebrate—lacking a spinal column; also of or relating to invertebrate
animals.



Level A harassment—any act of pursuit, torment, or annoyance that has the
potential to injure a marine mammal stock in the wild.



Level B harassment—any act of pursuit, torment, or annoyance that has the
potential to disturb a marine mammal or marine mammal stock in the wild
by causing disruption of behavioral patterns, including, but not limited to,
migration, breathing, nursing, breeding, feeding, or sheltering.



masking—obscuring of sounds of interest by interfering sounds, generally
at similar frequencies.*



mysticete—member of the suborder Mysticeti, the toothless or baleen
(whalebone) whales, including the rorquals, gray whales, and right whales;
the suborder of whales that includes those that bulk feed and cannot
echolocate.  Their skulls have an antorbital process of maxilla, a loose
mandibular symphysis, a relatively small pterygoid sinus, and the maxillary
bone telescoped beneath the supraorbital process of the frontal, or baleen
whales, composed of four families: Eschrichtiidae, Balaenidae,
Neobalaenidae, and Balaenoptidae.



odontocete—member of the toothed-whale suborder Odontoceti, which
contains nine families and includes dolphins and porpoises: Physeteridae,
Kogiidae, Monodontidae, Ziphiidae, Delphinidae, Pontoporiidae,
Platanistidae, Iniidae, and Phocoenidae. The toothed whales, including
sperm and killer whales, belugas, narwhals dolphins, and porpoises; the
suborder of whales including those able to echolocate.  Their skulls have
premaxillary foramina, a relatively large pterygoid sinus extending anteri-
orly around the nostril passage, and the maxillary bone telescoped over the
supraorbital process of the frontal.



Otarid—the eared seals (sea lions and fur seals), which use their foreflippers
for propulsion.
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Phocid—a family group within the pinnipeds that includes all of the “true”
seals (i.e., the “earless” species).  Generally used to refer to all recent
pinnipeds that are more closely related to Phoca than to otariids or the
walrus.



pinniped—one of a group of acquatic, mostly marine, carnivorous animals;
includes seals, sea lions, and walruses; all their limbs are finlike and they
spend at least some time on land or ice.



Permanent Threshold Shift (PTS)—prolonged exposure to noise causing
permanent hearing damage.



sensitization—an increased behavioral (or physiological) responsiveness
occurring over time, as an animal learns that a repeated or ongoing stimu-
lus has significant consequences.  Cf. habitutation.



*Richardson et al., 1995.
†Webster.com
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PLATE 1  Wenz curves describing pressure spectral density levels of marine ambient noise
from weather, wind, geologic activity, and commercial shipping.  (Adapted from Wenz, 1962.)
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PLATE 2  Range of odontocete audiograms superimposed on the background noise levels.
The Wenz curves describe relative levels of marine ambient noise from weather, wind, geolog-
ic activity, and commercial shipping.  The audiograms are pressure spectral levels with units
of dB re 1 µPa, whereas the Wenz noise curves are those of pressure spectral density having
units of dB re 1 µPa2/Hz.  (Actually, Wenz collected ambient noise spectra for various fre-
quency bandwidths and converted their levels to a 1-Hz [“1-cps”] bandwidth [Wenz, 1962].)
The Wenz curves can be converted into spectral levels for a frequency band of interest by
integrating the spectral density levels across that frequency band of interest, after first con-
verting from logarithmic to linear units of µPa2/Hz.  The comparison of spectral and spectral
density levels shown assumes the bandwidth of integration is 1 Hz; the spectral density level is
equivalent to the spectral level for a 1-Hz-wide bandwidth.  From a biological perspective, the
appropriate frequency band over which to integrate noise spectral densities is determined by
the frequency discrimination capabilities of the animals’ hearing.  This figure illustrates the
similarity in the frequency dependence of naturally occurring wind noise and marine mammal
hearing capability and indicates how the frequency content of other noise sources (e.g., ship-
ping) relate to this hearing capability.  (Unpublished abstract JASA, 2001; adapted from
Wenz [1962] and presented at Acoustical Society of America, December 2001.)
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PLATE 5  Ambient noise prediction curves for Australian waters.
SOURCE:  Cato, 2001.
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From: In Defense of Animals on behalf of Lorraine Baxter
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, January 01, 2016 10:26:59 PM


Jan 2, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Miss Lorraine Baxter
253 strathmore avenue
DUNDEE, None DD3 6SP
lorraine.baxter2@aol.co.uk



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of Maria Kljuce
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Thursday, November 26, 2015 1:08:36 AM


Nov 26, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Miss Maria Kljuce
158 northern rd heidelberg heights
Melbourne, GA 30580
m_kljuce@yahoo.com.au



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of martin walls
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Tuesday, December 22, 2015 6:19:08 AM


Dec 22, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mr. martin walls
38 Bluegrass Ave
Middleburg, FL 32068-4710
(904) 425-1608
mow1946@yahoo.com



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of tracy rogers
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Wednesday, December 09, 2015 8:43:05 AM


Dec 9, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mr. tracy rogers
3414 Angela Ln
Chattanooga, TN 37419-1318
tracyrog@hotmail.com



mailto:takeaction@idausa.org
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From: Donna Lanzetta
To: Sablad, Elizabeth; R9RoseCanyon
Cc: dkent@rosecanyonfisheries.com; Neil Anthony Sims
Subject: Letter of Support
Date: Monday, December 21, 2015 4:13:56 AM
Attachments: mff letter in support rose canyon.doc


Dear Ms. Elizabeth Sablad - Attached please find letter of support regarding the Rose Canyon
 Fisheries permit application.  Thank you.
Donna
Donna Lanzetta
CEO
Manna Fish Farm, Inc.
6 Barracuda Road
East Quogue, New York   11942
631.653.9100 office
631.741.4438 mobile



mailto:donna.lanzetta@yahoo.com

mailto:Sablad.Elizabeth@epa.gov

mailto:R9RoseCanyon@epa.gov
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6 Barracuda Road, East Quogue, New York 11942



Phone: (631) 653-9100 Fax: (631) 653-5800 Cell: (631) 741-4438



donna@mannafishfarms.com email



Via email (R9RoseCanyon@epa.gov, Sablad.Elizabeth@epa.gov), and regular mail



November 19, 2016




Ms. Elizabeth Sablad



Environmental Scientist


US EPA Region 9



75 Hawthorne Street



(NTR-5)



San Francisco, California   94105



Regarding: Rose Canyon Fisheries



Dear Ms. Sablad,




I am writing in full support of the Rose Canyon Fisheries’ application for a permit to farm fish in Federal waters off the coast of San Diego, California.  This is an application whose time has come, as the United States verily needs offshore mari-culture development, such as the proposed Rose Canyon plan, for many reasons.  




Today in the United States we are importing 91 % of our seafood, half of which is farmed.  Seafood is the second largest, natural resource trade deficit, second only to oil, a trade deficit that costs our country over $ 12 Billion dollars annually.  In 2010, Congress passed the Open Ocean Aquaculture Act – and we are long overdue in ocean mari-culture development. Ocean Farming is in accord with the NOAA Strategic Plan, and will provide an urgently needed boost to our economy. Aquaculture is the most sustainable way to produce animal protein for human consumption, and we must begin farming the ocean now if we are to meet the growing demands to feed our world population.



The Rose Canyon proposed plan seeks to reduce our U.S. trade deficit, while at the same time ensuring that any impact to the marine environment is negligible.  Technology has developed to support such ocean mari-culture, and it is now possible to farm seafood in the ocean in a sustainable and environmentally sensitive fashion, as has been proposed.  There should be no further delay, and I urge you to approve this plan.


Respectfully submitted,



DONNA LANZETTA


CHIEF OPERATING OFFICER
 



Cc:  dkent@rosecanyonfisheries.com, oceanstewards@oceanstewards.org







From: In Defense of Animals on behalf of Debbie Harris
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Monday, December 21, 2015 10:48:26 PM


Dec 22, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Debbie Harris
17 Newlands Close
Hastings, None Tn34 2qw
debbieharris40@sky.com



mailto:takeaction@idausa.org
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From: Jim Eckman
To: R9RoseCanyon
Cc: Sablad, Elizabeth
Subject: Comments regarding Rose Canyon Fisheries application
Date: Wednesday, December 16, 2015 3:26:18 PM
Attachments: RoseCanyon.letter.Eckman.pdf


Please see attached letter commenting on the Rose Canyon Fisheries proposal to apply for
 permits for an offshore aquaculture facility. Thank you ....


***********************************************
Dr. James E. Eckman
Director, California Sea Grant Program
University of California San Diego
Scripps Institution of Oceanography
9500 Gilman Dr., 0232
La Jolla, CA 92093-0232


858-534-4440 (voice)  - 858-534-2231 (fax)
jeckman@ucsd.edu
https://caseagrant.ucsd.edu/ 


Shipping Address (UPS, FedEx, etc.):
California Sea Grant
Scripps Institution of Oceanography
8670 Kennell Way (Old Director's House)
La Jolla, CA 92037
************************************************



mailto:jeckman@ucsd.edu

mailto:R9RoseCanyon@epa.gov

mailto:Sablad.Elizabeth@epa.gov

mailto:jeckman@ucsd.edu
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Dr. James E. Eckman, Director, 9500 Gilman Drive - 0232, Scripps Institution of Oceanography, La Jolla, CA 92093-0232 
phone: 858-534-4440 • FAX: 858-534-2231 • email: jeckman@ucsd.edu 



 
December 16, 2015 
 
Ms. Elizabeth Sablad 
Environmental Scientist 
US EPA Region 9 
75 Hawthorne Street  
(WTR-5) 
San Francisco, CA 94105 
 
Re: NEPA Review for Rose Canyon Fisheries Sustainable Aquaculture Project 
 
Ms. Sablad: 
 
As director of a state-wide program, based in San Diego, whose mission focuses on both the health of coastal 
oceans, and the sustainable supply of seafood to the public, I am writing to support the intent of Rose Canyon 
Fisheries to apply for permits from EPA and the Army Corps of Engineers to operate a commercial aquaculture 
farm in our nation’s Exclusive Economic Zone (EEZ) off the coast of San Diego. 
 
The world faces a severe protein deficit as populations grow faster than the ability of terrestrial farms to 
produce enough animal-based protein, especially under environmentally sustainable and humane conditions. IN 
addition to the obvious solution for people to become much less dependent on animal protein, aquaculture has 
the potential to provide the most logical, most economically efficient and ecologically sustainable means of 
filling the gap in animal protein needed by America and the rest of the world.  Offshore aquaculture, such as 
that proposed by Rose Canyon Fisheries, offers many potential advantages including minimal need for land-
based infrastructure, virtually no use of fresh water, and minimal energy consumption.  I firmly believe that 
California, and the coastal U.S. more generally, needs to allow the development of pilot programs that can 
assess the environmental sustainability and economic viability of offshore marine aquaculture.  This is 
important to American security, as we currently rely overwhelmingly on foreign-produced farmed seafood that 
is produced and processed under conditions that can be quite environmentally destructive (and certainly outside 
of our direct control).  We as a nation need to become more self-reliant in seafood production and to set an 
example to the world of how to farm seafood responsibly. 
 
To that end the proposed Rose Canyon Fishery program deserves the opportunity to apply for production 
permits and demonstrate that they are aware of and can meet conditions of good environmental stewardship. 
 
I would also add that their proposed facility would offer great opportunities for applied researchers to test and 
monitor impacts of offshore aquaculture using a range of approaches and techniques.  Their facility could, 
indeed, provide a living laboratory to allow for further improvements in this approach. 
 
Please encourage Rose Canyon Fisheries to apply for these permits and give them the chance to move forward.  
Thank you for your consideration. 











 



 
 



Dr. James E. Eckman, Director, 9500 Gilman Drive - 0232, Scripps Institution of Oceanography, La Jolla, CA 92093-0232 
phone: 858-534-4440 • FAX: 858-534-2231 • email: jeckman@ucsd.edu 



 
Very respectfully yours, 
 



 
 
James E. Eckman, Director 













From: In Defense of Animals on behalf of R. Zierikzee
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, December 18, 2015 2:28:19 PM


Dec 18, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. R. Zierikzee
845 Euclid Ave Apt 4
San Francisco, CA 94118-2520
inor@earthlink.net



mailto:takeaction@idausa.org

mailto:takeaction@idausa.org

mailto:Sablad.Elizabeth@epa.gov






From: In Defense of Animals on behalf of ADELA ESTUDILLO
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, November 27, 2015 10:40:53 PM


Nov 28, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. ADELA ESTUDILLO
1235 W Stella Ave
Anaheim, CA 92802-3240
estudilloadela@yahoo.com



mailto:takeaction@idausa.org

mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of ayako makishita
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Wednesday, January 06, 2016 6:06:15 PM


Jan 6, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Miss ayako makishita
hiragishi1-6
sapporocitytoyohiraku, None 0620931
maocce@machica.me



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of kliontia-kalia konstantinou
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, December 12, 2015 7:03:49 PM


Dec 12, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. kliontia-kalia konstantinou
palioriotissa ag.ambrosiou 1
nicosia cyprus, None 1046
96674978
aingelkalia@abv.bg
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From: In Defense of Animals on behalf of Zhenia Savenko
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Sunday, December 27, 2015 5:31:14 PM


Dec 27, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mr. Zhenia Savenko
Lepse 5
Kyiv, None 03067
zheniasavenko@gmail.com



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of Kathy OBrien
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, January 01, 2016 3:29:01 PM


Jan 1, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Kathy OBrien
72 West Coast Rd.
Redway, CA 95560
cooperhenry00@gmail.com



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of Ken Schliesmann
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Sunday, November 22, 2015 6:48:17 PM


Nov 22, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mr. Ken Schliesmann
PO Box 401
Holmen, WI 54636-0401
(608) 769-0848
bigdad1072878@msn.com
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From: In Defense of Animals on behalf of Marlene Phelan
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, January 02, 2016 9:27:22 AM


Jan 2, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Marlene Phelan
39 Hunter Pl
Stony Point, NY 10980-1407
(845) 893-9129
themap1@hotmail.com
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From: In Defense of Animals on behalf of Susan Murray
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Wednesday, December 23, 2015 12:51:42 PM


Dec 23, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Susan Murray
7831 SW 100th St
Miami, FL 33156-2628
susanjmurray@msn.com



mailto:takeaction@idausa.org

mailto:takeaction@idausa.org

mailto:Sablad.Elizabeth@epa.gov






From: In Defense of Animals on behalf of Mariya Smetaniuk
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, November 27, 2015 2:16:30 PM


Nov 27, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Mariya Smetaniuk
7420 91st Ave
Woodhaven, NY 11421-2822
litayu@aol.com
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From: In Defense of Animals on behalf of sonam sharma
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Sunday, December 06, 2015 11:01:26 PM


Dec 7, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. sonam sharma
C-504, Sector-6, Dwarka
New Delhi, None 110075
sharma.sonam1@yahoo.in
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From: In Defense of Animals on behalf of Ewa Stein
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, December 25, 2015 6:56:35 PM


Dec 25, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Ewa Stein
18630 Van Nuys Cir
Port Charlotte, FL 33948-9542
(561) 247-6112
zew777@gmail.com
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From: George Liddle
To: R9RoseCanyon
Subject: Proposed RCF Aquaculture Project
Date: Friday, January 15, 2016 1:17:09 PM


To Whom It May Concern:


The first open ocean finfish aquaculture project in federal waters has been proposed 4.5 miles off the coast of San
 Diego. While I'm excited about the potential for aquaculture projects to reduce human impacts on our wild ocean
 ecosystems, this particular project promises much but delivers too little.


My primary concern is the absence of any direct link between the raising of fish in these pens and the ongoing
 commercial harvest from wild populations.  Proponents of this project are touting its benefit for wild fisheries to the
 public.  According to a publication of Hubbs Sea World Research Institute, a part-owner of Rose Canyon Fisheries
 (RCF), “The wild fisheries will benefit as a supplemental supply of high quality farmed fish will take pressure off
 wild fisheries.”(1)  While I feel this is a laudable goal, RCF is not in a position to make good on such promises. 
 However, as the lead agency for evaluating and potentially permitting this project, the EPA is in an excellent
 position to prevent the public from being being misled, to ensure that the project will benefit wild fisheries, and to
 help the RCF facility live up to the public statements of its owners.


I urge the EPA, together with the cooperating agencies, to make an explicit pound for-pound connection between the
 production of finfish at aquaculture facilities and the commercial take quotas of ecologically similar wild-caught
 finfish at US ports a pre-condition for permit issuance.  Furthermore, I urge the EPA to ensure that all wild-caught
 animals that are fed to the penned fishes are also counted against appropriate commercial wild-caught take quotas. 
 While there are obviously numerous other environmental concerns about the implementation of finfish aquaculture
 projects, I am confident that if they result in direct reductions in appropriate wild-caught take levels, which is only a
 formalization of RCF’s public statements, these potentially harmful impacts can be substantially mitigated by
 appropriate regulation.


I appreciate your attention to this important matter.


Sincerely,


George Lee Liddle, III
BS Biology - Ecology
UC San Diego, 2003


(1) - http://www.caaquaculture.org/2015/01/16/hswri-rose-canyon-fisheries-paves-the-way-for-sustainable-ocean-
farming-off-san-diego/
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From: Kristen Monsell
To: R9RoseCanyon
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
Date: Thursday, January 14, 2016 8:38:28 AM
Attachments: Assessment and management of seafood.pdf


Biodiversity response to experimental induced hypoxic-anoxic conditions in seagrass sediments.pdf
Clin Infect Dis.-2009-Heuer-1248-53.pdf
Commercial Dungeness Crab Season Opener Delayed and Commercial Rock Crab Season Closed _ California
 Ocean Protection Council.pdf
CRC 2010.pdf


Attached is the second batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:36 AM
To: 'R9RoseCanyon@epa.gov'
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
 
Attached is the first batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:34 AM
To: 'R9RoseCanyon@epa.gov'
Subject: Comments on Scoping for Rose Canyon Aquaculture Project
 
Hello,
 
Attached please find comments from the Center for Biological Diversity on the Rose Canyon
 Fisheries offshore aquaculture project. I will be sending several additional emails with the
 references cited in the comments attached.
 
A copy of the comments and cited references are also being sent via first class mail.
 
Cheers,
Kristen
 
Kristen Monsell
Staff Attorney
Center for Biological Diversity
1212 Broadway, Ste. 800
Oakland, CA 94162
(510) 844.7100 x337
www.biologicaldiversity.org
 
This e-mail message is for the sole use of the intended recipient(s) and may contain confidential and privileged
 information. Any unauthorized review, use, disclosure, or distribution is prohibited by law. If you are not the
 intended recipient, please contact the sender by reply e-mail and destroy all copies of the original message.
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and Quality. This updated FAO publication (FAO Fisheries Technical Paper No. 444) 
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safety and quality, building upon the base provided by FAO Fisheries Technical Paper 
No. 444. This technical paper focuses on: 
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•	 implementation of management systems to ensure safe and high-quality seafoods.
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•	 the probable impact of climate change on food safety, focusing on the most 
important hazards – microbial pathogens and natural toxins from algal blooms;



•	 the challenges facing developing countries.
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Abstract



This technical paper compiles the state of knowledge on seafood safety and quality 
with the aim to provide a succinct yet comprehensive resource book to seafood quality 
and safety managers, including topics on emerging issues such as new pathogens, the 
impact of climate change on seafood safety, and the changing regulatory framework.



After introductory chapters about world fish production, trade, consumption and 
nutrition, and about the developments in safety and quality systems, the technical paper 
devotes a chapter to a detailed review of the hazards causing public health concerns in 
fish and fish products, covering biological (pathogenic bacteria, histamine, viruses, 
parasites and biotoxins), chemical (veterinary drugs, industrial organic contaminants, 
environmental inorganic contaminants and allergens) and physical hazards. This is 
followed by a chapter on seafood spoilage and quality issues, while a further chapter 
covers the likely impact of climate change on seafood safety. The latter chapter focuses 
on impacts on microbiological safety and on harmful algal blooms. 



A further chapter provides a detailed coverage of the implementation and 
certification of seafood safety systems covering risk mitigation and management 
tools, with a detailed description of the requirements for the implementation of: 
good hygiene practices and good manufacturing practices; the Hazard Analysis and 
Critical Control Points (HACCP) system; and the monitoring programmes to control 
biotoxins, pathogenic bacteria and viruses and chemical pollutants. It concludes with a 
section on private labelling and certification schemes.



The subsequent chapter details the international framework, covering the World 
Trade Organization, the Codex Alimentarius Commission, the FAO Code of Conduct 
for Responsible Fisheries, and the World Organisation for Animal Health. It then 
presents the regulatory frameworks governing seafood trade in the European Union 
(Member Organization), the United States of America, Japan, Australia and New 
Zealand. 



Ryder, J., Karunasagar, I. & Ababouch, L., eds. 2014. Assessment and management 
of seafood safety and quality: current practices and emerging issues. FAO Fisheries and 
Aquaculture Technical Paper No. 574. Rome, FAO. 432 pp.

















vii



Contents



Preparation of this document iii
Abstract v
Tables, figures and boxes ix
Acknowledgements xv
Abbreviations and acronyms xvi



1. Introduction 1
1.1 Importance of seafood safety and quality (Lahsen Ababouch)  1



1.2 World seafood production, utilization, consumption and trade (Lahsen 
Ababouch and John Ryder) 3



1.3 Fish in nutrition and health (David James) 9



2. Developments in food safety and quality systems (Lahsen Ababouch 
 and Iddya Karunasagar) 13



2.1 Historical background  13



2.2 Traditional safety and quality control 14



2.3 So what works? 18



2.4 Risk analysis 19



3. Characterization of hazards in seafoods 31
3.1 The disease burden due to seafood (Iddya Karunasagar) 31



3.2 Biological hazards 33



3.3 Chemical hazards 114



3.4 Physical hazards (Jörg Oehlenschläger) 145



4. Characterization of seafood spoilage and other quality issues 149
4.1 Fish spoilage 149



4.2 Resulting post-harvest losses (Henri Loreal) 162



4.3 Product authenticity (Henri Loreal) 163



4.4 Excessive water uptake (Henri Loreal) 165



5. Climate change and probable impact on fish safety 167
5.1 Climate change and the microbiological safety of fishery products  



(Mark Tamplin and Iddya Karunasagar) 167



5.2 Impacts of climate change on harmful algal blooms and seafood  
safety (Gustaaf Hallegraeff) 174



6. Implementation and certification of food safety and quality systems 185
6.1 Food safety objectives (Iddya Karunasagar) 185



6.2 Prerequisite programmes (Lahsen Ababouch) 189



6.3 Principles and application of the Hazard Analysis Critical  
Control Point system (Lahsen Ababouch) 201



6.4 Application of HACCP principles in the fish and aquaculture  
industry (Lahsen Ababouch) 215











viii



6.5 Application of the HACCP principles for the management  
of fish quality (Lahsen Ababouch) 241



6.6 HACCP auditing and verification (Lahsen Ababouch) 246



6.7 Traceability (Marco Frederiksen) 250



6.8 Monitoring and surveillance programmes (Lahsen Ababouch and  
Iddya Karunasagar) 256



6.9 Private standards and certification systems (Lahsen Ababouch, Sally 
Washington and John Ryder) 267



6.10 Safety and quality management in aquaculture (Lahsen Ababouch,  
Rohana Subasinghe and Iddya Karunasagar) 284



7. International regulatory systems 297
7.1 The international regulatory framework 297



7.2 European Union (Member Organization) (Alan Reilly) 306



7.3 The United States of America (Tim Hansen) 313



7.4 Japan (Hajime Toyofuku) 324



7.5 Australia and New Zealand (Allan Bremner) 333



References 343



Appendixes
1 - Example of a hazard analysis worksheet 403



2 - Summary of HACCP plan development for canned fish 405



3 - Summary of HACCP plan development for shrimp farm 417











ix



Tables



1 World fisheries and aquaculture production and utilization, 2002–2011 3



2 Net exports of selected agricultural commodities by developing 
countries



8



3 Classification of the content of LC-PUFAs (EPA + DHA) by total mercury 
content in various finfish and shellfish



10



4 IQ points lost and gained by a child as a result of fish consumption by 
the mother during pregnancy, when four servings, of 100 g each, are 
consumed per week



11



5 Effect of lot quality (percentage defective in a lot) on the probability of 
acceptance for different two-class sampling plans (based on EC, 1998)



16



6 Detection probabilities for end-product testing (presence/absence) of 
25 g samples of milk powder contaminated with Salmonella 



17



7 Probability of finding at least one container non-sterile in a sample of 
size n 



18



8 Foods involved in food-borne illness in the United States of America, 
1998–2002 



31



9 Aetiology of food-borne outbreaks associated with finfish and shellfish 
in the United States of America, 1998–2002



32



10 Seafood groups involved in food-borne outbreaks in the United States 
of America, 1990–2005



33



11 Types of fish- and seafood-borne illnesses 34



12 Pathogenic bacteria indigenous to the aquatic environment 35



13 Pathogenic bacteria indigenous to the general environment 35



14 Pathogenic bacteria in the animal/human reservoir 36



15 Human pathogenic Vibrio spp. 36



16 Reduction in illness, based on meeting specified target numbers 
of V.  parahaemolyticus, together with commensurate rejection of 
product for raw consumption 



43



17 Salmonella species and subspecies 54



18 Dominant Salmonella serotypes associated with human illness, and 
seafood/aquaculture environment



56



19 Seafood-associated outbreaks in European Union (Member 
Organization) (2007) and in the United States of America (1998–2002)



58



20 Relative susceptibility to listeriosis for subpopulations with known 
predisposing conditions 



61



21 Representative prevalence of Listeria monocytogenes in RTE seafood 
products 



65



22 Levels of environmental factors relevant to RTE seafood products 
required to prevent growth of L. monocytogenes 



67



23 Growth-limiting factors for C. botulinum 73



24 Major serogroups associated with different pathotypes of E. coli 75



25 Aeromonas spp. of clinical significance and their association with 
aquatic environment and food 



77



26 Amino acid precursors and biogenic amines formed in food products 78



27 Incidents and cases of histamine fish poisoning in various countries 79











x



28 Overview of outbreaks (n = 142) and cases (n = 1 998) of histamine fish 
poisoning as a function of the concentration of histamine in different 
seafoods 



80



29 Incidents of histamine fish poisoning where the bacteria responsible 
for histamine formation have been identified 



82



30 Groups of viruses implicated in food and waterborne illnesses 87



31 Summary of sanitation requirements in the European Union (Member 
Organization) and the United States of America for live bivalve mollusc 
production areas 



93



32 Estimates of numbers of global human infections with major fish-
borne parasites



94



33 Features of the distribution, biology, transmission and public health 
risks of fish-borne trematode infections



95



34 Preservative parameters necessary to inactivate trematodes 98



35 Distribution, biology, transmission and public health risks for fish-
borne cestode infections



99



36 Distribution, biology, transmission and public health risks for fish-
borne nematode infections



103



37 Prevalence of Anisakis simplex in reared and wild-caught marine fish 
species



104



38 Marine biotoxins and associated poisonings 107



39 Typical concentration ranges of several groups of toxins that may lead 
to closures of shellfish harvesting areas, along with maximum reported 
levels in shellfish and some current guideline levels 



107



40 Antimicrobial use in aquaculture 115



41 Rapid Alerts due to detection of residues of veterinary drugs in the 
European Union (Member Organization)



116



42 Levels of chloramphenicol reported under the Rapid Alert System 
for Food and Feed for crustaceans in the European Union (Member 
Organization) in 2002 (n = 92)



117



43 Nitrofurans and their metabolites 118



44 Trends in the detection of nitrofuran metabolites in the European 
Union (Member Organization) in recent years as compared with 2002



119



45 Total arsenic, inorganic arsenic and proportion of inorganic arsenic in 
marine species 



130



46 Organotin and tributyltin concentrations in marine species from 
different parts of the world



131



47 Cadmium concentrations as measured in different marine species 132



48 Mercury and methylmercury concentrations in edible part of some fish 
species



135



49 Adverse reactions to seafood produced by various substances 137



50 Classification of seafood groups causing allergies, representative 
species, common symptoms experienced and main allergens implicated



137



51 Prevalence of sensitization to shellfish in various countries among 
individuals (adults and children) with food allergy



139



52 Processing techniques evaluated to reduce allergenicity in seafood 143



53 Causative agents and possible health effects 145



54 Common processing techniques, allergen concentrations and asthma 
prevalence determined by high-risk exposure to seafood products



145



55 Physical hazards that may occur in seafood products 146



56 Summary of autolytic changes in chilled fish 152











xi



57 Specific spoilage organisms in groups of fresh and lightly preserved 
seafood 



156



58 Existing and potential loss reduction intervention initiatives 163



59 Summary of risk per serving and predicted number of cases in the Gulf 
Coast of the United States of America based on V. vulnificus levels in 
raw oysters at consumption



186



60 Example of Codex microbiological criteria 187



61 Hypothetical “what if” scenario illustrating the predicted number of 
listeriosis cases at assumed defective rates and microbiological criteria 



188



62 Types of disinfectants 197



63 Disinfectant concentrations commonly used in food plants 199



64 Hazard analysis of pre-harvest conditions and raw material handling 218



65 Hazard analysis of processing of bivalve shellfish 219



66 Hazard analysis of raw fish to be consumed raw 221



67 Hazard analysis of fresh/frozen fish and crustaceans to be cooked 
before consumption



222



68 Hazard analysis of lightly preserved fish products 224



69 Hazard analysis of fermented fish 226



70 Hazard analysis of semi-preserved fish 228



71 Hazard analysis of mildly heat-processed fish 229



72 Hazard analysis of heat sterilized products packed in sealed containers 
(canned fish)



230



73 Hazard analysis of dried, smoke-dried or heavily salted fish 232



74 Risk categories for fresh seafood products 234



75 Risk categories for processed seafood products 234



76 HACCP team of company XYZ 236



77 Example product descriptions for canned products 237



78 Hazard analysis of company XYZ 239



79 An example of potential defects of canned tuna 245



80 An example of the significant defect rancidity during the storage of 
frozen tuna for canning tuna 



245



81 A schematic example of a defect analysis with corresponding control 
measures and the application of the Codex decision tree for the 
determination of a defect action point during storage of frozen tuna 



245



82 Example of a checklist for assessing HACCP implementation 249



83 HACCP team of aquaculture company VWX 292



84 Hazard analysis for shrimp production at company VWX 294



85 Seafood-related standard and specifications 325



86 Number of notifications, analyses and rejections of imported food in 
Japan



328



87 Annual monitoring plan, Japan (fiscal year 2011) 330



88 Outcomes of seafood inspection from mandatory (100%) inspection, 
Japan – 40 food/country/hazard combinations



330



89 Violations of the Food Sanitation Law, Japan – cases involving seafood 
(2006 and 2007)



331



90 Imported food requirements for prescribed foods, New Zealand 335



91 A list of finfish commodities for human consumption in Australia and 
the countries to which the conditions apply



339











xii



92 A list of seafood commodities, other than finfish, including molluscs 
and crustacea for human consumption in Australia and the countries 
to which the requirements apply



341



Figures



1 Utilization of world fisheries production (by weight), 1961–2010 4
2 Utilization of world fisheries production (breakdown by process), 2010 5



3 Fish exports by value, 1976–2011 7
4 Two- and three-class attribute plans 16
5 Overview of the risk analysis process with details of the risk assessment 



process
21



6 Steps in preliminary risk management activities 22
7 Schematic diagram of post-harvest module of V. parahaemolyticus risk 



assessment
42



8 V. vulnificus risk assessment model 48
9 Import-to-consumption pathway used for FAO/WHO quantitative risk 



assessment for acquiring cholera from imported warm water shrimp 
53



10 An exponential dose vs probability of infection model for 
L. monocytogenes 



62



11 Growth of Listeria monocytogenes (mixture of six strains) on vacuum-
packed cold-smoked salmon (5  °C) when initial background flora is 
low or high 



66



12 Prevalence of C. botulinum in fish 73
13 Predicted growth (bold lines) and histamine formation (fine lines) by 



M. psychrotolerans at pH 5.9
84



14 Life cycles of trematodes having fish as an intermediate host 95
15 Major risk points of fish-borne zoonotic parasite transmission in 



aquaculture systems and indication of possible control intervention 
points



97



16 Life cycle of the broad fish tapeworm, Diphyllobothrium sp. 100
17 Life cycle of Anisakis species 101
18 Anisakis simplex (left) and Pseudoterranova dicipiens (right) – both in 



cod
102



19 Generalized pathways of human intoxication with molluscan shellfish 
toxins via filter feeding bivalves and carnivorous and scavenging 
gastropods



106



20 World distribution of outbreaks of paralytic shellfish poisoning (PSP) 
in 2006



111



21 Assumed mechanism for the accumulation of tetrodotoxin in 
Tetraodontidae



113



22 Pathways for spread of antimicrobial residues and resistant bacteria in 
the aquatic environment



122



23 Ways contaminants enter the aquatic system 123
24 Accumulation of marker PCBs in pooled cod samples and cod livers in 



relation to the size of the fish
124



25 Specific spoilage organism (SSO) concept – typical changes in aerobic 
viable counts, SSOs and metabolites produced by SSOs during storage 
of fresh fish



153











xiii



26 Remaining shelf-life of modified atmosphere packaged (40–60% CO2) 
cod fillets depending on chill storage temperature and concentration 
of the specific spoilage organism P. hosphoreum



157



27 Autoxidation of polyunsaturated lipid 159
28 Changes in the eating quality of iced (0 °C) cod 162
29 Local names for two fish species 164
30 Global distribution of Pyrodinium bahamense in recent plankton and 



the fossil cyst record 
176



31 Relationship between ENSO events and major toxic Pyrodinium red 
tides in the western Pacific region for the period 1950–1998



177



32 Global distribution of ciguatera fish food poisoning 178
33 Increase in the reported number of human illnesses of ciguatera in 



French Polynesia in the period 1960–1984
178



34 Decadal anomaly maps (difference between long-term 1960–1989 
mean and the period 1990–2002) for four common harmful algal 
bloom species (from left to right): Prorocentrum, Ceratium furca, 
Dinophysis and Noctiluca in the North Atlantic



179



35 Long-term monthly values of “phytoplankton colour” in the central 
North Sea, 1948–2001



180



36 Possible pathways for harmful algal bloom formation when the  
“top-down control” of the food chain is disrupted (e.g. by overfishing)



180



37 Sensitivity of global ocean circulation to sea surface warming 181
38 Predicted phytoplankton response to increased temperature in ocean 



surface waters: (a) reduced productivity in the tropics and mid-
latitudes caused by reduced nutrient supply; (b) increased at higher 
latitudes productivity where reduced mixing keeps plankton closer to 
the well-lit surface layers



182



39 Point of application of food safety objectives and performance 
objectives in the food chain



186



40 Hazard determination – questions to be answered for each potential 
hazard at each step



208



41 Determination of hazard significance 209
42 Decision tree for the identification of critical control points 210
43 Monitoring 212
44 HACCP validation and verification 215
45 Flow diagram of canned sardines and mackerel at company XYZ 238
46 Quality changes in iced Nile perch, iced immediately after trawl-catch 



or with 3, 6, 9 or 12 hours delay in icing
242



47 Share of aquaculture and capture by species of bivalve molluscs in 
2007



243



48 Example of a flow diagram for a processing line of canned tuna fish 
in brine



244



49 Steps in HACCP auditing 247
50 Time–temperature measurements of two fish in two different boxes 



(positions) through the whole chain from vessel to retailer
254



51 The complete test chain and the equipment installed in each step of 
the chain



254



52 An example of a possible customer label 255
53 Example of a simplified flow diagram for production of live and raw 



bivalve molluscs
257



54 Marine biotoxin action plan 261
55 Overview of the plan for monitoring contaminants 264
56 Example of a flow chart for aquaculture 286
57 Flow diagram of farmed shrimp for export at company VWX 293
58 Joint FAO/WHO Food Standards Programme 300











xiv



59 Alert cases involving fish exported to the European Union (Member 
Organization), 2000–05



304



60 Inspection of import food at quarantine stations in Japan 328
61 Test scheme for imported food in Japan – process that invokes 



mandatory testing
329



Boxes



1 Zero tolerance 281
2 India – clustering fish farms to improve production and market access 284



3 Example of a WTO trade dispute: the sardine case 302
4 Example for imported food requirements for New Zealand 337
5 Example of conditions that apply to finfish in consumer-ready form  



– imports into Australia 340











xv



Acknowledgements



The editors would like to thank the many authors who contributed to this document. 
They are noted in the section on Preparation of this document and are recognized in 
each chapter or section that they authored. 



Appreciation is also extended to Gloria Loriente of FAO Fisheries and Aquaculture 
Department for her professional work in the layout design and publishing of this 
report. 











xvi



ACC Aquaculture Certification Council



ADI acceptable daily intake



ADP adenosine diphosphate



AHD 1-aminohydantoin



AIDS acquired immunodeficiency syndrome



ALOP appropriate level of protection



AMOZ 3-amino-5-morpholinomethyl-1,3-oxazolidin



AMP adenosine monophosphate



AMS Agricultural Marketing Service (United States of America)



AOAC Association of Official Analytical Chemists



AOZ 3-amino-2-oxazolidinone



APFSWG Working Group on Animal Production Food Safety



AQIS Australian Quarantine and Inspection Service



AQS Alaska Quality Seafood



ASP amnesic shellfish poisoning



ATP adenosine triphosphate



aw water activity



AZA azaspiracid



AZP azaspiracid shellfish poisoning



BAP Best Aquaculture Practices (of the GAA) 



BFR brominated flame retardant



BMP best management practice



BRC British Retail Consortium



BSE bovine spongiform encephalopathy



CAC Codex Alimentarius Commission



CBAE cold-blooded animals and environment



CBP Customs and Border Protection (United States of America) 



CCFFP Codex Committee on Fish and Fishery Products



CCP critical control point



CCRVDF Codex Committee on Residues of Veterinary Drugs in Foods



CCvD HACCP Netherlands National Board of Experts – HACCP



CDC Centers for Disease Control and Prevention (of the United 
States of America)



CEN European Committee for Standardization



CEO chief executive officer



CFP ciguatera fish poisoning



cfu colony forming unit



COOL Country of Origin Labeling



Abbreviations and acronyms











xvii



CO2 carbon dioxide



Code FAO Code of Conduct for Responsible Fisheries



COFI FAO Committee on Fisheries



CPFFP Code of Practice for Fish and Fishery Products



DAEC diffuse-adhering E. coli



DAFF Department of Agriculture, Fisheries and Forestry (Australia)



DAP defect action point



DBPCFC double-blind controlled food challenge



DDT 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane



DHA docosohexaenoic acid 



dl-PCB dioxin-like PCB



DMA dimethylamine



DNA deoxyribonucleic acid



DOI Department of the Interior (United States of America) 



DPD N,N-diethyl-p-phenylene-diamine



DSP diarrhoeic shellfish poisoning



DTX dinophysistoxin



EAEC enteroaggregative E. coli



EC European Commission 



EDTA2Na ethylene diamine tetraacetic acid disodium



EFSA European Food Safety Authority



EHEC enterohaemorrhagic E. coli



EIEC enteroinvasive E. coli



ELISA enzyme-linked immunosorbent assay



ENSO El Niño Southern Oscillation



EPA eicosapentaenoic acid



EPA Environmental Protection Agency (United States of America)



EPEC enteropathogenic E. coli



ETEC enterotoxigenic E. coli



FBO food business operator



FDA Food and Drug Administration (United States of America)



FMI Food Marketing Institute



FMIA Federal Meat Inspection Act (United States of America) 



FoS Friend of the Sea



FSANZ Food Standards Australia New Zealand



FSIS Food Safety Inspection Service (United States of America)



FSMA Food Safety Modernization Act (United States of America)



FSMS food safety management scheme



FSO food safety objective



FVO Food and Veterinary Office (European Commission)



GAA Global Aquaculture Alliance



GAP good aquaculture practice











xviii



GATT General Agreement on Tariffs and Trade



GFSI Global Food Safety Initiative



GHP good hygiene practice



GMP good manufacturing practice



GS1 Global System one 



GTP guanosine triphosphate



HACCP Hazard Analysis and Critical Control Point (system)



HAB harmful algal bloom



HAV hepatitis A virus



HBCD hexabromocyclododecane



HDC histidine decarboxylase



HFP histamine fish poisoning



HIV human immunodeficiency virus



HPB histamine-producing bacteria



HPLC high-performance liquid chromatography



HUS haemolytic ureamic syndrome



ICMSF International Commission on Microbiological Specifications 
for Foods



ICON Import Conditions database (Australia)



IMP inosine monophosphate



IQ intelligence quotient



IFS International Food Standard



ISO International Organization for Standardization



ISSC Interstate Shellfish Sanitation Conference (United States of 
America)



IUU illegal, unreported and unregulated (fishing)



JECFA Joint FAO/WHO Expert Committee on Food Additives



LACF low-acid canned food



LC-MS/MS liquid chromatography and tandem mass spectrometer



LCn3PUFA long-chain n-3 polyunsaturated fatty acid



LMG leucomalachite green



LWE live weight equivalent 



MAP modified-atmosphere packaging



MPa megaPascal



MPI Ministry for Primary Industries (New Zealand)



MPN most probable number



MRL maximum residue level



mRNA messenger ribonucleic acid



MRPL minimum required performance limit



MSC Marine Stewardship Council



NaCl sodium chloride



NACMCF National Advisory Committee on Microbiological Criteria for 
Foods











xix



NGO non-governmental organization



NOAA National Oceanic and Atmospheric Administration



NOAEL no observed adverse effect level



NLV Norwalk-like virus



NRCP national residue control plan



NSP neurotoxic shellfish poisoning



NSSP National Shellfish Sanitation Program (United States of 
America)



NZFSA New Zealand Food Safety Authority



OECD Organisation for Economic Co-operation and Development



OIE World Organisation for Animal Health



PAS publically available standard



PBDE polybrominated diphenyl ether



PBS phosphate buffered saline solution



PC performance criterion



PCB polychlorinated biphenyl



PCDD polychlorinated dibenzo-p-dioxin



PCDF polychlorinated dibenzofuran



PCR polymerase chain reaction



PFAS perfluorinated alkylated substance



PFCA perfluorcarboxlic acid



PFGE pulsefield gel electrophoresis



PFP puffer fish poisoning



PO performance objective



POP persistent organic pollutant



ppb parts per billion



ppm parts per million



ppt parts per trillion



PRP Prerequisite programme



PSP paralytic shellfish poisoning



PTWI provisional tolerable weekly intake



PTX pectenotoxin



QAC quaternary ammonium compound



QC quality control



QIM quality index method



QMRA quantitative microbial risk assessment



RFID radio frequency identification



RNA ribonucleic acid



RPL recommended performance level



RPP ribosomal protection protein



RTE ready-to-eat



SE Staphylococcal enterotoxin











xx



SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis



SEM semicarbazide



SIGES Sistema Integrado de Gestión (Chile)



SIP Seafood Inspection Program (United States of America) 



SOI Southern Oscillation Index



SOP standard operating procedure



SPS Sanitary and Phytosanitary Measures (Agreement)



SQF Safe Quality Food



SRSV small round structured virus



SSO specific spoilage organism



SSOP sanitation standard operating procedure



SSPO Scottish Salmon Producers’ Organisation



SSSP Seafood Spoilage and Safety Predictor



STEC shiga toxigenic E. coli



TBBP-A tetrabromobisphenol A



TBT Technical Barriers to Trade (Agreement)



TCBS thiosulphate-citrate-bile-sucrose (an agar)



TCDD 2,3,7,8-tetrachloro-dibenzo-p-dioxin



TDH thermostable direct haemolysin



TEF toxic equivalence factor



TEQ toxicity equivalent



TMA trimethylamine



TMAO trimethylamine oxide



TQM Total Quality Management



TRH TDH-related haemolysin



TVB total volatile bases



TWI tolerable weekly intake



UNCED United Nations Conference on Environment and 
Development



USDA United States Department of Agriculture



UV ultraviolet



VCIA veterinary critically important antimicrobial



VHIA veterinary highly important antimicrobial



VIA veterinary important antimicrobial



WHO World Health Organization



WPS water phase salt



WTO World Trade Organization



w.w. wet weight



WWF World Wide Fund for Nature



XML extensible mark-up language



YTX yessotoxin











1



1. Introduction



1.1 Importance of seafood safety and qualIty (lahsen 
ababouch) 
Today, food safety remains a major concern facing the seafood industry, and it is a 
critical component in ensuring food and nutrition security worldwide. The production 
and consumption of safe food are central to any society, and they have a wide range of 
economic, social and, in many cases, environmental consequences. 



The issue of seafood safety is even more important in view of the growth in 
international fish trade, which has undergone tremendous expansion in the last 
three decades, increasing from US$8  billion in 1976 to a record export value of 
US$102.5 billion in 2010. Developing countries play a major role in international fish 
trade. In 2010, their exports represented 49  percent (US$42.5  billion) of world fish 
exports in value and 59 percent (31.6 million tonnes live weight equivalent) in volume.



The well-known food scares of “mad cow disease” and the “dioxin crisis”, and 
other food safety problems, have forced control agencies to rethink food safety 
strategies in recent decades, taking a value chain approach and introducing traceability 
requirements. 



In the new millennium, food production and distribution are globalized and even 
more complex. The advent of emerging pathogens and the impacts of climate change on 
food safety are adding to this complexity. The media and consumers have developed a 
much greater interest in food safety issues owing to the continuing incidence of food 
scares – recent major examples being: 



•	 In Germany, a new strain of E. coli linked to bean sprouts infected more than 
3 500 people and killed 53.



•	 In the United States of America, a Listeria outbreak resulted in 100 cases and 
18  deaths, leading to recalls of about 5  000  freshly cut cantaloupes, while a 
Salmonella outbreak linked to peanut butter resulted in more than 500 cases in 
43 states and led to recalls worth US$1 billion.



•	 In China, official figures indicate that 6 babies died and 294 000 were made sick 
from the intentional addition of melamine to various foodstuffs, mainly milk 
and infant formulas.



The advent of the Hazard Analysis and Critical Control Points (HACCP) system in 
recent decades has provided a single system that has now been adopted by international 
bodies and trading countries and regions to control food safety. However, there are 
important foundations to be put in place before implementing the HACCP system. 
International organizations have defined the importance of so-called prerequisite 
programmes, and this clearly differentiates the prerequisite programmes from the 
HACCP system  – something that is always not fully appreciated by processors in 
many countries. Moreover, various bodies have defined what is required in these 
“pre-HACCP” operations and, while there is overlap, they do differ. This lack of 
a universally agreed set of operations prior to implementing HACCP has possibly 
given rise to the lack of consistency in documentation and implementation of these 
procedures when compared with the very structured approach offered by the 12 steps 
of the HACCP system.



More recently, the International Organization for Standardization (ISO) has 
developed the ISO 22000 family of standards on food safety management systems. It 
takes the approach of ISO 9001 as a management system, and incorporates the hygiene 
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measures of prerequisite programmes and the HACCP principles and criteria. In 
2008, PAS 220:2008 was developed to cover what were seen to be shortcomings in the 
prerequisite element of ISO 22000 at the time.



The frameworks for ensuring food safety in the international context are provided 
by: (i) the World Trade Organization (WTO) under two binding agreements 
(the Agreement on the Application of Sanitary and Phytosanitary Measures [SPS 
Agreement] and the Agreement on Technical Barriers to Trade [TBT  Agreement]); 
(ii) the Codex Alimentarius Commission (CAC) through various instruments, for 
example, the Code of Practice for Fish and Fishery Products and the basics texts on 
Food Hygiene; and (iii) the FAO Code of Conduct for Responsible Fisheries (the 
Code), especially under Article  6 (General principles, provisions 6.7 and 6.14) and 
Article 11 (Post-harvest practices and trade), both of which are of particular relevance 
to fish trade, safety and quality.



The public health significance of seafood-borne illnesses depends on the likelihood 
and the severity of the illness. The concept of “risk analysis” has become the method 
for establishing tolerable levels of hazards in foods in international trade and, equally, 
within national jurisdictions. In the current international food safety management 
environment, the risk is expressed as “food safety objectives” in order to achieve what 
is called an “appropriate level of protection” for populations. 



For international fish trade, countries and regions have developed national and 
regional regulations to control seafood entering or exiting their territories. As more 
than 70 percent of seafood trade is destined to three main markets (the European Union 
[Member Organization], the United States of America, and Japan), these markets are 
important regulatory reference points.



The United States of America has a decentralized system for food safety and quality 
regulation. There are no fewer than 17 federal government agencies involved in food 
regulation. The two most important agencies are the Food and Drug Administration 
of the Department of Health and Human Services, which regulates all food except 
meat and poultry, and the Food Safety Inspection Service of the Department of 
Agriculture, which is primarily responsible for meat and poultry. The recent Food 
Safety Modernization Act of 2011 is now the guiding legislation for improved food 
safety in the United States of America. 



In the European Union (Member Organization), and as the result of a white paper 
on food safety in 2000, the approach taken in the legislation is to separate aspects of 
food hygiene from animal health and to harmonize food control across the member 
countries of the European Union (Member Organization). A key aspect of the 
legislation is that all food and feed business operators, from farmers and processors to 
retailers and caterers, have principal responsibility for ensuring that food placed on the 
market in the European Union (Member Organization) meets the required food safety 
standards. 



Japan has enacted the Food Safety Basic Law, a comprehensive law to ensure 
food safety to protect the health of the public. In the wake of the development of the 
basic law and other related laws, Japan has introduced a risk analysis approach to the 
national food safety control programme work. The Food Safety Basic Law assigns 
responsibility for risk assessment, and the Food Sanitation Law and other related laws 
identify those responsible for risk management. The risk assessment is, in practice, 
conducted by the Food Safety Commission established under the Food Safety Basic 
Law. 



While efforts in the major markets are focusing on a regulatory framework to ensure 
the safety of consumers, there are implications for the major exporting markets in 
the developing world. Developing countries have pointed to the challenge presented 
by these national and regional safety and quality control regimes that vary from one 
jurisdiction to the next. This multitude of approaches imposes significant costs on 
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exporters in countries where there is limited capacity to develop comprehensive safety 
and quality management systems and infrastructures, let alone several different systems 
to meet diverse import market requirements. Although progress has been made in 
terms of harmonization, in particular via the WTO and the CAC, it has been slow and 
more work is required. The concerns expressed by developing countries in relation 
to public regulation in importing countries are mirrored in their concerns related to 
private standards for food safety. 



Hence, there is a need for continued technical assistance and dissemination of 
relevant information to developing nations to help them meet the ever-increasing 
and more complex challenges posed by international markets. It is hoped that this 
publication will assist governments and industry in developing countries to meet these 
challenges.



1.2 World seafood productIon, utIlIzatIon, consumptIon and 
trade (lahsen ababouch and John RydeR)
1.2.1 fisheries and aquaculture production
World fish production from capture fisheries and aquaculture is very significant for 
global food security and food trade, providing an apparent per capita food fish supply 
of 18.8 kg (live weight equivalent [LWE]) in 2011, which is the highest on record. 
Total production consistently increased from 128 million tonnes in 2002 to 154 million 
tonnes in 2011 (Table 1).



Table 1
World fisheries and aquaculture production and utilization, 2002–2011



2002 2003 2004 2005 2006 2007 2008 2009 2010 2011



                                     million tonnes



productIon           



Inland           



capture 8.4 8.6 8.7 9.4 9.8 10.1 10.2 10.4 11.2 11.1



aquaculture 23.3 24.9 27.2 29.1 31.3 33.4 36.0 38.1 40.9 43.9



Total inland 31.7 33.5 35.9 38.5 41.1 43.4 46.2 48.5 52.1 55.0



marine           



capture 82.6 79.7 84.1 83.1 80.4 80.7 79.9 79.6 77.7 82.4



aquaculture 13.5 14.0 14.7 15.2 16.0 16.6 16.9 17.6 18.1 18.8



Total marine 96.2 93.7 98.8 98.2 96.4 97.3 96.8 97.2 95.9 101.2



TOTAL CAPTURE 91.0 88.3 92.7 92.5 90.2 90.7 90.1 90.0 89.0 93.5



TOTAL AQUACULTURE 36.8 38.9 41.9 44.3 47.3 49.9 52.9 55.7 59.0 62.7



TOTAL WORLD FISHERIES 127.8 127.2 134.6 136.8 137.5 140.7 143.0 145.7 148.0 156.2



utIlIzatIon           



human consumption 100.5 103.6 106.7 109.8 114.5 117.7 120.1 124.0 127.8 131.8



non-food uses 27.3 23.6 27.9 27.0 23.0 23.0 22.9 21.8 20.2 24.3



Population (billions) 6.3 6.4 6.4 6.5 6.6 6.7 6.7 6.8 6.9 7.0



Per capita food fish supply (kg) 16.0 16.3 16.6 16.9 17.4 17.7 17.8 18.2 18.5 18.9



Note: Fishery production data presented in the above table exclude the production for marine mammals, crocodiles, 
corals, sponges, shells and aquatic plants.
Source: Fao Fisheries and aquaculture statistics and Information branch (2013).



While fish production from wild capture fisheries has fluctuated over the years from 
88 million to 93 million tonnes, the demand for fish and fishery products has continued 
to rise. Consumption has more than doubled since 1973. The increasing demand has 
been steadily met by a robust growth in aquaculture production, estimated at an 
average annual growth rate of 8.5 percent in terms of volume in the period 1990–2005. 
Consequently, global aquaculture production reached 64 million tonnes in 2011. 
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1.2.2 fish utilization
Because fish and seafood are perishable, they are often processed to conserve their 
nutritional properties and prolong their shelf-life. It is estimated that more than 
1  200  fish and seafood species are exploited commercially worldwide, with a wide 
variation in appearance, taste and price, although their nutritional attributes are 
broadly similar, particularly with reference to their protein content (OECD, 1995). 



In the period 2002–2011, 100–131 million tonnes, representing on average more than 
80 percent of yearly world fish production, were used for direct human consumption 
(Table 1). The remaining 20 percent were destined for non-food products, in particular 
for the manufacture of fishmeal and fish oil. 



Figure 1 shows the evolution of the utilization of world fisheries and aquaculture 
production between 1961 and 2010.



FIguRe 1
utilization of world fisheries production (by weight), 1961–2010



In 2010, 40  percent of the fish destined for human consumption was in live and 
fresh form, which can be the most preferred and highly priced product form (except 
for high-value smoked fish). Sixty  percent (88  million  tonnes) of the world’s fish 
production underwent some form of processing by freezing, curing, canning or 
extraction of fishmeal and/or fish oil. Seventy-seven percent (68 million tonnes) of this 
processed fish was used for direct human consumption in frozen, cured and prepared 
or preserved form, and the rest for non-food uses. 



Figure 1 shows that the proportion of fish marketed in live/fresh form worldwide 
increased more significantly over the years compared with other products. Live/fresh 
fish quantities increased from an estimated 18  million tonnes in 1980 to 28  million 
tonnes in 1990, 47 million tonnes in 2000 and 60 million tonnes in 2010, representing an 
increase in its share of total production from 25 percent in 1980 to 40 percent in 2010. 
For longer shelf-life, freezing represents the main method of processing fish for food 
use, accounting for 55 percent of total fish processed for human consumption in 2010, 
followed by canning (26 percent) and curing (18 percent). In fact, the volume of fish 
destined for curing has changed only marginally in the last 25 years. A similar trend 



Note: Fishery production data presented in the above figure exclude marine mammals, crocodiles, corals, sponges, 
shells and aquatic plants.
Source: Fao Fisheries and aquaculture statistics and Information service (2012).
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is seen for fish destined for canning, which stagnated at about 11–12 million tonnes 
for many years, albeit showing a greater increase in the period 2000–2010, going from 
12 million to 18 million tonnes per annum.



Across the world, developing countries prepare and/or process a large volume, 
estimated at 120 million tonnes, or about 80 percent of the global fish production in 
2010, of which 49 percent, representing 56 percent of their fish food utilization, was 
utilized as fresh/live, whereas developed countries used frozen fish most, 43 percent 
of their total fish utilization and 56  percent of their fish food. By comparison, the 
share of frozen products was 20 percent of their total fish utilization (24 percent of 
fish food) in developing countries, although in absolute terms it was almost double 
that in developed countries by volume. Fish curing and the production of fishmeal 
and fish oil is mostly done in developing countries, whereas canning is significant in 
both developed and developing countries, although greater volumes are canned in 
developing countries (Figure 2). 



However, in many developing countries with hot climates, quality deterioration and 
significant post-harvest losses occur because of inadequate use of ice, poor access to 
roads and electricity, and inadequate infrastructure and services in physical markets. 
Market infrastructure and facilities are often limited and congested, increasing the 
difficulty of marketing perishable seafood. This, together with well-established 
consumer habits, explains why fish production is utilized in such countries mainly in 
live/fresh form or processed by smoking, drying or fermentation. Given the limited 
cold chain in many developing countries and the large volumes distributed as fresh fish, 
it is likely that their quality and nutritional benefits deteriorate before consumption. 
Likewise, fish destined for curing are, in several developing countries, often made of 
unsold or substandard-quality fresh fish, with the same negative consequences on 
quality and nutritional benefits. This highlights the increasing need for improved 
appropriate and cost-effective technologies to preserve fish quality and nutritional 
benefits in developing countries.



FIguRe 2
utilization of world fisheries production (breakdown by process), 2010



Note: Fishery production data presented in the above figure exclude marine mammals, crocodiles, corals, sponges, 
shells and aquatic plants.
Source: Fao Fisheries and aquaculture statistics and Information service (2012).
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In terms of products, the utilization and processing of fish production have 
diversified significantly in the last two decades, fuelled by changing consumer 
tastes and advances in technology, packaging, logistics and transport. These changes 
have included improvements in storage and processing capacity, together with 
major innovations in refrigeration, ice-making, food-packaging and fish-processing 
equipment. Modern vessels now incorporate improved equipment and are able to stay 
at sea for extended periods. This has permitted the distribution of more fish in live 
or fresh form. Moreover, improved processing technology enables higher yields and 
results in more fish food from the available raw material.



The practice of outsourcing processing is increasing significantly, its extent 
depending on the species, product form, and cost of labour and transportation. For 
example, whole fish from European and North American markets are sent to Asia 
(China in particular, but also India and Viet  Nam) for filleting and packaging, and 
then re-imported, although these trends are slowing or even reversing in some cases. 
In Europe, smoked and marinated products are being processed in Central and Eastern 
Europe, in particular in Poland and in the Baltic countries. European shrimp is peeled 
in North Africa, and European or American tuna is canned in many African and Latin 
American countries. The further outsourcing of production to developing countries is 
restricted specifically by certification requirements, especially sanitary requirements, 
which can be difficult to meet. 



Finally, about 13 percent of world fish production was used for non-food products 
in 2010, with the bulk (about 70 percent) being converted into fishmeal and fish oil. 
The remainder, mainly consisting of low-value fish, is largely utilized as direct feed 
in aquaculture and livestock. In 2009, the quantity of fish used as raw material for 
fishmeal was about 17.9 million tonnes, down 20 percent from 2005 and well below 
the peak levels of more than 30 million tonnes recorded in 1994. The bulk of the fish 
products used for non-food purposes came from natural stocks of small pelagics. The 
decrease in fishmeal production in the past decade has been irregular, its considerable 
fluctuations mainly reflecting annual variations in catches of small pelagics, especially 
anchoveta.



1.2.3 fish consumption
Fish is highly nutritious, rich in micronutrients, minerals, polyunsaturated fatty acids 
and proteins, and represents a valuable supplement in diets lacking these nutrients, 
essential vitamins and minerals. In many countries, especially developing countries, the 
average per capita fish consumption may be low, but, even in small quantities, fish can 
significantly improve the quality of dietary proteins by complementing the essential 
amino acids that are often present only in low quantities in vegetable-based diets.



In the past four decades, fish consumption has undergone major changes. World 
apparent per capita fish consumption has increased steadily, from an average of 9.9 kg 
in the 1960s to 14.4 kg in the 1990s and 18.8 kg in 2011 (Table 1). However, there are 
large variations across countries and regions of the world, reflecting different eating 
habits and traditions, availability of fish and other foods, prices, socio-economic levels, 
and seasons. As a consequence, per capita apparent fish consumption can vary from less 
than 1 kg in one country to more than 100 kg in another. Differences are also evident 
within countries, with consumption usually higher in coastal areas. 



Of the 124 million tonnes available for human consumption in 20091, consumption 
was lowest in Africa (9.7 million tonnes, with 9.7 kg per capita), while Asia accounted 
for two-thirds of total consumption, including 43.2 million tonnes consumed outside 
China (15.5 kg per capita), and 42.8 million tonnes in China alone (32.1 kg per capita). 



1 FAO Food Balance Sheets of fish and fishery products, Statistics and Information Service of the Fisheries 
and Aquaculture Department, August 2013.
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The corresponding figures for Oceania, North America, Europe and Latin America 
and the Caribbean were 24.5, 22.0, 22.2 and 9.8 kg per capita, respectively. 



The contribution of aquaculture to fish food supply has increased significantly to 
reach 48 percent in 2011, up from a mere 6 percent in 1970. This trend is projected to 
continue, with the contribution of aquaculture to fish food supply estimated to reach 
60 percent by 2020, if not before. 



Aquaculture production is pushing the demand for and the consumption of several 
freshwater species, such as tilapia and catfish (including Pangasius species) as well as 
for high-value species, such as shrimps, salmon and bivalves. Since the mid-1980s, these 
species have shifted from being primarily wild-caught to being primarily farmed, with 
a decrease in prices and a strong increase in commercialization. Aquaculture has also 
had a major role in terms of food security in several developing countries, particularly 
in Asia, with significant production of low-value freshwater species such as carps, 
mainly for domestic consumption (De Silva, 2008).



1.2.4. fish trade 
Total world trade of fish and fishery products has undergone tremendous development 
in the last three decades, increasing from a mere US$8 billion in 1976 to US$126 billion 
in 2011 (Figure 3).



A specific feature of the trade in fish is the wide range of product types and 
participants. In 2006, 194  countries reported exports of fish and fishery products, 
of which 97 were net exporters. Export value expanded at an average annual rate of 
5  percent in the period 1996–2008, although 2009 saw a decline with a rebound in 
2010/11. 



FIguRe 3
fish exports by value, 1976–2011



Note: Fishery production data presented in the above figure exclude marine mammals, crocodiles, corals, sponges, 
shells and aquatic plants.
Source: Fao Fisheries and aquaculture statistics and Information service (2012).



Developing countries play a major role in international fish trade. As shown in 
Figure 3, the shares of export value between developed and have remained fairly equal 
over the years. In 2006, exports from developing countries represented 49  percent 
(US$42.6 billion) of world fish exports in value and 59 percent (31.6 million  tonnes 
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LWE) in volume. In 2009, the share of developing countries in total fishery exports 
was, for the first time, more than 50 percent by value (50.5 percent) and this rose to 
53  percent in 2011. An important share of developing country exports consists of 
fishmeal (typically about 35 percent by quantity, but only 5 percent by value). Similarly, 
they contributed about 70  percent in volume of world non-food fishery exports 
and have been significantly increasing their share of fish export volumes destined 
for human consumption. Developing countries rely on the markets of developed 
countries, not only as outlets for their exports, but also as suppliers of their imports 
for local consumption (mainly low-priced, small pelagics as well as high-value fishery 
species for emerging economies) or for their processing industries. In recent years, in 
value terms, about 40 percent of fish imports by developing countries have originated 
from developed countries. In fact, because of outsourcing, several developing countries 
are importing increasing quantities of raw material for further processing and re-export 
to developed countries. Likewise, fishery exports of developing countries are gradually 
evolving towards further value-added products and high-value live fish. 



Viet Nam became the fourth major exporter of fish and fishery products in 2008 
(after China, Norway and Thailand). In value terms, shrimp continues to be the 
most important commodity traded, accounting for 15.0 percent of the total value of 
internationally traded fish products in 2009, followed by salmon and trout with a share 
of 14.0 percent. A decade ago, the respective shares were 20 percent and 10 percent. 
Even if the trade statistics collected by countries do not distinguish between the 
farmed or wild origin of the fishery species, it is evident that aquaculture is having an 
increasing relevance in traded products.



Net export revenues of fish and fish products (i.e. the value of fish exports minus 
the value of fish imports) are particularly important for many developing countries, 
being higher than those of many other agricultural commodities such as rice, meat, 
sugar, coffee and tobacco (Table 2). The net exports of fish have increased significantly 
in recent decades, growing from US$10.2 billion in 1990 to US$18.3 billion in 2000 and 
US$28.2 billion in 2010. 



Table 2
net exports of selected agricultural commodities by developing countries



commodity net exports of developing countries in us$ billions



1990 2000 2010



Fish 10.2 18.3 28.2



coffee 6.4 7.5 14.8



natural rubber 2.1 1.9 10.2



cocoa 2.4 1.8 6.8



sugar 2.6 0.5 4.0



banana 2.2 2.2 3.7



Tea 1.2 1.1 2.8



Tobacco 0.4 -0.5 1.2



Rice -0.7 -0.6 0.1



Meat -0.3 -2.2 -2.1



World imports of fish and fish products reached a new record of US$108 billion 
in 2008, up 95  percent since 1998. However, that figure dropped to US$100  billion 
in 2009. With stagnant domestic fishery production and growing demand, developed 
markets rely on imports and/or on aquaculture to cover a growing share of internal 
consumption. In total, developed countries accounted for 80  percent of imports in 
terms of value but only 62 percent in terms of quantity, indicating the higher unit value 
of products imported by developed countries, with Japan, the United States of America 
and the European Union (Member Organization) being the leading importers.
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About 50  percent of the import value of developed countries originates from 
developing countries. At present, the main obstacles to increased exports from 
developing countries are stringent and increasing requirements for food safety, animal 
health, environmental and social standards. This has led to the emerging dominance 
of large retail and restaurant chains that increasingly impose private standards and 
labels on suppliers, making it more difficult for small-scale fish producers to enter 
international markets.



1.3 fIsh In nutrItIon and health (davId JaMes)
The contribution of fish to overall food security is increasingly being recognized, both 
as a source of fish as food and as income to support sustainable livelihoods. Fisheries 
also create jobs as well as contribute to economic growth and development. 



Less highlighted is the crucial role that fish and fishery products play in nutrition 
and as a source of nutrients of fundamental importance not readily found in other 
foods. Seafood provides high-quality protein, minerals, essential trace elements, 
fat-soluble vitamins (vitamin  D) and essential fatty acids, particularly long-chain 
n-3 polyunsaturated acids (LCn3PUFAs). Although most of these nutrients can be 
obtained from other sources, seafood is a palatable and convenient source. 



From a protein consumption perspective, fish accounts for 16.6  percent of the 
global population’s intake of animal proteins and 6.4 percent of all proteins consumed. 
Globally, fish provides about 2.9 billion people with almost 20 percent of their average 
per capita intake of animal protein, and 4.2  billion people with 15  percent of such 
proteins. 



From a human health perspective, there is convincing evidence  – from extensive 
prospective cohort studies and randomized trials in humans, together with supportive 
retrospective, ecological, metabolic and experimental animal studies  – that seafood 
consumption reduces the risk of death from coronary heart disease and that 
consumption by women reduces the risk of suboptimal neurodevelopment in their 
offspring. These benefits are attributed to two specific LCn3PUFAs: eicosapentaenoic 
acid (EPA) and docosohexaenoic acid (DHA).



However, along with the benefits, there are attendant risks in terms of food-borne 
disease, infestation with parasites or dangerous levels of toxic substances (e.g. biotoxins, 
heavy metals or dioxins). It is a fact that life is not risk-free, and the recognition by 
food safety agencies that this applies also to food supply has introduced a fundamental 
change in the approach to the safety and quality of the food chain. Indeed, this 
publication introduces and explains, in depth, a risk-based inspection system for 
controlling the safety and quality of the seafood supply. The concept of risk analysis 
can also be extended to a qualitative, or a quantitative, evaluation of the benefits and 
risks of seafood consumption. 



As a result of the increasing debates, well reported in the media, on how much fish 
should be eaten and by whom, or even if fish should be eaten at all, the CAC requested 
FAO and the World Health Organization (WHO) to organize an expert consultation 
on the risks and benefits of fish consumption in an attempt to balance the equation by 
the application of sound science. The request was specifically for a comparison of the 
health benefits with the health risks associated with the contaminants methylmercury 
and dioxins. Seventeen international experts in the fields of nutrition and toxicology, 
supported by resource persons, met in Rome in January 2010 to discuss the issues and 
produced a comprehensive report (FAO/WHO, 2011a). The significant conclusions 
were:



•	 Among the general adult population, consumption of fish, particularly 
fatty fish, lowers the risk of mortality from coronary heart disease. There 
is an absence of probable or convincing evidence of risk of coronary heart 
disease associated with methylmercury. Potential cancer risks associated with 











Assessment and management of seafood safety and quality - current practices and emerging issues10



dioxins are well below established coronary heart disease benefits from fish 
consumption. 



•	 When comparing the benefits of LCn3PUFAs with the risks of methylmercury 
among women of childbearing age, fish consumption lowers the risk of 
suboptimal neurodevelopment in offspring compared with the offspring of 
women not eating fish in most circumstances evaluated.



The experts went on to develop a methodology for a quantitative risk-benefit 
comparison that could be extended to cover other situations where sufficient 
experimental data are available  – the expert consultation also called for the creation 
of international databases on seafood composition. The methodology could also be 
extended to the presentation of other risk–benefit comparisons in graphic form as an 
aid to risk–benefit communication. 



In the first case, they compared the benefits from LCn3PUFA intake on 
neurodevelopment in the offspring of mothers consuming fish in terms of intelligence 
quotient (IQ) points gained, with the risks of loss of IQ points from methylmercury 
intake. The second comparison was of changes in mortality from consuming fish with 
different LCn3PUFA and dioxin contents in terms of lives lost through dioxin-induced 
cancers with lives saved by reduction in coronary heart disease. Both scenarios strongly 
support the benefits of fish consumption under almost all circumstances, except where 
the contaminant levels are excessive or the LCn3PUFA content is very low. 



Tables 3 and 4 illustrate the approach taken by the expert consultation. The example 
in Table  3 is based on data from Europe, North America and Japan and shows the 
species categorized by LCn3PUFA and total mercury content. Cells shaded yellow 
indicate fish species that might pose a net risk if consumed four times a week, the 
remaining species pose no risk if consumed four times a week. A similar table could be 
developed and adapted to other regions as a tool to provide advice to populations on 
fish consumption.



Table 3
classification of the content of lc-pufas (epa + dha) by total mercury content in various finfish and shellfish



epa + dha concentration



less than 3 mg/g Between 3 and 8 mg/g Between 8 and 15 mg/g Greater than 15 mg/g



  
  



  
  



  
  



  
  



  
  



  
  



  
  



  
  



  
  



  
  



  
  



  
m
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cu



ry
 c



o
n
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n
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at
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n



less than 
0.1 µg/g



Fish: butterfish; 
catfish; atlantic cod; 
Pacific cod; atlantic 
croaker; haddock; 
pike; european plaice; 
pollock; saithe; sole; 
tilapia



shellfish: clams; cockle; 
crawfish; cuttlefish; 
oysters; periwinkle; 
scallops; scampi; sea 
urchin; whelk



Fish: flatfish; John 
dory; perch, ocean 
and mullet; sweetfish; 
wolf fish



shellfish: mussels; 
squid



Fish: redfish; atlantic 
salmon, (wild); Pacific 
salmon, (wild); smelt



shellfish: crab, spider; 
swimcrab



Fish: anchovy; 
herring; mackerel; 
rainbow trout; 
atlantic salmon, 
(farmed); sardines; 
sprat



Fish liver: atlantic 
cod, (liver); saithe 
(liver)



shellfish: crab 
(brown meat)



0.1–0.5 µg/g



Fish: anglerfish; 
catshark; dab; 
grenadier; grouper; 
gurnard; hake; 
ling; lingcod and 
scorpionfish; nile perch; 
pout; skate/ray; snapper, 
porgy and sheepshead; 
tuna, yellowfin; tusk; 
whiting



shellfish: lobster; 
american lobster 



Fish: bass, freshwater; 
carp; perch, 
freshwater; scorpion 
fish; tuna; tuna, 
albacore



shellfish: crab; 
lobster, norway; 
lobsters, spiny



Fish: bass, saltwater; 
bluefish; goatfish; 
atlantic halibut, 
(farmed); greenland 
halibut; mackerel, 
horse; spanish 
mackerel; seabass; 
seabream; atlantic 
tilefish; tuna, skipjack



Fish: eel; mackerel, 
Pacific; sablefish



0.5–1 µg/g Fish: marlin; orange 
roughy; tuna, bigeye



Fish: mackerel, king; 
shark



Fish: alfonsino Fish: Pacific tuna, 
bluefin



Greater than 
1 µg/g



Fish: swordfish



Note: cells shaded grey indicate fish species that might pose a net risk if consumed four times a week, the remaining species pose  
no risk if consumed four times a week.
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As another example, Table 4 shows IQ points lost and gained by a child as a result 
of fish consumption by the mother during pregnancy, when four servings of 100  g 
each are consumed per week. The numbers in the upper row in each cell are estimates 
of IQ points lost from methylmercury exposure, with the lower value of the two 
numbers based on the central estimate, and the higher value calculated using a more 
conservative value, the upper-bound estimate. The numbers in the lower row in each 
cell are estimates of IQ points gained from the mother’s consumption of DHA. The 
maximum positive effect from DHA on IQ was estimated at 5.8 points. Cells shaded 
yellow represent the estimates where the net effect on child IQ, using the upper-bound 
estimate for methylmercury, is negative. If the central estimate for methylmercury 
is used, the net effect on child IQ will be positive for all species consumed even at 
frequencies of more than seven times a week.



Table 4
Iq points lost and gained by a child as a result of fish consumption by the mother during 
pregnancy, when four servings, of 100 g each, are consumed per week



4 servings per 
week



epa + dha concentration



less than 3 mg/g Between 3 and 
8 mg/g



Between 8 and 
15 mg/g



Greater than 
15 mg/g



median 2 5.5 11.5 20



m
et



h
yl



m
er
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ry



 
co



n
ce



n
tr



at
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n



less than 
0.1 µg/g



0.05 −0.08, −0.31



+3.1



−0.08, −0.31



+5.8



−0.08, −0.31



+5.8



−0.08, −0.31



+5.8



0.1–0.5 µg/g
0.3 −0.48, −1.9



+3.1



−0.48, −1.9



+5.8



−0.48, −1.9



+5.8



−0.48, −1.9



+5.8



Between 
0.5–1 µg/g



0.75 −1.2, −4.7



+3.1



−1.2, −4.7



+5.8



−1.2, −4.7



+5.8



−1.2, −4.7



+5.8



Greater than 
1 µg/g



1.5 −2.4, −9.3



+3.1



−2.4, −9.3



+5.8



−2.4, −9.3



+5.8



−2.4, −9.3



+5.8



Note: cells shaded grey represent the estimates where the net effect on child IQ, using the upper-bound estimate 
for methylmercury, is negative.



This expert consultation provided some evidence-based guidance on seafood 
consumption and provided methodologies that can be adopted in all parts of the world, 
given an availability of the appropriate data; hence, the call for international databases 
on seafood composition to be more widely developed. 
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2. Developments in food safety 
and quality systems (Lahsen 
Ababouch and Iddya Karunasagar)



2.1 HIstorIcAL bAcKgrounD 
Evidence from early historical writings dating back to ancient Assyrian, Egyptian, 
Greek and Roman times indicates that governing authorities were already concerned 
with food control and consumer protection. For example, the Romans had a well-
organized state food control system to protect consumers from frauds and bad 
produce. Likewise, in Europe during the Middle Ages, individual countries passed 
laws concerning the quality and safety of various foods. A major change took place in 
Europe following the industrial revolution in the nineteenth century. The associated 
demographic changes resulting from urban development created a massive demand 
for food that could be processed and stored. This was the start of the modern food 
processing industry. In the early days, there were many examples of food adulteration, 
leading to demands for a more systematic system of food control.



As a result, in the latter part of the nineteenth and early part of the twentieth 
century, important developments in food safety and quality were achieved. These 
were mainly stimulated by the discovery of microbiology and of major developments 
in food chemistry. Several studies linked specific agents to epidemics of diseases and 
documented routes by which these agents can be transmitted to humans, including 
through foods and water (Gorham, 1970). This enabled major advances in public health 
to significantly reduce the burden of a number of devastating epidemic diseases.



These achievements were consolidated further during the second part of the 
twentieth century to accompany the rapid developments and progress in many 
developed countries in food production, preservation and distribution.



While, in the 1950s, many countries were primarily concerned with securing supply 
to overcome post-war scarcity, the 1960s was a decade of change with the expansion of 
modern techniques for processing, preservation, packaging, storage and distribution. 
This introduced new food safety challenges and required improved hygiene and food 
control. 



In the 1970s, farmers relied to a greater extent on pesticides to protect crops, and 
additives and flavouring agents integrated the food chain, as localized production 
declined and large-scale food manufacture grew. These chemicals needed to be 
regulated and proper enforcement of the regulations was required. 



In the 1980s, globalization of food trade took off, with more food products crossing 
national and continental borders. At the same time, several food scares, caused by 
bacteria (e.g. Salmonella) and chemical contamination (e.g. mycotoxins), increased the 
importance of food safety as an issue of major public concern. 



This concern was exacerbated in the 1990s because of “mad cow disease” and the 
“dioxin crisis”, which forced regulators to revise food safety strategies – integrating 
the various components of the value chain and introducing traceability requirements. 



In the first decade of this millennium, food production and distribution became 
more globalized and complex, market choices grew even wider, other food scares 
emerged globally, and the media and consumers developed greater interest in food 











Assessment and management of seafood safety and quality - current practices and emerging issues14



safety, ethical practices, and the environmental and social impacts of food production 
and distribution. 



In parallel, further globalization of supply chains, vertical integration through the use 
of direct contracts between suppliers and retailers and the expansion of supermarkets 
in food retailing, both nationally and internationally, has led the retail sector to adopt 
various private standards and certification schemes. This responds to the increasing 
influence and concerns of civil society related to health, social and environmental issues 
of fisheries and aquaculture. By so doing, the retail sector hopes to address the legal 
requirements of companies to demonstrate “due diligence” in the prevention of food 
safety risks, to attend to the growing need for “corporate social responsibility” and to 
minimize “reputational risks”.



The developments in food production, preservation and distribution that have 
taken place in the last 60 years have required advances and parallel developments in 
food engineering, science, technology, safety and quality. Better knowledge of the 
composition of foods, the functionality of their major and micro constituents and 
nutrients, their quality, quality changes and associated hazards and the advent of more 
sensitive and rapid analytical methods have enabled the development of various safety 
and quality systems and better characterization of foods and their risk categories. 
Expansion of the food industry and food distribution systems across borders and 
continents has required the development of quality assurance systems to support 
business-to-business contractual agreements and verification of conformity of food 
supplies with the specifications. At the same time, the development of bilateral, 
regional and multilateral trade agreements has brought about changes in national and 
supranational food control systems to harmonize requirements and procedures. A 
major breakthrough came about with the creation of the WTO and the enactment of 
two international agreements on SPS measures and on TBT. These two agreements 
established the need to develop SPS measures based on science, in particular assessment 
of risk, and to promote international harmonization and equivalence of food standards 
and control systems to facilitate food trade.



Concurrently, government and industry, in collaboration with academia and 
research institutions, worked on the development of codes of good agriculture, 
hygienic and manufacturing practices and preventive food safety and quality systems. 
The food control authorities concentrated their efforts on the inspection of facilities 
and practices (to ensure adherence to established codes) and on end-product testing to 
confirm safety of the products and identify the risks. However, industry was ahead of 
food control agencies in applying more preventive systems. For example, the HACCP 
system was initiated and adopted by industry in the 1970s, but it was only in the 1990s 
that most of the food control agencies adopted it into their regulatory framework, and 
enforcement of regulatory HACCP implementation became effective only in the late 
1990s. 



Most importantly, the efforts of the industry and food control authorities were 
not harnessed in a synergistic way until the event of regulatory HACCP food control 
systems. Much still needs to be done in this respect to promote complementary 
systems that will enable the control and prevention of food safety hazards at source 
along the supply chain and decrease the reliance on end-product sampling and testing. 



2.2 trADItIonAL sAfety AnD quALIty controL
As stated above, food safety and quality control programmes have been based on 
establishing effective hygiene control and monitoring performance. In the past, 
confirmation of safety and quality was achieved by end-product testing. Control of 
hygiene was by inspection of facilities to assess adherence to established and generally 
accepted codes of good hygiene practice (GHP) and of good manufacturing practice 
(GMP).
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Codes of GHP/GMP and inspection of facilities and operations are still the basis 
of food hygiene. End-product testing relies on sampling products and subjecting them 
to testing for safety and quality attributes. The number, size and nature of the samples 
taken for analysis greatly influence the reliability of the results. In some instances, it is 
possible for the analytical sample to be truly representative of the “lot” sampled. This 
applies to liquids such as milk and water that are usually thoroughly mixed. However, 
in cases of lots or batches of food, this is not the case, and a food lot may easily consist 
of units with wide differences in (microbiological) quality. Even within the individual 
unit (i.e. a retail pack), the hazard (i.e. the presence of pathogens) can be very unevenly 
distributed and the probability of detection may be very low.



An attributes sampling plan is based on assessment of the number of samples that 
satisfy some criterion or attribute of the product, e.g. absence of Salmonella in 25 g of 
product, or that the number of L. monocytogenes is < 100 colony forming units (cfu)/g, 
or that histamine levels are ≤ 20 parts per million (ppm). Such a plan is characterized 
by three elements: n (the number of sample units drawn), c (the maximum allowable 
number of samples that exceed the criterion) and m the criterion, or attribute, that 
is being assessed. Thus, in a two-class attributes sampling plan, each sample unit is 
classified as either “acceptable” or “non-acceptable”. In many cases, the presence of 
a pathogen (e.g. Salmonella) in a specified volume of material sampled from the lot  
(e.g. 25 g) would be unacceptable. In other cases, m is a number of colony forming 
units, or other measure of cell density, that differentiates an acceptable from an 
unacceptable result. The two-class sampling plan will reject a “lot” if more than c out 
of n samples tested exceed the criterion or attribute.



In a three-class sampling plan, a fourth element is considered, termed M. M is 
usually a numerical limit that, if exceeded in any sample, causes the entire lot to be 
rejected. M is always higher than m. In three-class plans, samples with microbial loads 
in excess of m but less than M are considered to be of “marginal” quality or safety. 
Figure 4 shows both types of sampling plans.



In addition to diverting important resources, end-product sampling and testing 
presents many shortfalls, not the least giving a sensation of “being in control” and 
creating a strong but false sense of security. For example, depending on the sampling 
plan used for inspecting a lot, the probability of acceptance of the lot will depend on 
the percentage of defective units in the lot, on the number of samples drawn (n) and 
the maximum allowable number of defective samples (c). Assuming a lot with 1 percent 
defective units, a sampling plan with c = 5 and n = 0, the probability of accepting the 
lot is P = C5



0 (0.99)5 (0.01)0 = (0.99)5 = 0.951.
Table  5 was constructed using the same method of calculation for different 



combinations of percentage defective, n and c. It shows that testing of foods offers 
very little protection even when large numbers of samples are drawn. With 1 percent 
defective units in the lot, drawing 60  samples, which is usually not feasible on a  
lot-by-lot basis and not economical for destructive sampling, yields a probability 
of acceptance equal to 54.7  percent. Assuming 100  lots of 10  000  units each, thus 
100 defective units in each lot, even with a sampling plan of n = 60 and c = 0, more 
than 54 lots will be accepted because no defective units will be found in their samples 
of 60 each. To decrease the probability of acceptance, more than 3 000 or 5 000 units 
would need to be sampled and tested in order to detect a 1 percent defect rate with 



traditional quality control
Codes of GHP/GMP



Inspection of facilities and operations
End-product testing
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95  percent or 99  percent probability (to accept the lot with 5  percent or 1  percent 
probability).



TablE 5
effect of lot quality (percentage defective in a lot) on the probability of acceptance for different two-class 
sampling plans (based on ec, 1998)



Percentage defective 
samples in lot



Probability of acceptance (%) given sampling plans with a total of n samples when none of 
the samples is permitted to test “positive” (i.e. when c = 0)



n = 1, c = 0 n = 5, c = 0 n = 10, c = 0 n = 60, c = 0



1 99.0 95.1 90.4 54.7



2 98.0 90.4 81.7 30.0



5 95.0 77.4 59.9 4.6



10 90.0 59.1 34.9 0.18



20 80.0 32.8 10.7 0.00015



Consequently, even the most elaborate sampling and testing of end product, 
although unrealistic and uneconomical for routine testing, cannot guarantee safety of 
the product. There is no way to avoid some degree of risk and error in each acceptance 
and each rejection of lots unless the entire lot is tested, in which case no edible food 
will be left for sale.



Furthermore, when the distribution of contaminants in units is heterogeneous, the 
probability of detection is even lower (Table 6).



Source: based on EC (1998).



FIGurE 4
two- and three-class attribute plans



Notes: The figure on the left represents a two-class sampling scheme in which the attribute, or criterion, (m) is whether 
the samples exceed 1 cell per 10 g or not. The distributions of log(cell numbers) in two lots is shown, one (solid line) 
with an average concentration of –1.0 ± 0.8 (SD) log(cfu/g) and one (dotted line) with an average contamination of 
–2.5 ± 0.8 (SD) log(cfu/g). In the figure, the shaded area shows the proportion of the samples that would be expected 
to exceed the criterion, and that a greater proportion of the –1.0 ± 0.8 (SD) log(cfu/g) distribution will exceed the 
criterion. The figure on the right depicts the same distributions with a three-class sampling plan applied in which 
samples that exceed m are considered marginally acceptable, while samples that exceed M are considered totally 
unacceptable. usually, if any sample exceeds M, the lot, as a whole, fails.
Source: based on ICMSF (2002).
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TablE 6
Detection probabilities for end-product testing (presence/absence) of 25 g samples of milk 
powder contaminated with salmonella 



contamination rate number of random 
samples Probability of detection1



Homogenously 
contaminated



5 cells/kg 10 73%



1 cell/kg 10 22%



Heterogeneously 
contaminated



5 cells/kg in 1% of batch 10 < 2%



104 cells/kg in 1% of batch 10 < 15%



In this example, with a contamination rate of Salmonella at 5 cells/kg and assuming 
the contamination is restricted to 1 percent of the batch, the probability of detecting 
the hazard by taking 10  samples of 25  g would be lower than 2  percent. If the 
contamination with Salmonella is homogeneously distributed at the same rate, the 
probability of detection would increase to 71 percent.
Table 5 shows that lot testing is not effective when defect rates are required to be low. 
In practice, a product safety defect rate of 1 percent would be absolutely intolerable 
in many food operations. Potentially, it represents 10 000 unsafe units per 1 million 
units manufactured. To detect this rate of contamination, however, 298 units would 
need to be sampled and tested to have 95 percent confidence that the contamination 
frequency was below 1  percent, and more than 459  samples must be tested and all 
found “negative” be to be 99 percent confident.



It is evident that even the most elaborate sampling scheme and testing of end 
product cannot guarantee the safety of that product. There is no way to avoid some 
degree of error in acceptance or rejection of lots unless the entire lot is tested, in which 
case no edible food will be left.



2.2.1 Limitations of end-product testing – an example from the canning 
industry 
A more illustrative example regarding the limitations of end-product sampling and 
testing is provided by the seafood canning industry (Ababouch, 2002). Canned 
seafoods are characterized by a pH  > 4.6  and aw  > 0.98. Foods with a pH greater 
than 4.6 are called “low-acid canned foods” (LACFs), for which the micro-organism 
of major concern is Clostridium botulinum because of the deadly neurotoxin it can 
produce in foods. Some strains of C. botulinum produce spores that are the most heat 
resistant of all pathogenic micro-organisms. Consequently, the fish canning industry 
must rely on thermal processes sufficient to ensure the lowest possible probability of 
survival of C. botulinum spores so as to present no significant health risk to consumers. 
Experience has shown that the minimum heat process necessary to preserve an LACF 
should enable the reduction of the most heat resistant C. botulinum spores to 10-12 of its 
initial count. This is known as the botulinum cook or the 12D concept (Stumbo, 1973; 
Pflug, 1980), where D is the thermal reduction time or the time necessary to inactivate 
90 percent of a given microbial population by heating at a constant temperature.



Stumbo (1973) reported that it is probably safe to assume that on the average, 
resistant C. botulinum spores contaminate foods at a rate of no more than one spore 
per container. Thus, a thermal process based on the 12D concept should achieve a 
probability of survival of one spore in one of one trillion containers. In other words, 
the probability for one container to be non-sterile is equal to 10-12, i.e. one can in one 
trillion cans contains a viable spore of C. botulinum.



Because of this very low target probability of survival of C. botulinum spores in 
thermally preserved products, sampling and examining end products is not reliable to 
ensure product safety. Indeed, it is impossible to verify in a production lot that the 
probability for any one container to be non-sterile is < 10-12. Table 7 shows that the 



1 assuming detection test is 100 percent effective (most methods are < 90 percent accurate). 
Source: Mortimore and Wallace (1998).
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probability of finding at least one container that is not sterile in a random sample of 
size n is a function of n and of the percentage of non-sterile containers in the lot of 
processed containers. 



For example, if this percentage is 0.01 percent (10-4), the probability of finding one 
non-sterile container in a sample of 10 000 containers is only 0.63. This probability, 
based on a Poisson distribution, is very low (0.095) for a percentage of non-sterile 
containers equal to 0.001  percent (10-5), and almost nil for a percentage equal to 
0.0001 percent (10-6) or less, not to mention that it is not feasible to draw and analyse 
a sample of 10 000  containers. In light of these data, it is legitimate to question the 
soundness of end-product sampling and analyses as requested by some food inspection 
authorities around the world. Not only it is not reliable, but most worrying is the fact 
that it could falsely infer commercial sterility (Ababouch, 2002). 



2.3 so wHAt worKs?
Consequently, to ensure high levels of food safety and consumer protection, it is 
imperative to rely on an approach that prevents the hazard from entering the supply 
chain at the source or reduces its likelihood to acceptable levels, reflecting proper 
application of codes of practices, control and corrective measures. 



While there is growing evidence that the implementation of HACCP-based systems 
have contributed to improving fish safety and quality, there has been a growing 
awareness of the importance of an integrated, multidisciplinary approach to safety and 
quality, considering the entire fish food chain. The food chain approach is recognition 
that the responsibility for the supply of food that is safe, healthy and nutritious is 
shared along the entire food chain – by all involved with the production, processing, 
trade and consumption of food. 



In fisheries and aquaculture, there are five broadly defined needs on which a strategy 
in support of the food chain approach to food safety should be based:



•	 Fish safety and quality from a food chain perspective should incorporate the 
three fundamental components of risk analysis (assessment, management 
and communication) and, within this analysis process, there should be 
an institutional separation of science-based risk assessment from risk 
management – which is the regulation and control of risk. 



TablE 7
Probability of finding at least one container non-sterile in a sample of size n 



Percentage of non-sterile 
containers in lot number of units in random sample



10 20 50 100 500 1000 10.000



0.001



0.002



0.005



0.01



0.02



0.05



0.1



0.2



0.5



1.0



2.0



5.0



10.0



0.000100



0.000200



0.000500



0.001000



0.001998



0.004989



0.009955



0.018921



0.048890



0.095618



0.182927



0.401263



0.651322



0.000200



0.000400



0.001000



0.001998



0.003992



0.009953



0.019811



0.039249



0.095390



0.182093



0.332392



0.641514



0.878423



0.000500



0.001000



0.002497



0.004988



0.009951



0.024696



0.048794



0.095253



0.221687



0.394994



0.635830



0.923055



0.994846



0.001000



0.001998



0.004988



0.009951



0.019803



0.048782



0.095208



0.181433



0.394230



0.633968



0.867380



0.994079



0.999973



0.004988



0.009950



0.024691



0.048773



0.095172



0.221248



0.393621



0.632489



0.918428



0.993430



0.999959



1.000000



1.000000



0.0098850



0.019802



0.048772



0.095167



0.181286



0.393545



0.632305



0.864935



0.993346



0.999957



1.000000



1.000000



1.000000



0.095164



0.181271



0.393477



0.632139



0.864692



0.993270



0.999955



1.000000



1.000000



1.000000



1.000000



1.000000



1.000000



Source: Pflug (1980).
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•	 Tracing techniques (traceability) from the primary producer (including animal 
feed and medicines used during production), through post-harvest treatment, 
processing and distribution to the consumer must be improved. 



•	 Harmonization of fish quality and safety standards, implying increased 
development and wider use of internationally agreed, scientifically based 
standards, is necessary.



•	 Equivalence in food safety systems  – achieving similar levels of protection 
against fish-borne hazards and quality defects whatever means of control are 
used – must be further developed. 



•	 Increased emphasis on risk avoidance or prevention at source within the 
whole food chain  – from farm or sea to plate  – including development and 
dissemination of good aquaculture practices (GAPs), GMPs and safety and 
quality assurance systems, i.e. HACCP, are necessary to complement the 
traditional approach to fish safety and quality management based on regulation 
and control. 



The implementation of the food chain approach requires an enabling policy 
and regulatory environment at the national and international level with clearly 
defined rules and standards, establishment of appropriate food control systems and 
programmes at the national and local level, and provision of appropriate training and 
capacity building. Development and implementation of GAPs, GHPs and HACCP 
are required in the food chain steps. Government institutions should develop an 
enabling policy and a regulatory environment, organize the control services, train 
personnel, upgrade the control facilities and laboratories and develop national 
surveillance programmes for relevant hazards. The industry should upgrade facilities, 
train personnel and implement GAPs, GHPs and HACCP. The support institutions 
(academia, trade associations, private sector, etc.) should also train personnel involved 
in the food chain, conduct research on quality, safety and risk assessments, and provide 
technical support to stakeholders. Finally, consumers and consumer advocacy groups 
have a counterbalancing role to ensure that safety and quality are not undermined by 
political or economical considerations solely when drafting legislation or implementing 
safety and quality policies. They also have an important major role in educating and 
informing the consumer about the major safety and quality issues.



In many parts of the world, the food industry has adopted more elaborated safety 
and quality management systems that provide for better integration, coordination 
and traceability along the supply chain. Such schemes are voluntary and based on 
the generic quality schemes that have been developed under the aegis of the ISO for 
industrial products, e.g. Total Quality Management (TQM), ISO 9000:2000, ISO 22000 
series. They are not discussed here and the interested reader should consult the relevant 
documentation. 



For the fish industry, the proportion of the sector that has embraced these schemes 
and the additional quality and safety improvements they bring are not known. 
However, it is likely that most fish and seafood traded worldwide is produced with 
the view to meet the regulatory requirements of the destination markets. These 
requirements, and their concordance with international standards, codes and guidelines 
such as those of the CAC, are discussed in detail in Chapter 7.



The concept of risk analysis is detailed hereafter. The ensuing chapters analyse 
the various risks associated with fish and seafood and describe modern preventive 
approaches for consumer protection and the promotion of fair, responsible and 
transparent fish trade.



2.4 rIsK AnALysIs
Food-borne illnesses continue to be a major public health problem worldwide. It 
is estimated that up to 30  percent of the population in industrialized countries are 
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affected annually, and the situation in developing countries could be worse (WHO, 
2007). Seafoods can also cause food-borne illnesses, including those due to the presence 
of “microbiological hazards”. The CAC has defined “hazard” as a biological, chemical 
or physical agent in, or condition of, food with a potential to cause an adverse health 
effect. There are many hazards but not all have the same severity (e.g. low levels 
of histamine in fish, while relatively common, do not always result in illness in the 
consumer, whereas botulinum toxin, while rare, often causes death or severe illness 
with long-term sequelae). The public health significance of seafood-borne illnesses 
depends on the probability of illness (number of cases) and the severity of illness. 
For prioritization of food safety management activities and appropriate allocation 
of resources, there is a need for a way to compare the “importance” of different  
food-borne hazards, where importance is usually related to public health affect. 



Food safety risk has been defined by the CAC (2011) as a function of the probability 
of an adverse health effect and the severity of that effect, consequential to a hazard in 
food. As a consequence of agreements made internationally through the completion of 
the Uruguay Round of the General Agreement on Tariffs and Trade (GATT) in 1994, 
the idea of “risk analysis” has become the method for establishing tolerable levels of 
hazards in foods in international trade and, equally, within national jurisdictions. Risk 
analysis may be performed at the national level or at the international level by the 
CAC. Food safety issues may be brought to the CAC by member countries.



The objective of the rules that govern international trade in food, the SPS and TBT 
Agreements (WTO, 2010), is to ensure equitability in international trade in foods and 
to permit countries to set food safety management measures for their populations and 
ask that imported foods afford the same level of public health protection. To justify and 
compare the levels of public health protection and related food safety measures, risk 
sources must be analysed, the risk estimated and risk management options evaluated 
using the risk analysis framework described by the CAC (1999).



“Risk analysis” is the name given to the process now underlying the development of 
food safety standards (FAO/WHO, 1997). It consists of three separate but integrated 
parts:



•	 risk management;
•	 risk assessment; 
•	 risk communication.



The management and control of seafood-borne diseases is carried out by several 
groups of people. It involves technical experts assessing the risk, i.e. synthesizing 
epidemiological, microbiological and technological data about the pathogenic agent, the 
food, the host, etc. It involves both risk managers at the government level, who have to 
decide what level of risk society will tolerate, i.e. while balancing other considerations 
(e.g. the cost of risk management measures, and their affect on the affordability and 
utility of foods) and risk managers in both industry and government that have to 
implement procedures to control the risk to satisfy those societal expectations. In the 
current international food safety management environment, those expectations are 
expressed as “food safety objectives” (FSOs), which are translated into practical targets 
and advice for industry as “performance objectives” (POs) and “process criteria” (see 
Chapter 6). At industry level, these objectives and criteria are satisfied using GHP and 
HACCP procedures, as described above (also see Chapter 6).



The risk analysis process must be “transparent”, that is, clearly and fully articulated; 
and at every step, all stakeholders should be allowed to participate and comment. It 
has been seen as important that there is a separation between the processes of risk 
management and risk assessment (FAO/WHO, 1995) in order to avoid bias leading 
to desired outcomes in the risk assessment process. The CAC recommends functional 
separation of risk assessment and risk management to ensure the scientific integrity 
of risk assessment and to avoid confusion over the functions to be performed by risk 
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assessors and risk managers and reduce conflict of interest. Risk assessment is required 
to be an objective, “science-based”, evaluation of risk. 



The three components of risk analysis and their interrelationships are shown in 
Figure 5, and they have been defined by the CAC. Those components are:



•	 Risk assessment: A scientifically based process consisting of four steps 
described as: (i) hazard identification; (ii) hazard characterization; (iii) 
exposure assessment; and (iv) risk characterization.



•	 Risk management: The process, distinct from risk assessment, of weighing 
policy alternatives in consultation with all interested parties (“stakeholders”), 
considering risk assessment and other factors relevant for the protection 
of health of consumers and for the promotion of fair trade, and, if needed, 
selecting and implementing appropriate prevention and control options.



•	 Risk communication: The interactive exchange of information and opinions 
throughout the risk analysis process concerning risk, risk-related factors, and 
risk perceptions among risk assessors, risk managers, consumers, industry, the 
academic community and other interested parties, including the explanation of 
risk assessment findings and the basis of risk management decisions.



2.4.1 risk management
When a food safety issue is brought to the attention of risk managers, they should 
initiate the process of risk analysis. The food safety issue may arise owing to consumer 
concern or through epidemiological data, surveillance or through concern raised by a 
trade partner. FAO/WHO (1997) elaborated the general principles of risk management:



•	 Risk management should follow a structured approach.
•	 Protection of human health should be the primary consideration in risk 



management decisions.
•	 Risk management decisions and practices should be transparent.
•	 Determination of risk assessment policy should be included as a specific 



component of risk management.
•	 Risk management should ensure the scientific integrity of the risk assessment 



process by maintaining the functional separation of risk management and risk 
assessment.



•	 Risk management decisions should take into account uncertainty in the output 
of risk assessment.



•	 Risk management should include clear interactive communication with 
consumers and other interested parties in all aspects of the process.



FIGurE 5
overview of the risk analysis process with details of the risk assessment process
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•	 Risk management should be a continuing process that takes into account 
all newly generated data in the evaluation and review of risk management 
decisions.



The structured approach for risk management described in FAO/WHO (1997) 
includes four major steps:



1. preliminary risk management activities;
2. identification and selection of risk management options;
3. implementation of risk management decision;
4. monitoring and review;



Preliminary risk management activities (CAC, 2007a) consist of steps illustrated 
in Figure 6. Food safety issue needs to be identified by the risk manager in collaboration 
with interested parties.



The recognition of methylmercury as a food-borne hazard in the 1950s, following 
an outbreak of severe neurological disease in babies of mothers who ate fish from 
Minamata Bay in Japan, is an example of identification of a food safety issue (FAO/
WHO, 2006a). Recognition of Listeria monocytogenes as a food-borne pathogen after a 
1981 outbreak of listeriosis in Canada, traced to contaminated coleslaw (Swaminathan 
et al., 2007), is another example. Risk managers may need to take immediate action when 
public health concern demands urgent response, such as the discovery of acrylamide in 
certain foods in 2001 (WHO, 2002), but such measures should be temporary, subject 
to review within a time frame, and clearly communicated.



FIGurE 6
steps in preliminary risk management activities



A risk profile is undertaken to provide a concise description of the current state 
of knowledge related to the food safety problem, potential risk management options 
and food safety policy context that would influence risk management actions. The 
risk profile also tries to evaluate whether there is sufficient cause for concern that 
a risk assessment should be undertaken and also whether there is sufficient data to 
complete a risk assessment to answer relevant risk management questions. Examples 
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of risk profiles relevant to seafoods include those prepared by the New Zealand Food 
Safety Authority concerning Vibrio parahaemolyticus (Lake, Hudson and Cressey, 
2003); ciguatoxin (Cressey, Gilbert and Lake, 2007) and norovirus in raw molluscs  
(Greening et al., 2009). Typical risk profiles include a brief description of:



•	 the real or perceived problem;
•	 the food product or commodity involved;
•	 pathways by which consumers are exposed to the hazard in the food;
•	 effect of processing steps on the level and frequencies of presence of the hazard;
•	 potential consequences of human exposure to the hazards (i.e. types and 



severity of illness caused);
•	 factors affecting host susceptibility and including whether probability of 



exposure or severity of consequences differs among different segments of 
population;



•	 consumer perception of the risks.
In some cases, a risk profile will provide sufficient information to identify and select 
appropriate risk management actions, or reveal that there is insufficient risk for any 
action to be needed. In other situations, the risk profile will result in articulation of 
actions needed to better understand and manage the risk (e.g. gathering more data 
to better resolve the risk), and/or the commissioning of a risk assessment. As part of 
the decision to undertake a risk assessment, the questions to be addressed by the risk 
assessment need to be clearly articulated by the risk manager, and the resources – and 
time – available to complete the risk assessment also need to made clear. While the task 
of risk assessment should be done independently of decisions about risk management, 
experience has shown that there needs to be significant interaction between risk 
assessors and risk managers so that the risk assessment proceeds efficiently and 
responds to the risk managers’ needs for support for the decisions that they need to 
make. In addition, dialogue between the risk managers and the food industry and 
consumers is necessary for making decisions that are technologically achievable and 
also satisfy societal concerns and expectations of food safety.



Developing regulatory standards, microbiological specifications or other risk 
management measures may require a risk assessment to be performed. While deciding 
whether to proceed with a formal risk assessment, risk managers need to consult with 
risk assessors to consider how a risk assessment could be approached, what questions 
could be answered and whether data gaps and uncertainties could preclude unequivocal 
answers. Identification of key data gaps would facilitate collection of additional 
data before and during risk assessment, and this might require the involvement of 
government departments, academic institutions and the food processing industry. 



“Risk assessment policy” has been defined by the CAC (2011) as “documented 
guidelines on choice of options and associated judgements for their application at 
appropriate decision points in risk assessment such that scientific integrity of the process 
is maintained”. Establishment of risk assessment policy by risk managers should be 
carried out in consultation with risk assessors and other stakeholders. Documentation 
of that policy is necessary to ensure consistency, clarity and transparency. Risk 
assessments require resources – both scientific expertise and also financial resources. 
Risk managers assemble a team of experts to carry out the task, and the team needs 
to have expertise in relevant disciplines such as public health, epidemiology, food 
microbiology, toxicology, food technology, biostatistics and modelling to be able to 
fully assess the risk and the importance of various risk-affecting factors.



2.4.2 risk assessment
Risk assessment is undertaken to provide support for decisions that confront risk 
managers. As such, risk assessors should present the outputs of risk assessments in such 
a way that the risk managers are fully informed of the strengths and limitations of those 
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risk estimates, as well as the suitability of the various risk management options to deal 
with the food safety issue. When risk managers have to deal with several food safety 
issues at a given time, risk assessments may help rank these issues based on the relative 
risk to health from each of those hazards, and set priorities for risk management. A 
risk assessment in the United States of America (FDA/USDA/CDC, 2003) was used 
to rank the relative risk to consumers from L. monocytogenes in 23 categories of ready-
to-eat (RTE) foods. From that ranking, priorities for risk management were decided. In 
general, the risk that each issue presents to the consumer is the primary consideration 
for ranking, but other considerations such as impact of any proposed control measures 
on trade may also be considered by risk managers. A holistic approach to risk analysis 
is required so that the benefits of risk management actions outweigh any increased 
costs to consumers, e.g. increased cost of food, loss of utility and loss of choice. This 
holistic approach should also extend to the risk assessment.
As mentioned above, food safety risk assessment involves four steps. These steps are 
further elaborated below.



Hazard identification involves collation and analysis of epidemiological data and 
evidence for the link between the food, the hazard and human illness. Data could 
be from national surveillance studies, outbreak investigations, clinical studies and 
food process evaluations. In the case of pathogens, the organism, its characteristics, 
pathogenicity and factors involved in causing human illness (e.g. toxins, adhesins, etc. 
either pre-formed in food before consumption or produced by the organism after 
infecting the host) and symptoms of illness are also documented.



Hazard characterization is a qualitative or quantitative description of the severity 
and the duration of the adverse health effects that may result from the ingestion of the 
micro-organism or toxin. The virulence characters of the pathogen, the effect of food 
matrix on the organism at the time of consumption (e.g. high fat content in a food may 
protect the organism against gastric acidity and increase its chances of surviving passage 
through the gut to the intestine where it may establish infection), host susceptibility 
factors and population characteristics are considered. Wherever data are available, 
a dose–response analysis is performed that aims to quantify the probability and/or 
severity of illness in consumers as a function of the dose of toxin, or pathogens, that 
are ingested. Data for dose–response analysis may come from outbreak investigations, 
human volunteer studies, vaccine trial studies, animal studies, etc. In general, models 
for the dose–response relationship of pathogens are actually models that relate the 
dose ingested to the probability that an infection will ensue. The models that are used 
assume that increasing doses of the pathogen increase the probability of infection in 
simple proportion  – up to some upper dose beyond which no further risk increase 
occurs.



Exposure assessment is concerned with estimating the likelihood that consumers 
will be exposed to the hazard through consumption of the food under consideration, 
and also the dose to which an individual or population is exposed. In microbial food 
safety risk assessment, for example, an estimate of frequency of exposure to the hazard 
in the food is developed, together with an estimate of the numbers of the pathogen 
or the level of a biotoxin consumed via the food (or foods) of concern. This involves 
documenting the sources, frequency and levels of contamination and factors that alter 
the concentration of frequency of the hazard between harvest and consumption, e.g. 
processing steps that remove, dilute or kill/denature the hazard, or alternative time–
temperature conditions that permit pathogen growth. 



Microbial hazards in foods are much more dynamic than chemical hazards because 
of the potential of micro-organisms to multiply in foods or for their numbers to be 
reduced by inactivation processes. With respect to microbial toxins, a combination of 
the characteristics of microbe and the physiological effects of the toxin, the stability of 
the toxin, the conditions under which the toxin is synthesized, etc. need be considered.
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Data on the concentration of the pathogen in the food at the time of consumption 
are rarely available and, therefore, it is necessary to develop models or assumptions 
to estimate the likely exposure. For bacteria, the growth and death of the organism 
under the predicted handling and processing conditions of the food are considered in 
the model, which must take into account the effects on the pathogen related to time, 
temperature, food chemistry and the presence of competing microflora. Biological 
agents such as viruses and parasites do not multiply in food handling. However, storage 
and processing conditions may affect their survival.



Accordingly, knowledge of the microbiology ecology of pathogens in foods is an 
essential component of exposure assessment to be able to predict the effects of product 
formulation, time and storage temperature and, increasingly, mixtures of gases in 
the product storage environment (or retail package) on pathogen growth, death or 
survival. Such knowledge includes the quantitative effect of temperature, pH, presence 
of antimicrobial agents such as organic acids (or their salts), essential oils (more 
common in traditional foods), competing microbiota, etc. Knowledge of consumer 
handling practices (e.g. home refrigeration temperatures and cooking practices) is also 
important. The subject of microbial ecology in risk assessment was discussed by Ross 
(2008). As well as the concentration and frequency of pathogens in foods, exposure 
depends on the amount eaten both in terms of frequency of eating the food of interest 
and the size of the serving. Thus, knowledge of population demographics, food serving 
size, food preparation practices and consumption patterns for different groups within 
the exposed population is also part of an exposure assessment.



The CAC defines the risk characterization step as the process of qualitative 
and/or quantitative estimation, including attendant uncertainties, of the probability 
of occurrence and the severity of the known or potential adverse health effect in a 
given population based on hazard identification, exposure assessment and hazard 
characterization. 



Thus, in the risk characterization step, the information generated and collated in 
hazard identification, exposure assessment and hazard characterization is collated and 
analysed to produce an understanding of factors that affect the risk from the food-
borne hazard being considered and to produce estimates of the attendant risk. Ideally, 
the risk characterization should provide insights into the nature of the risk, how it 
arises and the uncertainty in the risk estimate, e.g. identification of the most important 
factors contributing to the risk, sources and influence of uncertainty and variability in 
the risk estimate, and identification of gaps in data and knowledge and the influence 
of those gaps on the confidence one can have in the risk estimate. Often, the risk 
characterization includes consideration of how the risk might change under different 
scenarios, e.g. to explore the effectiveness of different risk management options that 
could be adopted.



The risk estimate may be:
•	 qualitative (e.g. using descriptive, but often subjective, terms such as “low”, 



“medium”, “high”);
•	 semi-quantitative, in which the level of risk is compared with some other risk, 



or in which the risks from different sources are put in order of severity (the 
ranking itself may be quantitative although not calibrated to absolute burdens 
of disease);



•	 quantitative (the risk assessors predicting the risk per meal serving or the 
number of people in a defined population who are likely to become ill from 
the pathogen–commodity/product combination).



Guidelines for the conduct of microbial food safety risk assessment have been 
developed by the CAC (1999).



A qualitative risk assessment may be performed where data are inadequate to make 
numerical estimates but where prior expert knowledge and identification of attendant 
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uncertainties are sufficient to permit risk ranking or separation into descriptive 
categories of risk. For example, Huss, Jørgensen and Fonnesbech Vogel (2000) estimated 
risk from consumption of molluscan shellfish, fish eaten raw, lightly preserved fish and 
mildly heat-treated fish as “high”. Seafood products estimated to cause “low risk” 
to consumers included chilled/frozen fish and crustaceans, semi-preserved fish and  
heat-processed (canned) fish. The risks from dried and heavily salted fish were 
considered to come from pathogenic bacteria. Sumner and Ross (2002) presented a 
qualitative risk assessment for methylmercury in seafood.



“Risk Ranger”, developed and described by Ross and Sumner (2002), is an 
automated Microsoft® Excel® spreadsheet, and is an example of a semi-quantitative 
risk assessment tool. It requires the user to choose from a range of answers or to enter 
data in response to questions related to the following risk criteria: (i) hazard severity; 
(ii) relative susceptibility of the population exposed to the hazard; (iii) frequency 
of consumption; (iv) proportion of the population consuming the food of interest;  
(v) size of the population being considered; (vi) probability of contamination of the 
food by the hazard; (vii) the effect of the process on hazard levels; (viii) the possibility 
of recontamination after processing; (ix) the effectiveness of post-process controls and 
handling to prevent pathogen/toxin increase; (x) the increase in the initial pathogen 
load that would be required to lead to an “infective dose”; and (xi) effect of treatment 
(e.g. cooking) prior to consumption on the levels of the hazard ingested. The outputs 
of this risk assessment tool include a relative ranking of the risk (on a scale of from 0 
to 100) or an estimate of the number of illnesses in the population of interest per year. 
Sumner, Ross and Ababouch (2004) described application of Risk Ranger to estimate 
the risk of ciguatera fish poisoning in New Zealand.



Quantitative risk assessments can be categorized as deterministic or probabilistic (or 
“stochastic”). For deterministic risk assessment, single input values that best represent 
each of the risk-affecting factors in the system being considered are chosen. The 
values could represent the most likely value or values that represent the “worst case”. 
Deterministic risk assessment does not provide information on the uncertainty of the 
risk estimate, or on the range of risk under all sets of realistic circumstances. Moreover, 
selecting and combining worst-case input values for multiple factors affecting food 
safety (e.g. highest storage temperature, worst contamination level, longest storage 
time, and most virulent strain) may lead to overly conservative estimates of the risk 
to consumers and, in turn, to unnecessarily stringent risk management actions. In 
the case of probabilistic (stochastic) risk assessments, input values are distributions 
of possible values including some characterization of upper and lower extremes and 
the most “usual” value, or situation. These distributions can represent “real world” 
variability and/or uncertainty in input values. Stochastic risk assessment is usually 
undertaken using computer simulation software. It has the advantage of providing a 
full representation of the risk estimate (which is itself uncertain) including the average 
value of the estimated risk, the estimate of the most likely, as well as risk estimates that 
correspond to different levels of confidence (e.g. the risk estimate that encompasses 
95 percent of the situations, or “scenarios”, predicted by the risk model). Uncertainty 
analysis is a method used to estimate the uncertainty associated with models and 
assumptions used in the risk assessment. 
From experience to date, microbial food safety risk assessments often conclude that 
insufficient data were available in one or more areas and, as a result, there is uncertainty 
about the true level and/or range of risk, as expressed in the risk estimate. It is 
important to record the data that are not available (i.e. the “data gaps”) that lead to that 
uncertainty. Later, if that knowledge becomes available, the level of uncertainty will be 
reduced so that the risk estimate becomes more accurate. Risk assessment is an iterative 
process and may need re-evaluation as new data become available. Wherever possible, 
risk estimates should be reassessed over time by comparison with independent human 
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illness data. Two examples of risk assessments relevant to seafood undertaken by 
WHO/FAO are: (i) a risk assessment of Listeria monocytogenes in RTE foods; and (ii) 
a risk assessment of Vibrio parahaemolyticus in seafood. 



2.4.3 translating risk estimates into risk management – food safety 
objectives
When determining a public health goal, risk is most often expressed as a number of 
cases of illness per capita per year. For instance, the baseline level of listeriosis cases 
in the United States of America in 1997 was 0.5  per 100  000 of the population per 
year. The White House announced in the “Healthy People 2010” programme that this 
should be reduced to 0.25  cases per 100  000  of the population per year; that is, the 
United States Government set a food safety objective.



Several terms exist for such public health goals. Ideally, the goal would be to reduce 
all seafood-borne diseases to “zero risk”. However, this is technically and financially 
not possible. It is important to understand that there is no such thing as “absence 
of risk”. Therefore, the public health goal is often expressed using terms such as 
“appropriate level of protection” (ALOP). 



Levels of disease attack rate are difficult to measure and target by food safety 
managers in government and industry and therefore the term “food safety objective” 
(FSO) has been introduced. The FSO translates risk into a measurable goal, and this 
is expressed as the concentration or frequency of a hazard in a food (at the point of 
consumption) that is considered “safe” or that meets the level of protection/risk set 
by society. While FSO has been used in broad terms by several authors (Jouve, 1996; 
Hathaway, 1997), it has been explicitly defined by the International Commission on 
Microbiological Specifications for Foods (ICMSF) (van Schothorst, 1998; ICMSF, 
2005).



food safety objective



The maximum frequency or concentration of a hazard in a 
food at the time of consumption that provides or contributes 



to the appropriate level of protection (ICMSF, 2005).



If a quantitative risk assessment has been conducted, the FSO can simply be the 
translation for the Y-axis on a plot of risk estimate versus cumulative probability 
(effectively the degree of confidence that one can have that the risk is below a specified 
level) to the X-axis (with the number or frequency of the pathogen or some other 
measure of “risk”).



Even where quantitative risk assessments and the risk characterization curve are not 
available, FSOs are still often set. Investigations of food-borne diseases, epidemiological 
surveillance programmes, industry records and knowledge of the influence of food 
processing parameters have for decades provided information about which pathogens 
most often cause food-borne illness, which foods are implicated, sometimes the levels 
of pathogens that are involved, and other factors that have contributed to the hazard 
being realized in terms of human food-borne illness (e.g. poor hygiene, temperature 
abuse, and inadequate processing). In effect, the setting of microbiological criteria for 
foods has been and is an indirect way of setting an FSO – and thus implies a desired 
public health goal. Many examples of this exist. One is the standard for Staphylococcus 
aureus in cooked crustaceans (n = 5, c = 2, m = 100/g and M = 1 000/g). This criterion 
implicitly contains an evaluation of the risk related to the concentration of the hazard 
(growth and high concentrations are required to produce the amount of enterotoxin 
causing disease) (ICMSF, 1986). Often, however, the connection between risk and 
microbiological criteria is, at best, obscure.
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It is important to realize that FSOs are not equivalent to microbiological criteria 
but that, if appropriate, criteria can be derived from FSOs. An FSO is a public health 
goal whereas a microbiological criterion defines acceptability of a food product or a 
lot of foods and should indicate the sampling plan, method, number of units that must 
conform, etc. An example of an FSO is a concentration of 100 L. monocytogenes per 
gram at the point of consumption for RTE foods (EC, 2005a, 2007a; CAC, 2007b, 
2009a). Criteria for L.  monocytogenes at earlier points in the chain will typically be 
lower than the 100  cfu/g and the concept of a “performance objective” (PO) has 
been coined to translate the FSO into a target level or frequency of contamination 
that industry can aim for, at the point of production, so as to ensure that the FSO is 
consistently met. The FSO is a target for the food chain to reach, but it does not specify 
how the target is to be achieved. Hence, the FSO offers flexibility to the food chain to 
use different operations and processing techniques that best suit the situation, provided 
that the maximum hazard level specified at consumption is not exceeded. In products 
such as RTE foods, the POs can be calculated from the FSO by subtracting expected 
bacterial contamination and/or growth between the point of manufacture/processing 
and the point of consumption, taking into account potential changes in microbial levels 
and frequencies of contamination, e.g. due to growth, inactivation processes, cross-
contamination and dilution.



An authority can use FSOs and POs to communicate appropriate food safety 
levels to industry and other governments. The FSOs and POs are levels of food-borne 
hazards that should not be exceeded at the point of consumption and earlier in the 
food chain, respectively. They can be met using good practices (GAPs and GHPs) and 
HACCP programmes (ICMSF, 2005).



It must also be determined whether the FSO, as expressed by risk managers, is 
achievable using existing industry practices and technologies. If not, it is necessary 
to decide whether: (i) changes in the industry have to be enforced; (ii) the product 
should be taken off the market; or (iii) the product should be labelled as carrying a 
risk. Examples of such procedures are: (i) the mandatory pasteurization of milk; (ii) the 
banning of fish species containing tetrodotoxin for the market of the European Union; 
and (iii) the notice by restaurants in several states in the United States of America 
that eating raw oysters may be detrimental to health. Examples of FSOs are shown in 
Chapter 6.



2.4.4 risk communication
Risk communication is an integral part of risk analysis. It provides timely, relevant and 
accurate information both between the members of the risk analysis team and external 
stakeholders. Internal risk communication should take place between different groups 
in risk analysis, i.e. risk assessors, risk managers and risk communicators. External risk 
communication deals with information exchange between the risk analysis team and 
external stakeholders (FAO/WHO, 1999). Where stakeholders are asked to review and 
comment on the risk assessment and are consulted about potential risk management 
options, they are more likely to accept the risk management approaches proposed. 
Equally, if the risk manager has a good understanding of how the risk affects and, 
importantly, is perceived by stakeholders (see below), and the willingness and capacity 
of stakeholders to manage some aspects of the risk themselves, better risk management 
decisions are likely to result. For example, stakeholders will be more willing to tolerate 
some risk if they perceive that the risk also offers some benefit to them.



Stakeholder perception of risk has both technical and emotional dimensions, 
and risk communication should address both these aspects. Often, non-technical 
information emphasized by media, consumer groups or industry captures the attention 
of the general public that are exposed to the risk. Risk communication should address 
the concerns of the public and not dismiss these as irrational. FAO/WHO (2005a) 
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recommended that risk communication should pay attention to the following: (i) 
collection and analysis of background information about food safety risk, the context 
and perception of different stakeholders; (ii) developing and disseminating key 
messages targeted at particular audiences; (iii) engaging stakeholders in dialogue about 
the risk; and (iv) monitoring and evaluating the outcomes of risk communication. 



FAO/WHO (2005a) identified the following as necessary components of effective 
risk communication:



•	 the nature of the risk – including its magnitude and severity, nature and size 
of the population at risk, probability of exposure and amount of exposure 
that constitutes a significant risk (N.B.: these are the elements of hazard 
identification);



•	 the risk assessment itself  – including the methods used, weaknesses or 
inaccuracies in the available data, assumptions on which the estimate is based, 
uncertainties, sensitivity of the estimate to changes in the assumptions, and 
effect of changes in the estimates on risk management decisions;



•	 the risk management decisions proposed – including explanation of the reasons 
for choosing a particular option, its likely effectiveness, trade-off between 
risks and benefits, costs of managing the risks and who pays for the cost of 
managing the risk.



As stakeholder groups can be expected to be heterogeneous, e.g. including primary 
producers, industry, distributors and vendors, consumer groups, and the general 
public, risk communicators need to understand their audience, and they may need to 
involve experts to help to articulate credible messages, to assure transparency, to put 
the risk in the right perspective, to differentiate between scientific and value judgement, 
etc.
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3. Characterization of hazards in 
seafoods



3.1 The disease burden due To seafood (Iddya Karunasagar)
The global burden of food-borne disease is unknown, and this is mainly because of the 
lack of obligation to report the illnesses to public health authorities. Many individuals 
affected by food-borne illnesses may not seek medical care, and the causative agents 
may not be identified by appropriate laboratory investigations. However, some 
countries have surveillance programmes, and the results of these give an indication of 
the disease burden. Although the data are mostly from developed countries, this fact 
should be considered against the background that underreporting occurs even in these 
countries and, most often, the incriminated food is not available for analysis and the 
aetiological agent is not identified. 



Estimates in the United States of America indicate that, annually, 48 million food-
borne illnesses involving 128 000 hospitalizations and 3 000 deaths occur (Gillis et al., 
2011). Pathogens are incriminated in 9.4 million cases involving 55 961 hospitalizations 
and 1 351 deaths (Scallan et al., 2011a). Unspecified agents are involved in an estimated 
38.4 million cases leading to 71 878 hospitalizations and 1 686 deaths (Scallan et al., 
2011b). Norovirus accounts for a large proportion of these illnesses (58 percent) followed 
by non-typhoidal Salmonella (11 percent), Clostridium perfringens (10 percent), and 
Campylobacter (9 percent). There are few studies in which the foods incriminated have 
been specified. Data from the Centers for Disease Control and Prevention (CDCs) 
show that in the period 1993–97 there were 2  751  food-borne outbreaks involving 
86 000 people and 29 deaths and that in only one-third of the outbreaks were the foods 
implicated identified. Fish and shellfish accounted for 187 outbreaks with 2 564 people 
affected and no deaths (Olsen et al., 2000). In the period 1998–2002, 6 647 outbreaks 
were reported involving 128 370 people and 88 deaths (Table 8).  



Table 8
foods involved in food-borne illness in the united states of america, 1998–2002 



food
outbreaks Cases deaths



number Percentage number Percentage number Percentage



beef 208 3.1 4 189 3.3 5 5.6



dairy 92 1.4 2 231 1.7 0 0



eggs 83 1.2 2 212 1.7 0 0



game 10 0.1 91 0.0007 0 0



Pork 138 2.1 2 699 2.1 0 0



Poultry 345 5.2 4 987 3.9 15 17.0



Vegetables 192 2.9 7 037 5.5 4 4.5



Fruits and nuts 87 1.3 3 496 2.7 3 3.4



grains 81 1.2 1 148 0.9 0 0



Oils and sugars 12 0.2 265 0.2 0 0



Finfish 337 5.1 1 692 1.3 1 1.1



shellfish 151 2.3 1 758 1.4 0 0



unclassifiable 
vehicle



232 3.5 5 335 4.2 3 3.4



Complex vehicle 2 079 31.3 45 046 35.1 39 44.3



Known vehicle 4 047 60.9 82 186 64.0 70 79.5



unknown vehicle 2 600 39.1 46 184 36.0 18 20.5



Total 6 647 100.0 128 370 100.0 88 100.0



Source: lynch et al. (2006).











Assessment and management of seafood safety and quality - current practices and emerging issues32



The vehicle of transmission was unknown in 39 percent of outbreaks, 36 percent 
of cases and 20.5 percent of deaths. “Complex vehicle” was responsible for 31 percent 
of outbreaks, 35  percent of cases and 44  percent of deaths. The aetiology could be 
confirmed in 53.7 percent of cases, including 29.5 percent of bacterial, 22 percent of 
viral, 0.6 percent of biotoxins, 0.5 percent of parasites cases (Lynch et al., 2006). Fish and 
shellfish accounted for 488 outbreaks (7.3 percent) involving 3 450 cases (2.7 percent) in 
the period 1998–2002. Ciguatoxin and scombrotoxin accounted for the highest number 
of outbreaks (Table 9). Among bacteria, V. parahaemolyticus was a major aetiological 
agent. Other bacterial agents involved included Clostridium botulinum, Salmonella, 
Vibrio cholerae, Bacillus cereus, Shigella and Campylobacter (Table 9). 



Using data from CDC and state health departments, DeWaal et al. (2006) estimated 
that in the period 1990–2003, there were 4  486  outbreaks involving 138  622  cases, 
of which 899 outbreaks (20 percent) involving 9 312 persons(7 percent) were due to 
seafood. Scombrotoxin accounted for 38 percent (341 out of 899) and ciguatoxin for 
24  percent (215  out of 899) of outbreaks. Five hundred and seventy-one outbreaks 
involving 2  991  cases were due to finfish, such as tuna and grouper, 135  outbreaks 
(3 156 cases) were due to molluscan shellfish, 129 outbreaks (2 400 cases) were linked 
to crab cakes and sushi, and 64 outbreaks (765 cases) were due to other seafood such 
as shrimp and lobster (Dewaal et al., 2006). The CSPI Outbreak Alert (CSPI, 2007) 
shows that, in the period 1990–2005, there were 1 053 outbreaks involving 10 415 cases 
associated with seafood in the United States of America. Scombrotoxin accounted for 
36 percent of these, ciguatoxin, 22 percent, Vibrio and norovirus, 9 percent each, and 
“other bacteria” 16  percent. Tuna and grouper were involved in the largest number 
of outbreaks (661) (Table  10) but molluscan shellfish associated illness affected the 
largest number of people (3 535) in the seafood category. Crustaceans such as shrimp 
and lobster were in the smallest group. In the period 1999–2008, seafood accounted for 
792 outbreaks involving 6 337 cases (DeWaal, Roberts and Catella, 2012).



Table 9 
aetiology of food-borne outbreaks associated with finfish and shellfish in the united states of america,  
1998–2002



aetiology
1998 1999 2000 2001 2002



finfish shellfish finfish shellfish finfish shellfish finfish shellfish finfish shellfish



bacterial



Bacillus cereus 1 1 1



Campylobacter 1



Clostridium 
botulinum



2 2



Salmonella 1 1 2 1 1



Shigella 1 2



Vibrio cholerae 1 1 1



Vibrio 
parahaemolyticus



11 3 3 1 2



Vibrio spp. 1



Total 4 16 4 3 3 1 5 3 2



Toxins and chemical



Ciguatoxin 16 12 12 24 20



scombrotoxin 27 20 20 29 21



shellfish toxin 1 3 1



Other chemical 1



Total 44 1 32 32 3 53 42



Viruses



Hepatitis a 1 1



norovirus 2 1 2 1 8 2



Total 1 2 1 3 1 8 2



Parasitic 1



unknown aetiology 21 20 31 22 27 16 20 20 21 23



Total 69 38 64 28 63 25 75 33 66 27



Source: lynch et al. (2006).
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The results of surveillance for European countries are available from the website 
of the WHO Regional Office for Europe. The eighth report for the period 1999–2000 
is available for individual countries, but the seventh report for the period 1993–98 
has a summary for the continent. In 40 countries in the period 1993–98, there were 
33 307 food-borne outbreaks involving 288 923 cases. A causative agent was identified 
for 70  percent (23  538) of the outbreaks. Salmonella accounted for 77  percent of 
outbreaks and other bacterial agents for 14.5 percent of outbreaks. Viruses accounted 
for only 1 percent of outbreaks. Fish and fishery products were involved in 1 208 out 
of 22 386 outbreaks (5.3 percent) in which the food involved was identified. Among 
foods involved in Salmonella outbreaks, fish and fishery products accounted for 
1 percent. Clostridium botulinum was the causative agent in 67 outbreaks, of which 
7 (10.5 percent) involving 83 cases were related to home-prepared fishery products.



Table 10
seafood groups involved in food-borne outbreaks in the united states of america, 1990–2005



seafood group outbreaks Cases



Tuna, grouper 661 3 344



Molluscan shellfish 165 3 535



seafood dish (e.g. crab cake, tuna burger) 157 2 658



Other seafood (including shrimp, lobster) 70 878



Total 1 053 10 415



Source: CsPI (2007).



In England and Wales, the United Kingdom of Great Britain and Northern Ireland, 
1.7  million cases of food-borne illness occurred in the period 1996–2000, of which 
116 603 (7 percent) were linked to seafood with shellfish accounting for 77 019 cases 
(4  percent) (Adak et al., 2005). The disease risk score (cases/1  million servings) for 
seafood was 41, with shellfish having a high disease risk score (646). In the period  
1999–2000, fish and shellfish were involved in about 18  percent of food-borne 
outbreaks in France.



In Australia, 5.4 million cases of food-borne gastroenteritis occur annually, and data 
on causative agents are available, but not on the incriminated foods (Hall et al., 2005). 
The OzFoodNet Working Group (2006) report shows that, in Australia, there were 
115 food-borne disease outbreaks that affected 1 522 persons. Fish were involved in 13 of 
these outbreaks (11 percent), and oysters in one outbreak. Seven outbreaks were due 
to ciguatera poisoning and four to histamine poisoning. Wang et al. (2007) noted that, 
between 1994 and 2005, a bacterial cause was identified in 1 082 food-borne outbreaks 
involving 57  612  cases and 51  deaths in China. Vibrio parahaemolyticus topped the 
list accounting for 19.5  percent of outbreaks and 18.7  percent of cases, followed 
by Salmonella (16.7  percent of outbreaks, 22.3  percent of cases). C.  botulinum was 
involved in 2.8 percent of outbreaks, 0.4 percent of cases, but 62.8 percent of deaths. In 
Seoul, the Republic of Korea, 147 food-borne outbreaks involving 7 203 cases occurred 
in the period 2002–06, with bacterial agents being responsible for 42.6 percent and viral 
agents for 41.9 percent of cases (Lee et al., 2009).



These data indicate the serious nature of food-borne illnesses from consumption 
of fish and other seafood, especially with regard to biological hazards. The following 
sections elaborate on these hazards, as well as on chemical and physical hazards 
associated with fish and fish products.



3.2 biologiCal hazards
3.2.1 Pathogenic bacteria (Iddya Karunasagar and Tom ross)
Bacteria that may cause illness in humans are considered pathogenic bacteria. This 
section discusses bacteria that are associated with illnesses following consumption 
of fish and fishery products. When fish are alive, bacteria are associated with their 
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surface, in the gills and in gut. Most bacteria associated with fish are not pathogenic. 
A few of them may be associated with spoilage and a few may be even involved in 
the production of certain fermented fish. Bacterial food-borne illnesses may be of 
two major types: food-borne infections and intoxications (Table  11). Food-borne 
infections are caused by the ingestion of live pathogenic micro-organisms (the 
minimum infective dose varies considerably among bacterial species) with the food, 
while food-borne intoxications are caused by ingestion of toxins produced by the 
micro-organisms in food. Most often, toxin-producing bacteria would have grown to 
high numbers (105–108 cfu/g) before the food is consumed. Intoxications might occur 
even when viable micro-organisms that have produced the toxin are no longer present 
in the food at the time of consumption, e.g. Staphylococcus produces heat-stable toxins 
and, therefore, the toxins can persist in heat-treated foods even after the bacteria are 
inactivated. There is another intermediary category of bacterial food-borne illness in 
which clinical symptoms are produced by the toxin produced by the micro-organism 
in the human system following infection (toxi-infection). 



The outcome of ingesting food containing pathogenic bacteria depends on the 
level of pathogen and the food matrix. In general, pathogens such as Shigella and 
enterohaemorrhagic Escherichia coli (EHEC) have a low infective dose (ICMSF, 
1996; Meng et al., 2007). According to human volunteer studies, the infective dose of  
non-typhoidal Salmonella is generally about 106 cells (FAO/WHO, 2002), but in certain 
fatty foods (e.g. chocolates) that protect pathogenic bacteria from gastric acidity, the 
infective dose of Salmonella could be 10 cells or less (D’Aoust and Maurer, 2007).



The micro-organisms causing different categories of food-borne illnesses associated 
with fish and fishery products are indicated in Table 11.



Table 11
Types of fish- and seafood-borne illnesses



Types of illness Causative agent



Infections bacterial infections Listeria monocytogenes, Salmonella sp., Escherichia coli, 
Vibrio vulnificus, Shigella sp.



Viral infections Hepatitis a virus, norovirus, hepatitis e



Parasitic infections nematodes (round worms), cestodes (tapeworms), 
trematodes (flukes)



Toxi-infections Vibrio cholerae, Escherichia coli, Salmonella sp.



Intoxications Microbial Staphylococcus aureus, Clostridium botulinum



biotoxins Ciguatera, paralytic shellfish poisoning (PsP), diarrhoeic 
shellfish poisoning (dsP), amnesic shellfish poisoning (asP), 
neurotoxic shellfish poisoning (nsP), histamine



Chemical Heavy metals: mercury, cadmium, lead. dioxins and 
polychlorinated biphenyls (PCbs). additives: nitrites, 
sulphites



The natural habitat of the pathogenic bacteria varies and, based on their ecology, the 
bacteria may be grouped into three categories:



•	 bacteria indigenous to the aquatic environment (Table 12);
•	 bacteria indigenous to the general environment (Table 13);
•	 bacteria derived from animal/human reservoir (Table 14).



Bacteria that are indigenous to the aquatic environment and the general environment 
may be associated with fish at primary production stage (aquaculture or fish harvesting), 
and those derived from general environment or from the animal/human reservoir may 
be introduced as a result of contamination during handling and processing of fish. In 
either case, the initial levels of the bacteria are generally low and multiplication of the 
organism in fish to reach an infective dose or to produce toxin in fish precedes fish-
borne illnesses. Therefore, for management of risk due to these pathogens, preventing 
their growth would be very important. Most of the pathogenic bacterial species have 
non-pathogenic environmental strains. For example, among V.  cholerae, only those 
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belonging to serovar O1 and O139 cause the disease cholera (FAO/WHO, 2005b). 
Some strains of non-O1/non-O139 V.  cholerae may cause gastroenteritis. Among 
V. parahaemolyticus, only a small percentage of environmental strains are pathogenic 
to humans. In some pathogens such as V.  vulnificus and L.  monocytogenes, it is 
currently not possible to distinguish pathogenic and non-pathogenic strains. 



Table 12
Pathogenic bacteria indigenous to the aquatic environment 



organism distribution levels in fish at primary 
production stage



Clostridium botulinum 



non-proteolytic types b, e, F



Worldwide, higher incidence in 
temperate waters



< 0.1–5.3 spores/g fish



Vibrio cholerae Warm (> 15 °C) freshwater, 
estuarine and coastal 
environments



generally low



Vibrio parahaemolyticus



Vibrio vulnificus



Warm (> 15 °C) estuarine and 
coastal environments



generally low, up to 102–103/g



Aeromonas spp. Warm (> 15 °C) freshwater, 
estuarine and coastal 
environments



generally low



Plesiomonas shigelloides Freshwater, worldwide generally low



Pathogenic bacteria from the general environment may be found commonly in soil, 
dust, vegetation, water and on various food contact surfaces. These bacteria may be 
often present on fish, but mostly in small numbers. 



Table 13
Pathogenic bacteria indigenous to the general environment 



organism distribution levels in fish at primary 
production stage



listeria monocytogenes Worldwide, soil, vegetation, 
silage, sewage, water



< 102 cfu/g in fish



Clostridium botulinum 
proteolytic type a, b



Worldwide, soil generally low



Clostridium perfringens Type a Worldwide, soil generally low



bacillus cereus Worldwide, soil, vegetation, 
water 



generally low



Pathogenic bacteria derived from the animal/human reservoir (Table  14) may 
survive in the environment and even multiply there. Therefore, adoption of GHPs may 
reduce but not eliminate the chances of contamination of fish with these pathogens. As 
the levels of bacteria present as a result of such contamination from the environment 
are generally low, growth in fish before consumption is required to cause disease 
in humans. Thus, in addition to GHPs, it is important to take measures to prevent 
multiplication of pathogens in fish before consumption.



Sources: Modified from Huss (1997) and brenner et al. (2000).



Source: Modified from Huss (1997).
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Table 14
Pathogenic bacteria in the animal/human reservoir



organism distribution levels in fish at primary 
production stage



Salmonella enterica subspecies I Worldwide, warm-blooded animals absent or generally low



Salmonella enterica subspecies II–V Worldwide, cold-blooded animals 
and environment



absent or generally low 



Shigella spp. Worldwide, humans and few 
primates



absent or generally low



Pathogenic Escherichia coli (ePeC, 
eTeC, eaeC, eIeC)



Worldwide, warm-blooded animals absent or generally low



Campylobacter spp. Worldwide, warm-blooded animals absent or generally low



staphylococcus aureus Worldwide, warm-blooded animals absent or generally low



Pathogenic bacteria are discussed in detail in the following sections.



3.2.1.1 Vibrio spp.
More than 80 species have been included in the genus Vibrio, of which at least 12 are 
capable of causing human infections (Oliver and Kaper, 2007). Members of this genus 
are Gram-negative curved or straight rods motile by polar flagellum. Vibrio  spp. 
ferment glucose without producing gas, and most species produce oxidase and catalase. 
Vibrio  spp. are commonly isolated from estuarine, coastal marine environments 
(some species such as Vibrio cholerae are found in freshwater) all over the world and  
seafood-borne illnesses are primarily caused by Vibrio parahaemolyticus, V. vulnificus 
and V.  cholerae (FAO/WHO, 2003a). Of these, V. parahaemolyticus and V.  cholerae 
cause gastrointestinal disease, while V.  vulnificus causes septicaemia. In the United 
States of America, the incidence of food-borne Vibrio infections increased in 2006 
to the highest level since the FoodNet surveillance programme began (CDC, 2007), 
and the infections are most often associated with consumption of raw oysters. The 
emergence of a pandemic strain of V. parahaemolyticus (Nair et al., 2007) and outbreaks 
of illness in Alaska, the United States of America, (McLaughlin et al., 2005) and Chile  
(Cabello et al., 2007) have led to increased interest among seafood safety managers 
in Vibrio  spp. Table 15 indicates Vibrio  spp. associated with human infections, both 
intestinal and extra-intestinal. 



Table 15
human pathogenic Vibrio spp. 



species occurrence in intestinal 
infections



occurrence in non-intestinal 
infections



V. cholerae O1/O139 ++++ +



non-O1/O139 V. cholerae ++ ++



V. parahaemolyticus ++++ +



V. vulnificus + +++



V. fluvialis ++ –



V. furnissi ++ –



V. mimicus ++ +



V. hollisae (now reclassified as 
Grimontia hollisae)



++ –



V. metschnikovii + +



V. alginolyticus – ++



V. carchariae – +



V. cincinnatiensis – +



V. damsela – +



3.2.1.2 Vibrio parahaemolyticus
Epidemiological aspects: Since its first recognition as a food-borne pathogen in Japan 
in the 1950s, V. parahaemolyticus has been implicated in several outbreaks and cases of 



Note: + indicates frequency of occurrence in clinical samples
Source: Modified from FaO/WHO (2001).
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gastroenteritis in different parts of the world (Joseph et al., 1982). Early studies in Japan 
showed that 96 percent of clinical strains produce a thermostable direct haemolysin 
(TDH), while only 1  percent of the environmental strains produce this haemolysin 
(Sakazaki, Iwanami and Tamura, 1968). Subsequently, TDH-negative strains from 
clinical cases were found to produce a TDH-related haemolysin, TRH (Honda, Ni 
and Miwatani, 1988). Currently, strains producing TDH and TRH are considered 
pathogenic to humans. Diverse serotypes may be associated with human infections, 
but, recently, strains belonging to the O3:K6 serotype and its variants have been found 
to be the causative agent of several outbreaks in different countries (Nair et al., 2007). 
Although several publications refer to these strains as “pandemic” strains, Nair et al. 
(2007) pointed out that this is misleading in the epidemiological sense, because although 
outbreaks have been reported from different continents (except Oceania), they have 
not affected exceptionally high proportions of the population. Nevertheless, strains 
belonging to this group show clonality in molecular typing methods such as arbitrarily 
primed polymerase chain reaction (PCR), ribotyping or pulsefield gel electrophoresis 
(PFGE) and are characterized by presence of only tdh gene (and not trh gene), some 
mismatches in nucleotides in the toxRS gene, and presence of an open reading frame 
ORF8 derived from a filamentous bacteriophage f237 (Nair et al., 2007). 



In Japan, V. parahaemolyticus is one of the most common causes of gastroenteritis 
and, annually, 500–800 outbreaks affecting 10 000 people are reported (FAO/WHO, 
2011b). This organism is the leading cause of food-borne illness in Taiwan Province of 
China, causing 197 outbreaks in the period 1986–1995 (Pan et al., 1997) and accounted 
for 69  percent of the food-borne cases between 1981 and 2003 (Su and Liu, 2007). 
V.  parahaemolyticus accounted for 31.1  percent of 5  770  food-borne outbreaks that 
occurred in China from 1991 to 2001 (Liu et al., 2004). In the United States of America, 
FoodNet data indicate that the yearly estimates of food-related illness attributed to 
V.  parahaemolyticus for 1996, 1997 and 1998 were approximately 2  700, 9  800, and 
5  600, respectively, and 62  percent of these were due to raw oyster consumption 
(FDA, 2005). It is also estimated that, due to under-reporting, the number of cases 
was underestimated by a factor of 1:20. In the period 1997–98, more than 700 cases 
(4  major outbreaks) occurred in the Gulf Coast, Pacific Northwest and Atlantic 
Northeast regions (Su and Liu, 2007). The outbreak that occurred in Alaska in 2004 
extended by 1  000  km the northernmost documented source of oysters that caused 
illness (McLaughin et al., 2005).An outbreak involving 177  cases was reported in 
Washington and British Columbia in 2006 (CDC, 2006a). Seafood-borne diarrhoea 
was rare in Chile until 1998, when about 300 clinical cases due to V. parahaemolyticus 
O3:K6 were reported (Gonzalez-Escalona et al., 2005). However, the number of cases 
came down to fewer than 10 per year until it rose again in 2004 causing large outbreaks 
in the environs of Puerto Montt in southern Chile with approximately 1 500, 3 600 and 
900 cases in 2004, 2005 and 2006, respectively (Fuenzalida et al., 2007).



Only two cases involving oyster consumption have been reported from Australia 
(FAO/WHO, 2011b). In a hospital-based surveillance in Kolkata, India, in the 
period 2004–05, V.  parahaemolyticus accounted for 1.2  percent of enteropathogens 
detected (NICED, 2006). In some parts of Thailand, V.  parahaemolyticus appears 
to be a common cause of gastroenteritis. In 1999, 317  cases were recorded in just 
two hospitals in Hat Yai City (Laohaprertthisan et al., 2003). Until a decade ago, 
V.  parahaemolyticus infections were considered rare in Europe, but this could be 
because such infections are not notifiable. An outbreak involving oyster consumption 
in 64  people occurred in 1999 in Galicia, Spain (Lozano-Leon et al., 2003), and an 
outbreak that affected 44 people and linked to imported seafood was reported from 
France in 1997 (Robert-Pillot et al., 2004). A further outbreak involving 80  people 
was reported from Spain in 2004 (Martinez-Urtaza et al., 2005). Strains belonging 
to the pandemic clone have been involved in sporadic cases in Europe. Analysis of 
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13 clinical isolates of V. parahaemolyticus obtained in the period 1997–2004 in France 
showed that five isolates (one isolated in 1997, 1998, 1999 and two in 2003) belonged 
to the O3:K6 serotype and had molecular features of the pandemic clone (Quilici et 
al., 2005). In Spain, there were two clinical isolates of V.  parahaemolyticus O3:K6 
and one of O3:KUT that showed molecular features of the pandemic clone during 
an oyster associated outbreak in 2004 (Martinez-Urtaza et al., 2005). One case of 
V. parahaemolyticus O3:K6 gastroenteritis was reported from Italy in 2007 and one 
in 2008 (Ottaviani et al., 2010). The pandemic clone of V. parahaemolyticus has also 
been isolated from the Russian Federation (Smolikova et al., 2001) and also from 
Mozambique, Africa (Ansaruzzaman et al., 2005).



V. parahaemolyticus gastroenteritis has been associated with a variety of fish and 
shellfish. While oysters have been the most common source in recent outbreaks in 
the United States of America and Europe, there have been reports of involvement of 
other types of seafood, including clams, shrimp, lobster, crayfish, scallops, crabs and 
finfish. In Japan, implicated foods include sashimi, pieces of raw fish fillet (responsible 
for 26  percent of outbreaks), followed by sushi, vinegary rice balls with pieces of 
raw fish fillet (23  percent), shellfish (16  percent) and cooked seafood (12  percent)  
(Anon., 2000a). In one study in Thailand, mackerels were found to be an important 
source (Atthasampunna, 1974). In countries such as India, where seafood is generally 
consumed after cooking, cross-contamination in the kitchen could be the cause 
of outbreaks (Nair et al., 2007). Outbreaks of V.  parahaemolyticus gastroenteritis 
aboard two Caribbean cruise ships reported in 1974 and 1975 (Lawrence et al., 1979) 
were most probably caused by contamination of cooked seafood by seawater from 
the ships’ seawater fire systems. In 1972, an estimated 50  percent of 1  200  persons 
who attended a shrimp feast in Louisiana in the United States of America became ill 
with V. parahaemolyticus gastroenteritis (Barker and Gangarosa, 1974), and samples 
of uncooked shrimp tested positive for the organism. Three outbreaks occurred 
in Maryland in the United States of America in 1971 (Dadisman et al., 1972), with 
steamed crabs being implicated in two of the outbreaks after cross-contamination 
with live crabs. The third outbreak was associated with crabmeat that had become 
contaminated before and during canning.



Gastroenteritis due to V. parahaemolyticus infection is usually a self-limiting illness 
of moderate severity and short duration, and the symptoms include explosive watery 
diarrhoea, nausea, vomiting, abdominal cramps, and less frequently headache, fever and 
chills (FAO/WHO, 2011b). On rare occasions, septicaemia, an illness characterized 
by fever or hypotension and the isolation of the micro-organism from the blood, can 
occur, particularly in immunocompromised individuals. In these cases, subsequent 
symptoms can include swollen, painful extremities with haemorrhagic bullae, and the 
duration of illness can range from 2 hours to 10 days (FAO/WHO, 2011b). 



Dose–response estimations have been made for V. parahaemolyticus based on data 
from human volunteers (FDA, 2005; FAO/WHO, 2011b). These suggest that there 
is a low risk (< 0.001 percent) of gastroenteritis following consumption of 104 cells of 
pathogenic V. parahaemolyticus and a high risk (50 percent) when 108 cells are consumed. 
However, in the outbreak that occurred in Alaska, the levels of V. parahaemolyticus in 
oysters in the farm were in the range 0.3–430 MPN/g and the strains predominantly 
belonged to the O6:K18 serotype (McLaughin et al., 2005). It is not known whether 
some strains and those belonging to the O3:K6 serovar have a lower infective dose.



Ecology and association with fish and fishery products: Vibrio parahaemolyticus 
is found in the estuarine and coastal environments in the tropical to temperate zones 
(Joseph et al., 1982). This organism is considered to be part of the autochthonous 
microflora in these environments, and there is no correlation between the presence 
of this organism and faecal contamination of the environments (Kaneko and 
Colwell, 1977; Joseph et al., 1982). V.  parahaemolyticus has been isolated from 
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seawater, sediment, marine animals, plankton, various fish and shellfish species  
(Joseph et al., 1982). The organism has been isolated from a number of fish species 
and is associated primarily with the intestinal contents (Nair, Abraham and Natarajan, 
1980). Thus, V. parahaemolyticus is naturally present in shellfish (shrimp and molluscan 
shellfish) growing and harvesting areas. Certain areas may have more favourable 
environmental conditions that support the establishment, survival and growth of the 
organism such as temperature, salinity, zooplankton, tidal flushing (including low-tide 
exposure of shellfish) and dissolved oxygen (Amako et al., 1987; Garay, Arnau and 
Amaro, 1985; Kaneko and Colwell, 1977; Venkateswaran et al., 1990). In temperate 
waters, V. parahaemolyticus is often detected in warmer months, and the organism has 
been reported to survive in the sediment during winter (Kaneko and Colwell, 1977). 
However, in tropical waters, V.  parahaemolyticus can be detected throughout the 
year (Natarajan, Abraham and Nair, 1980; Deepanjali et al., 2005). While salinity and 
temperature are considered important factors influencing the prevalence and levels of 
V. parahaemolyticus in temperate waters, (Kaneko and Colwell, 1977; DePaola et al., 
2003), salinity appears to be the major factor in tropical waters (Deepanjali et al., 2005). 
V. parahaemolyticus can grow in sodium chloride (NaCl) concentrations ranging from 
0.5 to 10 percent with optimum levels between 1 and 3 percent (Colwell et al., 1984). 
Adsorption of V.  parahaemolyticus on to plankton- or chitin-containing materials 
occurs with higher efficiency under conditions of estuarine salinity (Kaneko and 
Colwell, 1975). In freshwater systems, the presence of this organism has been reported 
to be transient and dependent on a biological host (Sarkar et al., 1985).



In shrimp, the levels range from undetectable to 104/g, high counts being rare  
(Cann, Taylor and Merican, 1981; Karunasagar, Venugopal and Karunasagar, 1984), 
and, in finfish, levels of ~88/g have been reported (Chan et al., 1989). As oysters have 
been implicated in several outbreaks, the abundance of V. parahaemolyticus in oysters 
has been extensively studied. In oysters in the United States of America, the levels 
detected range from undetectable to 104/g. On the Atlantic and Gulf coasts, only 
5 percent of samples had counts exceeding 103/g (Cook, Bowers and DePaola, 2002). In 
Alabama oysters, the levels in the summer of 1999 were in the range of 102–103/g, and 
the high levels (104/g) reported in shell stock in the market are attributed to post-harvest 
growth (De Paola et al., 2003). Similar levels have been reported from oysters in India 
(Deepanjali et al., 2005). In Hiroshima Bay, Japan, the prevalence was 69 percent with 
levels ranging from 101-103/100 g (Ogawa et al., 1989). With the availability of specific 
DNA probes, it is possible to enumerate total and pathogenic V.  parahaemolyticus 
(DePaola et al., 2003; Deepanjali et al., 2005). In the United States of America, the 
mean pathogenic V.  parahaemolyticus as a percentage of total V.  parahaemolyticus 
ranged from 0.3 to 3.2 in different regions (FDA, 2005). In India, only 10.2 percent of 
oyster samples were positive for pathogenic strains and, in these, the mean percentage 
pathogenic was 3.62 (Deepanjali et al., 2005). Ten percent of various shellfish tested 
in Japan were positive for pathogenic V. parahaemolyticus with counts in the range of 
< 3–93/10 g (Hara-Kudo et al., 2003).



In Japan, the prevalence and levels of V. parahaemolyticus in the imported frozen 
seafood sampled at Osaka port and imported fresh seafood sampled at Kansai 
international airport in the period 1998–2000 has been reported by Chowdhury et al. 
(2001). Out of 335  frozen samples examined, 65  samples (19  percent) were positive 
while 234/949 fresh seafood samples (25 percent) were positive. Tuna had the highest 
prevalence in several different species of fresh seafood, and shrimp had the highest 
prevalence in frozen seafood, while Spanish mackerel had a lower prevalence. Of the 
1 298 V. parahaemolyticus strains isolated, 2 strains (0.15 percent) contained the tdh 
gene and 17 strains (1.3 percent) contained the trh gene.



Growth and survival in seafoods: V.  parahaemolyticus is a mildly halophilic 
(NaCl range 0.5–10  percent, optimum 3  percent) mesophilic (growth temperature 
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range 5–43  °C, optimum 37  °C) organism (ICMSF, 1996). This organism can grow 
in a pH range of 4.8–11, with the optimum being 7.8–8.6. At optimum temperature, 
the doubling time in shrimp was 9–10 min, and at 18.3  °C it was 144  min (Katoh, 
1965). At 20 °C, the doubling time was 34 min in raw shrimp and 28 min in cooked 
shrimp (Liston, 1974). Growth rates in a range of seafoods and tryptic soy broth with 
2.5  percent NaCl have been recorded and summarized (ICMSF, 1996). These data 
indicate that moderate populations of 102–103  organisms/g on seafood can increase 
to >  105  organisms/g in 2–3  h at ambient temperatures between 20  °C and 35  °C 
(ICMSF, 1996). V. parahaemolyticus can grow at a water activity of 0.940–0.996, with 
0.981 being optimal (ICMSF, 1996). The ability of V. parahaemolyticus to grow in raw 
fish/shellfish depends on the species. In the oyster Crassostrea virginica, Cook and 
Ruple (1989) reported that levels of V.  parahaemolyticus increased at temperatures 
above 10 °C, but in most cases did not detect an increase during storage at 10 °C. After 
one day of storage at either 22  °C or 30  °C the levels of V.  parahaemolyticus were 
2–3  orders of magnitude higher than those at harvest. Gooch et al. (2002) reported 
a 50-fold increase in V.  parahaemolyticus levels after storage at 26  °C for 10  h and 
a 790-fold increase after 24 h. After refrigeration at 3 °C for approximately 14 days, 
a 6-fold decrease in the levels was observed. The results from these studies indicate 
that V.  parahaemolyticus can grow rapidly in unrefrigerated oysters. However, 
Eyles, Davey and Arnold (1985) found that Vibrio parahaemolyticus grew poorly or 
not at all during storage of unopened Sydney rock oysters (Crassostrea glomerata) 
at 15  °C and 30  °C for 2  and 7  days. Although V.  parahaemolyticus counts often 
increased at 30 °C, counts above 104/g were not observed. A mathematical model to 
predict the growth rate of V. parahaemolyticus over a range of temperature and water 
activity conditions has been developed by Miles et al. (1997), which was used in the  
FAO/WHO risk assessment for V.  parahaemolyticus in raw oysters (FAO/WHO, 
2011b). Studies conducted in Japan show that in unshucked round clams and turban 
clams, V. parahaemolyticus did not grow at 10 °C and 25 °C, but in the meat of round 
clams, the counts increased by one log at 25 °C in 6 h (FAO/WHO, 2011b). 



In the United States of America, the National Shellfish Sanitation Program 
stipulates that commercial shellfish must be refrigerated within 10  h after harvest, 
when the water temperature exceeds 27 °C (Drake, DePaola and Jaykus, 2007). The 
commercial cooling of oyster sacks has been estimated to take an average of 5.5  h 
(FDA, 2005) and some multiplication of V. parahaemolyticus might occur during this 
cooling time. Cook, Bowers and DePaola (2002) noted that V. parahaemolyticus levels 
in retail oysters were 1–2  log10 greater than at harvest. A number of studies indicate 
that V. parahaemolyticus dies when exposed to temperatures < 5–7 °C, with the highest 
mortality rate being in the range 0–5 ºC (ICMSF, 1996). Freezing combined with frozen 
storage for 30 days at –30 °C and –15 °C is projected to result in a 1.2- and 1.6-log10 



reduction of V. parahaemolyticus numbers in oysters, respectively. A similar decline 
(2–3-log10) of V.  parahaemolyticus (natural population and dosed with pathogenic 
O3:K6 serotype) was observed in oysters frozen for 35 days at –20 °C (FDA, 2005). 
Both pathogenic and non-pathogenic strains have been observed to respond similarly 
to freezing (FDA, 2005). The United States Interstate Shellfish Sanitation Conference 
(ISSC) has accepted freezing combined with frozen storage as an acceptable means of 
post-harvest treatment to control V. parahaemolyticus and V. vulnificus, which should 
be validated and HACCP compliant according to Code of Federal Regulation 21  
CFR 123 (Drake, DePaola and Jaykus, 2007). 



V. parahaemolyticus is sensitive to heat, and the ISSC has accepted heat as a post-
harvest treatment to control this organism in shellfish (Drake, DePaola and Jaykus, 
2007). The reported D-value in crab homogenate is < 1.0 min at 65 °C, and 2.5 min at 
55 °C (ICMSF, 1996). In clam homogenates, the D-value is even lower (0.35–0.72 min 
at 49  °C), which could be because of the sensitivity of the organism to acidic pH 
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(ICMSF, 1996). Cook and Ruple (1992) observed a 6-log10 reduction in V. vulnificus 
levels when shucked oysters were heated to an internal temperature of 50  °C for 
5 min. Vibrio parahaemolyticus and V. vulnificus have been reported to have similar 
sensitivity to heat (FDA, 2005). Other studies have shown that a 4.5–6-log10 reduction 
in V.  parahaemolyticus densities could be expected by treating shucked oysters for 
5 min at 50 °C (FDA, 2005). However, these studies observed that there is substantial 
variability in heat resistance among different strains. For example, when strains of 
serotype O3:K6 in phosphate buffered saline solution (PBS) were subjected to a mild 
heat treatment, there was a ~2-log10 reduction. However, when non-O3:K6 pathogenic 
strains were treated similarly, a much greater reduction (~6-log10) was observed  
(FDA, 2005).



Vibrios are sensitive to high hydrostatic pressure, and high-pressure treatment is 
emerging as a promising technology for control of pathogens in foods. D-values of 
5.1  min and 4.0  min for V.  parahaemolyticus cells treated with 170  MPa (10  atm  = 
1 megaPascal) at 23 °C in PBS and clam juice, respectively, have been reported (Styles, 
Hoover and Farkas, 1991). Various pathogenic vibrio species (approximately 107 cfu/g) 
including V.  parahaemolyticus were reduced to below detectable levels after 15  min 
at 250  MPa and 5  min at 300  MPa (Berlin et al., 1999). After treatment for 30  s at 
345 MPa, there was a 6-log10 reduction in the level of V. parahaemolyticus resulting in  
<  10  cfu/ml. After 10  min at 240  MPa, the levels in the oysters ranged from  
<  10  cfu/ml to ~30  cfu/ml (Calik et al., 2002). However, Vibrio parahaemolyticus 
strains vary in their resistance to high pressure with serotype O3:K6 strains being more 
resistant (Cook, 2003). For this serotype, the average reduction was approximately 
6-log10 after 5  min at 250  MPa in PBS with a range of from 5-log10 to >  9.6-log10, 
while for pathogenic strains of other serotypes the average log10 reduction under the 
same conditions was ~12-log10 reduction with a range of from 9.6-log10 to > 15-log10  
(Cook, 2003).



Relaying is a process in which bivalve molluscs are removed from a microbiologically 
contaminated growing area to an acceptable growing or holding area under the 
supervision of the agency having jurisdiction and holding them there for the time 
necessary for the reduction of contamination to an acceptable level for human 
consumption (CAC, 2008a). This is not effective for V.  parahaemolyticus as the 
organism is ubiquitous in the estuarine and coastal environments. Depuration is the 
process in which the reduction of micro-organisms to a level acceptable for direct 
consumption is achieved by the process of holding live bivalve molluscs for a period 
under approved, controlled conditions in natural or artificial seawater suitable for 
the process, which may be treated or untreated (CAC, 2008a). Depuration has been 
generally reported to have no significant effect on decreasing the level of Vibrio spp. in 
naturally infected oysters or clams, and some reports indicate that these microbes may 
even multiply in depurating shellfish, tank water, and plumbing systems (Eyles and 
Davey, 1984; Greenberg, Duboise and Palhof, 1982). However, reductions have been 
observed by some investigators, e.g. a 1-log10 reduction in V. parahaemolyticus in the 
hard-shell clam, Mercinaria mercinaria, after 72 h of depuration at room temperature 
and >  2-log10 reduction at 15  °C (Greenberg, Duboise and Palhof, 1982); a 5-log10 



reduction in laboratory-infected oysters (Son and Fleet, 1980). 
Risk assessments: The Food and Drug Administration (FDA, 2005) and FAO/



WHO (2011b) have carried out quantitative risk assessment of Vibrio parahaemolyticus 
in raw oysters. In the FDA risk assessment, based on data available in the United States 
of America, a model for predicting V. parahaemolyticus levels in oysters based on water 
temperature was developed. The post-harvest oyster handling practices in the United 
States of America and the effect of these practices on levels of V.  parahaemolyticus 
were modelled. Growth of V. parahaemolyticus in American oysters at 26 °C reported 
by Gooch et al. (2002) and the model developed by Miles et al. (1997) for estimating 











Assessment and management of seafood safety and quality - current practices and emerging issues42



growth rate at different temperatures in broth were used to model the growth in oysters 
in the post-harvest module. Data from two regions in the United States of America 
(Pacific Northwest and Gulf coast) were used to estimate the proportion of strains that 
are pathogenic. It was estimated that about 50 percent of oysters are consumed raw and 
that each serving would be about 200 g. The FDA risk assessment predicted the mean 
annual number of illnesses to be the highest in the Gulf coast region with 1 406, 132, 
7  and 505  cases occurring in summer, autumn, winter and spring, respectively. The 
current ISSC/FDA guideline recommends that if V. parahaemolyticus levels in oysters 
exceed 5 000/g, they have to be tested for pathogenic (tdh+) strains, and if positive, 
harvesting is to be closed (FDA, 2005). The risk assessment estimated risk reductions 
that can be achieved by having a control plan based on levels of V. parahaemolyticus 
at harvest in oysters. A standard of 5 000/g V. parahaemolyticus at the time of harvest 
could (potentially) eliminate 28 percent of the illnesses associated with the consumption 
of oysters from the Gulf coast region, with 6  percent of the harvest having to be 
diverted from the “raw market” (FDA, 2005). The risk assessment suggests that in the 
absence of subsequent post-harvest mitigations, “at harvest” guidance levels of 105, 
103, 102 total V.  parahaemolyticus per gram could potentially reduce the illness rate 
by 1.6, 68 and 98 percent with corresponding impacts of 0.25, 21 and 66 percent of 
the harvest, respectively. If the control is applied on the basis of V. parahaemolyticus 
levels at retail, a standard to 104/g would reduce illness by 99 percent and 43 percent of 
the harvest would have to be diverted from the raw market. A 5 000/g standard could 
almost eliminate almost 100 percent of illnesses, with 70 percent of the harvest having 
to be diverted from the raw market (FDA, 2005). 



The FAO/WHO risk assessment of V.  parahaemolyticus in raw oysters used a 
similar approach (Figure  7) to estimate risk of illness in Australia, New Zealand, 
Canada and Japan (FAO/WHO, 2011b). Local data on water and air temperature, local 
harvest practices and prevalence of V. parahaemolyticus in oysters in these countries 
were used: also used were data from the United States of America on proportion of 
pathogenic V.  parahaemolyticus, multiplication of V.  parahaemolyticus in oysters, 



FIgure 7
schematic diagram of post-harvest module of V. parahaemolyticus risk assessment



Source: FaO/WHO (2011b).
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consumption patterns and under-reporting of illness. The model predicts an annual 
incidence of 91 cases for Australia, 66 for Japan and 186 for Canada. Epidemiological 
data indicate that there were only 2  cases in Australia in 18  years, and 212  cases in  
10 years (1997–2006) in Canada (FAO/WHO, 2011b). The overestimation of illness 
could be due to several factors such as growth of V. parahaemolyticus in different oyster 
species (no growth reported for Sydney rock oysters even at ambient temperatures), 
presence and proportion of pathogenic V.  parahaemolyticus and under-reporting 
factors in the model used for the United States of America. The risk assessment also 
estimated the impact of three different limits for V.  parahaemolyticus: 100  cfu/g, 
1 000 cfu/g and 10 000 cfu/g applied when the products are cooled after harvesting, 
when the population of V. parahaemolyticus has stabilized, i.e. when the temperature 
becomes too low for further growth but not so low that die-off occurs (Table 16). At 
the standard of 100/g, a 99 percent reduction in illness in Australia and Japan can be 
achieved with a diversion of 67 percent and 16 percent of oysters from raw markets, 
respectively (FAO/WHO, 2011b). This shows that the impact of implementation of 
criteria could be diverse in different geographical regions.



Table 16
reduction in illness, based on meeting specified target numbers of V. parahaemolyticus, 
together with commensurate rejection of product for raw consumption 



reduction (%) in the number of predicted 
illnesses



Product (%) rejected to achieve these 
reductions in illnesses



specified 
target



australia 
(summer)



new 
zealand 



(summer)



Japan 
(autumn)



australia 
(summer)



new 
zealand 



(summer)



Japan 
(autumn)



100 cfu/g 99 96 99 67 53 16



1 000 cfu/ g 87 66 97 21 10 5



10 000 cfu/g 52 20 90 2 1 1



FAO and the WHO have also carried out risk assessment of V. parahaemolyticus 
in raw and undercooked finfish (FAO/WHO, 2011b). The assessment was done 
for Japanese horse mackerel (Trachurus japonicus) because 282  000  tonnes of horse 
mackerel is harvested in Japan annually and 30  percent of this is consumed raw as 
sushi or sashimi in Japan. Japanese published and unpublished data on the prevalence 
and concentration of V. parahaemolyticus in horse mackerel at different steps in the 
food chain were used in the risk assessment. The average consumption weight per 
serving was estimated to be 73 g. It was assumed that the levels of V. parahaemolyticus 
on the surface of the fish and in the intestines at harvest were proportional to that of 
the gill, with the ratio calculated from the data reported in one of the Japanese studies 
(FAO/WHO, 2011b). The V. parahaemolyticus numbers were estimated for different 
scenarios: no washing, washing fish in clean water, washing fish in water that contains 
V. parahaemolyticus. The probability of becoming ill per serving of raw horse mackerel 
was estimated to be 8.77  × 10–7 (best scenario) to 3.75  × 10–5 (worst scenario). The 
estimated number of cases per year would be 70–3 000 in Japan. 



Yamamoto et al. (2008) reported quantitative risk assessment of V. parahaemolyticus 
in bloody clams (Anadara granosa) in southern Thailand. The prevalence and 
concentration of V.  parahaemolyticus, and the proportion of pathogenic strains in 
bloody clam at harvest and retail were estimated by the MPN-PCR method. This study 
estimated the illness rate to be 6–10 000 persons/year.



Risk management strategies: Currently available risk assessments indicate that 
there are wide geographical variations in the predicted number of illnesses from 
V.  parahaemolyticus owing to a number of factors such as prevalence and levels of 
total and pathogenic strains, post-harvest and consumption practices. Even for a 
single commodity, e.g. raw oysters, the predicted level illness even within a country  



Source: FaO/WHO (2011b).
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(e.g. the United States of America) varies in different regions. Therefore, it would not be 
possible to suggest a globally applicable microbiological criterion even for raw oysters. 
However, considering the outputs of various risk assessments, the Recommended 
Code of Hygienic Practice for Vibrio spp. in Seafood has an annex on control measures 
for V. parahaemolyticus and V. vulnificus in raw bivalve molluscs (CAC, 2010).



3.2.1.3 Vibrio vulnificus
Epidemiological aspects: Vibrio vulnificus is a common inhabitant of warm-water 
estuarine environments all over the world. Currently, three biotypes are recognized 
based on a combination of phenotypic, serologic and host-range characters (Drake, 
DePaola and Jaykus, 2007). Biotype 1 strains are indole positive, serologically diverse 
and are associated with human infections. Biotype  2 strains are indole negative and 
considered mainly as eel pathogens, but may also be opportunistic human pathogens, 
being associated with infections in eel handlers. This biotype has three serotypes, and 
strains associated with eel and human infections belong to serotype  E (Sanjuan and 
Amaro, 2004). Biotype  3 has five atypical biochemical characters, genetically clonal 
and has been isolated from 62  Israeli patients with wound infection or septicaemia. 
This biotype has not been associated with food-borne infections (Drake, DePaola and 
Jaykus, 2007). The virulence of this organism seems to be related to multiple factors 
such as presence of a polysaccharide capsule, ability to obtain iron from transferrin, 
ability to produce extracellular enzymes and exotoxin (Drake, DePaola and Jaykus, 
2007). Most of the virulence-associated factors are present in more than 95  percent 
of environmental strains. Recent molecular studies suggest that it may be possible to 
differentiate clinical and environmental strains. Rosche, Yano and Oliver (2005) using 
nucleotide sequence analysis showed that Biotype  1 strains could be distinguished 
into two types that strongly correlate with clinical (C) or environmental (E) origin. 
C-genotypes showed greater resistance to human serum than E-genotypes and 
had lower LD50 suggesting that C-genotype strains may be more virulent (Bogard 
and Oliver, 2007; Rosche, Binder and Oliver, 2010). While similar levels of C- and 
E-genotypes were found in estuarine waters, oysters had 85  percent E-genotypes 
(Warner and Oliver, 2008).



The disease rarely (<  5  percent) occurs in healthy individuals, and liver disease 
(including cirrhosis due to alcohol consumption) is a risk factor for V.  vulnificus 
infection. Other predisposing factors are diabetes, gastrointestinal disorders (ulcer, 
surgery), haematological conditions, and immunocompromised condition associated 
with cancer and therapy with immunosuppressive drugs. The fatality rate (about 
50  percent) is the highest among food-borne pathogens (FAO/WHO, 2005c). 
However, the attack rate is low, with one illness occurring per 10 000 meals of raw 
United States Gulf coast oysters (containing V. vulnificus) served to the highest-risk 
population, i.e. people with liver diseases (FAO/WHO, 2005c). The incubation period 
ranges from 7  h to 10  days, with symptoms appearing within 36  h in most cases 
(Oliver and Kaper, 2007). Most patients present with sudden onset of fever and chills, 
generally accompanied with nausea, vomiting, abdominal pain, hypotension (systolic 
pressure <85 mm). In more than 60 percent cases, secondary lesions appear, mostly on 
the legs that often develop necrotizing fascitis or vasculitis that may require surgical 
debridement or amputation (Strom and Paranjapaye, 2000; Oliver and Kaper, 2007). 
V. vulnificus can be isolated from blood and cutaneous lesions. Epidemiological data 
suggest that men are more susceptible than women to V. vulnificus infection (Shapiro et 
al., 1998; Merkel et al., 2001). Rare cases of atypical infections have been reported, and 
these include septic arthritis (Johnson and Arnett, 2001), meningoencephalitis (Kim 
et al., 2003a) and ocular infection (Jung et al., 2005) following consumption of raw 
oysters or raw fish. Apart from primary septicaemia, V. vulnificus may be associated 
with wound infections, and Strom and Paranjapye (2000) noted that 69 percent of such 
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infections were associated with occupational exposures among oyster shuckers and 
commercial fishers. Wound infections may progress to echymoses, cellulitis, bullae and 
necrotizing fasciitis, but the mortality rate (25 percent) is much lower than in the case 
of primary septicaemia (Jones and Oliver, 2009), but 50 percent of cases may require 
surgical debridement or amputation. V.  vulnificus infection may also result in mild 
gastroenteritis with vomiting, diarrhoea and abdominal cramps.



It is estimated that about 100  cases of primary septicaemia due to V.  vulnificus 
occur per year in the United States of America (Drake, DePaola and Jaykus, 2007). 
The Korean Center for Disease Control estimates 40–70  confirmed cases per year, 
and this high rate is suspected to be due to consumption of raw seafood or higher 
prevalence of predisposing factors (Drake, DePaola and Jaykus, 2007). However, in 
Japan, Inoue et al. (2008) estimated 12–24 cases per year, and in Taiwan Province of 
China, there was a peak occurrence in 2000 with 26 cases per million of the  population 
(Hsueh et al., 2004). In Japan, oysters are not the primary source, as raw oysters are 
eaten only in winter and most infections occur in the period June–November with a 
peak in July. A mud shrimp, Upogebia major, was the common agent associated with 
V. vulnificus infections (Inoue et al., 2008). Most cases occurred in western Japan, with 
about 50 percent of cases occurring in Kyushu. In Japan, 72.3 percent of infections had 
septicaemia, and the mortality rate was 75 percent. Most patients (86.5 percent) had 
liver function impairment, with 56.9  percent having liver cirrhosis and 10.1  percent 
liver cancer (Inoue et al., 2008). Three cases in Kumamoto Prefecture, Japan, were 
attributed to consumption of raw flathead fish that had been marinated in soy sauce 
for one day (Ono, Inoue and Yokoyama, 2001). In Europe, V. vulnificus infections are 
rare and mostly wound infections (Baker-Austin et al., 2010). Rare cases of septicaemia 
have been reported from Thailand (Thamlikitkul, 1990) and India (Saraswathi, Barve 
and Deodhar, 1989).



Ecology and association with fish and fishery products: Vibrio vulnificus is a 
natural inhabitant of warm estuarine and coastal environments throughout the world. 
The organism has been isolated from waters where the temperatures range from 
9–31  °C and proliferates in waters where temperature exceeds 18  °C (Kaspar and 
Tamplin, 1993; Strom and Paranjpaye, 2000). Although this organism has worldwide 
distribution and has been isolated from coastal marine and estuarine waters, sediment, 
plankton, various shellfish (both molluscan and crustacean) and finfish species  
(FAO/WHO, 2005c; Drake, DePaola and Jaykus, 2007), detailed ecological studies 
have been done only from a few countries. The abundance varies considerably and is 
greatly influenced by temperature and salinity. In North America, higher densities are 
observed in mid-Atlantic, Chesapeake Bay and Gulf coast waters, where temperatures 
are warmer throughout the year, while densities are lower in Pacific, Canadian and 
North Atlantic waters (Kaysner et al., 1987; O’Neil, Jones and Grimes, 1992; DePaola, 
Capers and Alexander, 1994; Wright et al., 1996; Motes et al., 1998). The lowest 
temperature at which V. vulnificus has been isolated varies geographically, being 8 °C at 
Chesapeake Bay (Wright et al., 1996) and < 12.5 °C in Gulf coast waters (Simonson and 
Siebeling, 1986). The organism survives in sediment during winter. In tropical waters, 
where temperature does not go below 18 °C, abundance of V. vulnificus is influenced 
by salinity (Parvathi et al., 2004). In south India, the highest V. vulnificus levels were 
found during the monsoon season when the salinities were less than 5 ppt, and these 
organisms were not detectable at salinities exceeding 25  ppt (Parvathi et al., 2004). 
Salinity has a significant effect on the abundance of the organism even in temperate 
waters. In the waters of the United States of America, numbers of V. vulnificus were 
high at salinity levels of 5–25  ppt, but dropped by 58–88  percent at salinities more 
than 30 ppt (Kaspar and Tamplin, 1993; Motes et al., 1998). V. vulnificus can colonize 
plankton and fish gut (DePaola, Capers and Alexander, 1994; Wright et al., 1996; 
FAO/WHO, 2005c). V. vulnificus produces chitinase, which might help the organism 
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to colonize zooplankton (Strom and Paranjapaye, 2000). Through fish, the organism 
even reaches the gut of birds, as Miyasaka et al. (2005) found 14.1 percent aquatic birds 
in Japan to be positive for V. vulnificus.



Levels of V.  vulnificus in oysters could be 100  times higher than in the waters 
surrounding them. On the United States Gulf coast, the levels in oysters may reach 
104  cfu/g during the summer months (Drake, DePaola and Jaykus, 2007), and in 
tropical waters of India, similar levels were reached in oysters when salinities were 
less than 10 ppt (Parvathy et al., 2004). V. vulnificus counts exceeding 106/g have been 
reported from the intestines of benthic fish inhabiting oyster reefs (DePaola, Capers 
and Alexander, 1994). There is no correlation between the prevalence or occurrence 
of V.  vulnificus and faecal contamination of waters (Tamplin et al., 1982; Parvathi  
et al., 2004), hence faecal coliforms and/or Escherichia coli cannot be used as indicator 
organisms for this pathogen. 



Growth and survival in seafoods: V.  vulnificus does not grow in oysters at 
temperatures below 13  °C and prolonged refrigeration could lead to reduction in 
numbers (Cook, 1994; Cook and Ruple, 1992). While Cook and Ruple (1992) noted 
that levels in refrigerated shellfish became non-detectable (< 3/g) in 14–21 days, Kaysner 
et al. (1989) observed survival in artificially contaminated oysters for 14 days at 2 °C, 
suggesting that refrigeration cannot be relied upon for elimination of this pathogen in 
oysters. The rate of decline in refrigerated oyster shell stock has been estimated to be 
0.041 log unit per day (Cook, Bowers and DePaola, 2002). In fact, if the temperature is 
not controlled immediately after harvest, growth of V. vulnificus in oyster could occur. 
Cook (1997) demonstrated that V. vulnificus levels in oyster shell stock held without 
refrigeration for 3.5, 7, 10.5 and 14 h increased 0.75, 1.3, 1.74 and 1.94 log units. It has 
also been reported that V. vulnificus levels in retail oysters originating from Gulf of 
Mexico were 1–2 log units greater than at harvest (Cook, Bowers and DePaola, 2002). 
It has been estimated that commercial cooling of oyster stocks could take an average of 
5.5 h (FDA, 2005) and, therefore, the time shell stock is unrefrigerated on boat deck is 
an issue in control plans. 



Four to five log10 reductions in numbers of natural V.  vulnificus population in 
oysters occur when frozen to –40 °C and stored for 3 weeks (Cook and Ruple, 1992). 
However, cold adaptation at 15  °C may reduce the effectiveness of freezing (Bryan 
et al., 1999). A combination of vacuum packaging and freezing can bring down 
V.  vulnificus counts by 3–4  log10 units in 7  days but although numbers continue to 
decline until day 7, complete elimination cannot be achieved (Parker et al., 1994).



V. vulnificus is sensitive to heat with a 6 log10 reduction in numbers occurring when 
subjected to 50 °C for 5 min in shucked oyster meat (Cook and Ruple, 1992). Natural 
populations of V. vulnificus (4.3 × 103 cfu/g) could be reduced to non-detectable levels 
by exposing them to 50 °C for 10 min (Cook and Ruple, 1992). D-values at 47 °C were 
3.44–3.66  min for opaque colonies and 3.18–3.38  min for translucent colonies (Kim 
et al., 1997). In North and South Carolina, the United States of America, commercial 
shell stock is subjected to heat shock by submerging batches of about 70 chilled oysters 
in wire baskets into a heat-shock tank containing about 850 litres of potable water at a 
temperature of 67 °C for about 5 min depending on oyster size and condition (Drake, 
DePaola and Jaykus, 2007). This process has been shown to reduce V.  vulnificus 
levels by 2–4 log10 units (Hesselman, Motes and Lewis, 1999). V. vulnificus cells were 
inactivated at pH 2.0 (Koo, DePaola and Marshall, 2000). V. vulnificus is sensitive to 
ionizing radiation, and irradiation doses of 1.0 kGy applied on whole shell oysters can 
reduce the cell numbers from 107 cfu/g to undetectable levels (Andrews, Jahncke and 
Millikarjunan, 2003). Hydrostatic pressure of 250 MPa for 120 s reduced V. vulnificus 
to > 5 log10 units in oyster (Cook, 2003).



Risk assessments: A quantitative risk assessment for V. vulnificus in raw oysters 
was documented by FAO/WHO (2005c), and this study modified the FDA 
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V. parahaemolyticus risk assessment model to assess the risk of V. vulnificus primary 
septicaemia in the United States of America. The geographical coverage was limited 
because quantitative data for V. vulnificus levels in oysters at the point of consumption 
and the data for the susceptible population were available for only for the United 
States of America (FAO/WHO, 2005c). Data on V. vulnificus levels in oysters were 
based on weekly analysis of oysters from four Gulf states conducted in the period 
1994–95 (Motes et al., 1998, FAO/WHO, 2005c) and all strains were considered 
equally virulent. Although association of certain genotypes with clinical cases has 
been reported (Nilsson et al., 2003), data on seasonal and regional distribution of 
such strains or on the ability of such strains to grow and/or survive in oysters under 
typical industry practices were not available. The model used for determining exposure 
assessment is illustrated in Figure 8. The harvest and post-harvest module were based 
on post-harvest practices (duration of oysters in harvest vessel in water, time to first 
refrigeration, cooldown time) derived based on surveys conducted on the Gulf coast. 
V. vulnificus growth in oysters, survival during refrigeration and levels at consumption 
were estimated based on data from studies along the Gulf coast of the United States 
of America (Cook, 1997; Cook, Bowers and DePaola, 2002). The model predicted 
that the mean V.  vulnificus levels in oysters would be 5.7  × 104/g in summer and 
8.0 ×x 101/g in winter. At a serving size of 196 g, the ingested dose would be 1.1 × 107 
V. vulnificus in summer and 1.6 × 104 in winter. FDA data on the prevalence of risk 
factors in the United States of America population and oyster consumption data from 
surveys were used in the model (FAO/WHO, 2005c. The dose–response relationship 
was modelled by estimating the exposure per eating occasion and the number of eating 
occasions for oyster-associated V. vulnificus cases reported to the United States CDCs 
in the period 1995–2001. The model predicted 0.5, 11.5, 12.2 and 8 illnesses for winter  
(January–March), spring (April–June), summer (July–September) and autumn 
(October–December), respectively. When compared with epidemiological data, the 
numbers of reported cases (averages for 1995–2001 were 0.6  in winter, 9.6  in spring, 
13.5  in summer and 7.4  in autumn) were within the 90  percent confidence limit 
predicted by the model (FAO/WHO, 2005c). 



The risk assessment also predicted the reductions in illness that could be achieved 
by post-harvest treatments to reduce V. vulnificus levels to target values such as 3/g, 
30/g or 300/g. In the United States of America, there are three validated methods 
to achieve end-point criterion of <  3  MPN/g V.  vulnificus and these include mild 
heat treatment (50  °C), freezing with extended frozen storage, and high hydrostatic 
pressure. If all oysters were treated to achieve a target level of 3/g, the model predicted 
that the number of cases could be reduced from the current 32 reported cases per year 
to one case every 6 years. If the target were shifted to 30/g or 300/g, then the predicted 
cases would increase to 1.2 and 7.7 cases per year, respectively (FAO/WHO, 2005c). 
At a time to refrigeration range of 0–20 h, the predicted illness ranged from 17.7  to 
59.3  cases, suggesting that immediate cooling of oysters alone is not adequate to 
achieve a substantial reduction in the number of V. vulnificus illnesses. As V. vulnificus 
levels in oysters harvested from waters with a salinity of > 30 ppt is greatly reduced, 
it is predicted that if all oysters were harvested from waters at a salinity of > 30 ppt, 
irrespective of the water temperature, V. vulnificus illnesses would be < 1 case per year 
(FAO/WHO, 2005c). Relaying oysters to high-salinity waters (>  32  ppt) has been 
shown to reduce V. vulnificus levels by 3–4 log units (< 10/g) within 2 weeks. Based on 
the FAO/WHO risk assessment, the Codex Committee on Food Hygiene developed 
a code of hygienic practice for control of Vibrio  spp. in seafood with an annex on 
control measures for V. parahaemolyticus and V. vulnificus in bivalve molluscs. This 
code recommends assessment of the need for control measures based on: (i) number of 
sporadic illnesses associated with bivalve molluscs in the area; (ii) water temperature 
at harvest, air temperature and harvest and post-harvest practices; and (iii) water 
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salinity at harvest. As there is wide geographical variation in the prevalence and levels 
of V. vulnificus in bivalves, control measures that have been validated and appropriate 
for the region may be adopted by the competent authority having jurisdiction and 
implemented under the HACCP system. Validation of control measures should be 
carried out in accordance with the Codex guidelines for the validation of food safety 
control measures (CAC/GL 69–2008). 



Risk management: V.  vulnificus resides inside various tissues of oysters; hence, 
depuration is ineffective in elimination of this pathogen. However, relaying oysters in 
high-salinity (> 30 ppt) waters for 17–49 days caused a decrease in population from 
103  cfu/g to <  10  MPN/g (Motes and De Paola, 1996). The United States National 
Shellfish Sanitation Program (NSSP) guide (2009) includes the following strategies for 
minimizing the risk due to V. vulnificus in molluscan shellfish in states reporting two 
or more cases of V. vulnificus illness per year: (i) increased educational efforts targeted 
towards the population at risk to improve their awareness of the risks of eating raw 
molluscan shellfish and to change their eating behaviour to reduce or stop eating raw 
or untreated molluscan shellfish; (ii) limited harvest restrictions on areas incriminated 



FIgure 8
V. vulnificus risk assessment model



Source: FaO/WHO (2005c).
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in outbreaks; (iii) requirement for the temperature of shell stock to be brought down 
to 10 °C or less by using ice, mechanical refrigeration or other means within specified 
period (10  h when water temperature is >  28  °C; 12  h when water temperature is 
> 23 °C up to 28 °C; 14 h when water temperature is 18–23 °C and 36 h when water 
temperature is <  18  °C); and (iv) phased-in post-harvest treatment requirements or 
other controls.



3.2.1.4 Vibrio cholerae
Epidemiological aspects: Vibrio cholerae is a heterogeneous species consisting of 
more than 220  serotypes. The disease cholera is caused only by serotypes O1 and 
O139. These are also referred to as choleragenic V.  cholerae. Strains belonging to  
non-01/non-0139 serotypes of V.  cholerae are widely distributed in the aquatic 
environment and they are mostly not pathogenic to humans, although they may 
occasionally be associated with sporadic cases of gastroenteritis (Kaper, Morris and 
Levine, 1995; Desmarchelier, 1997). The O1 serovar is classified into three antigenic 
forms: Inaba, Ogawa and Hikojima. V.  cholerae O1 strains are classified into two 
biotypes, Classical and El Tor, based on their phenotypic characteristics (Kaper, 
Morris and Levine, 1995). Recent studies have shown that the Classical biotype strains 
are rarely isolated from any part of the world (Sack et al., 2003). The severe form of 
the disease, termed cholera gravis, is characterized by passage of voluminous stools 
of rice water character leading to dehydration, hypovolemic shock, acidosis, and, 
unless appropriate treatment is initiated, death. However, it has been estimated that 
only 2 percent of those infected with El Tor biotype and 11 percent of those infected 
with Classical biotype develop severe disease. Five  percent of El Tor infections and 
15 percent of Classical infections may result in moderate illness that can be managed 
in outpatient clinics (Kaper, Morris and Levine, 1995). Symptoms due to O1 and 
O139 serotypes appear to be identical. The most important virulence factor associated 
with V.  cholerae O1 and O139 is the cholera toxin. The ctx genes (ctxA and ctxB) 
encoding the production of the cholera toxin have been sequenced, and this has enabled 
development of DNA probes and PCR methods for detection of this gene in the 
isolates of V. cholerae O1 and O139 (Shirai et al., 1991; Koch et al., 1993; Karunasagar 
et al., 1995). The choleragenic El Tor biotype strains of V.  cholerae are grouped in 
four major clonal groups: (i) the seventh pandemic, (ii) the United States Gulf Coast, 
(iii) Australia; and (iv) Latin America. These seem to reflect broad demographic and 
epidemiological associations (Wachsmuth et al., 1994).



Cases of cholera occur in several countries in Asia, Africa and also occasionally in 
the United States of America, where the organism is present in the Gulf coast (Oliver 
and Kaper, 2007). Ingestion of contaminated water or food has been the cause of most 
outbreaks, and fish and fishery products are occasionally incriminated. A variety of 
fish and fishery products have been involved in outbreaks of cholera in different parts 
of the world (FAO/WHO, 2005a). Crustaceans, molluscs and finfish prepared in a 
variety of forms have been vectors for the transmission of V. cholerae. Transmission 
of V.  cholerae by seafood can be acute where fish and shellfish are consumed raw 
(DePaola, 1981). Seventy-five of 336  passengers on an airliner were affected in the 
Americas in 1992 in a case in which cold seafood salad was implicated (Eberhart-Phillip 
et al., 1996). The shellfish most often associated with cholera cases are molluscan 
shellfish (oysters) and crabs. While oysters are consumed raw in many countries, crabs 
are generally cooked, although even after boiling crabs for up to 10 min or steaming 
for up to 30 min, V. cholerae O1 may still retain viability (Blake et al., 1980). There 
are also a few outbreaks linked to crustacean shellfish: one outbreak linked to the 
consumption of raw shrimp in the United States of America in 1986, where the source 
was domestic; an outbreak in Japan in 1978 associated with lobsters imported from 
Indonesia; and an outbreak linked to the consumption of raw shrimp in the Philippines 
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in 1962. However, in most cases, it is not possible to assess whether V. cholerae O1 was 
naturally present or cross-contaminated after harvest (FAO/WHO, 2005b). Finfish 
have also occasionally been involved, e.g. reef fish in Guam (Haddock, Truong and 
Aguon, 2002); unspecified fish brought into Germany by a Nigerian (Schurmann et al., 
2002); and whitebait from Indonesia in cases in Sydney (Forssman et al., 2007). 



Severe diarrhoea due to V.  cholerae O75 has been reported in the United States 
of America, although this has not caused large outbreaks. Between 2003 and 2007, 
V.  cholerae O75-producing cholera toxin was isolated from six patients with severe 
diarrhoea and, in some cases, raw oysters were linked to the infections (Tobin-D’Angelo 
et al., 2008). A further ten cases linked to raw or lightly cooked oyster consumption 
were reported in Florida in 2011, but none of the cases required rehydration therapy 
(Onifade et al., 2011). Although V. cholerae O75 isolated from these cases produced 
cholera toxin, the disease was milder than cholera. Although ctx-positive non-O1 and 
non-O139 strains have been found, these strains often lack the full set of virulence 
genes found in epidemic strains. Chakraborty et al. (2000) noted absence of tcpA genes 
in ctx-positive strains, while Rivera et al. (2001) noted absence of genes encoding 
zonula occludens toxin (zot). A multiplex PCR amplifying tcp and ctx gene has been 
suggested for detection of choleragenic V. cholerae O1/O139 from aquatic ecosystems 
for cholera surveillance programmes (Rivera et al., 2003).



Ecology and association with fish and fishery products: The primary source of 
V. cholerae O1 and O139 is the faeces of persons acutely infected with the organism. 
The organism reaches water most often through sewage. The presence of the organism 
in the aquatic environment is not directly correlated with the presence of faecal 
coliform bacteria, but nutrients discharged with human sewage may enhance the 
survival of V. cholerae. The organism can survive in waters for long periods, and there 
are several instances where water has been implicated by epidemiological studies as a 
vehicle of V. cholerae O1. The survival time of V. cholerae in water has been estimated 
and the average time for a 1-log decline in cell number (t90) is a function of the organism 
as well as the biotype (Feachem, Miller and Drasar, 1981). The work of Colwell and 
co-workers has shown that V.  cholerae O1 can survive in water almost indefinitely, 
and the organism can be said to be an autochthonous aquatic organism (Colwell and 
Spira, 1992). The conclusion that V. cholerae O1 can persist for long periods in water is 
supported by the observation that V. cholerae O1 of the same biotype, serotype, phage 
type and toxin profile has been isolated over several decades in locations such as the 
Gulf of Mexico (Blake et al., 1983; Shandera et al., 1983). Endemic focus has also been 
reported in Australia and Latin America (Wachsmuth et al., 1994).



In the aquatic environment, a strong association between levels of zooplankton 
and incidence of V. cholerae has been observed (Huq et al., 1983). Adhesion to chitin 
has been shown to influence strongly the ecology of V.  cholerae. The organism is 
chitinolytic and its ability to digest chitin seems to play a role in its persistence in the 
environment (Dastidar and Narayanaswami, 1968; Colwell and Spira, 1992; Araujo 
et al., 1996). Choleragenic V. cholerae has also been reported to attach to the hindgut 
of crabs (Huq and Colwell, 1996), and it is noted that the hindgut of crustaceans 
is an extension of the exoskeleton and is lined with chitin. Based on studies in 
Bangladesh, Colwell and Spira (1992) concluded that seasonality of cholera may be 
explained in that primary transmission is controlled by environmental factors such 
as temperature, salinity, nutrient concentration and zooplankton blooms as well as 
by seasonal variation in seafood harvesting and consumption and by direct water 
contact. Studies in Bangladesh show that simple filtration of drinking-water through 
a sari cloth removed zooplankton, most phytoplankton and particulates with a size  
> 20 m and that it was effective in removing 99 percent of V. cholerae (Huq et al., 1996). 
Deployment of this filtration procedure in 65 villages in Bangladesh with a population 
of about 133  000  individuals yielded a 48  percent reduction in cases of cholera  
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(Colwell et al., 2003). From the foregoing, it can be concluded that choleragenic 
V. cholerae is mainly found associated with plankton in the upper part of the water 
column.



V.  cholerae occurs in waters with salinities between 0.2  and 20  ppt (Colwell and 
Spira, 1992). Hence, the organism is not associated with fish and shellfish caught in 
offshore marine waters. Shrimp are bottom-living organisms living in offshore waters, 
and this may explain the poor association between marine shrimp and choleragenic 
V. cholerae O1 and O139. In fact, there are very few records of isolation of V. cholerae 
O1 and O139 from shrimp. Studies from Southeast Asia indicate absence of V. cholerae 
O1 from raw shrimp (Karunasagar et al., 1990; Fonseka, 1990; Rattagool et al., 1990; 
Karunasagar et al., 1992). Several studies on shrimp farms in India indicated an 
absence of choleragenic V.  cholerae in shrimp culture ponds (Nayyar, Karunasagar 
and Karunasagar, 1995; Bhaskar et al., 1998; Otta, Karunasagar and Karunasagar, 
1999; Shetty, 1999; Darshan, 2000). Dalsgaard et al. (1995a) found that V.  cholerae 
O1 was present in 2 percent (2/107) of water, sediment and shrimp samples collected 
from a major shrimp culture area in Southeast Asia. However, subsequent testing of 
the isolates indicated absence of the ctx genes in both the O1 strains (Dalsgaard et al., 
1995b). During the cholera epidemic in Peru, Carvajal et al. (1998) investigated the 
prevalence of V. cholerae in association with marine fish. Only 2 out of 450 samples of 
fish and shellfish tested yielded V. cholerae O1. 



Growth and survival in seafoods: The optimum temperature for growth is 
37  °C with a range of 10–43  °C (ICMSF, 1996). The pH optimum for growth is 
7.6, and V. cholerae can grow in the pH range of 5.0–9.6. The ability to grow under 
alkaline conditions is utilized in standard isolation procedures when food samples are  
pre-enriched in alkaline peptone water, which has a pH of 8.6. The water activity 
optimum for growth is 0.984, and growth can occur between 0.970  and 0.998. 
V.  cholerae can grow in the salt range of 0.1–4.0  percent NaCl, while the optimum 
is 0.5 percent NaCl. V. cholerae O1 is highly sensitive to acidic environments and is 
killed within minutes in gastric juice with pH <  2.4. Therefore, normochlorohydric 
individuals are less susceptible to attack by cholera provided that the food matrix 
does not protect the organisms. V. cholerae O1 is also highly sensitive to desiccation, 
indicating the necessity to use well-dried containers in product handling to minimize 
the transmission of cholera. This organism is also heat-sensitive with a D-value of 
2.65 min at 60 °C (ICMSF, 1996). The pathogen survives refrigeration.



Kolvin and Roberts (1982) measured growth of V. cholerae O1 in raw and cooked 
seafood. No growth was observed in raw prawns, mussels and oysters, but growth 
occurred in cooked shellfish. Levels of 1010 cells/g were reported in cooked prawns and 
mussels stored at 37 °C. At 22 °C, there was a lag phase of 8 h for the Classical biotype 
and 4  h for the El Tor biotype. However, the results of the study done by Kolvin 
and Roberts (1982) have been questioned, as their reported densities of 1010 cells/g 
shrimp are difficult to obtain in laboratory broth cultures, even under optimal growth 
conditions.



The literature on survival of V. cholerae O1 in foods indicates different patterns of 
decline and longevity during storage at refrigeration and freezing temperatures. Careful 
interpretation of results, as also recommended by ICMSF (1996), is required in order 
to account for methodological differences, including age of inoculums, preparation of 
food substratum, application of inoculums, enumeration procedure and medium. Most 
studies indicate that, while decline occurs, a proportion of the bacterial population 
remains viable. Starting with 105/g V. cholerae O1 in raw shrimp, Pesigan, Plantilla and 
Rolda (1967) recorded viable cells after 4–9 days at 5–10 °C. Reilly and Hackney (1985) 
reported survival after 21 days at 7 °C from an initial density of 7.8 log/g. V. cholerae 
O1 inoculated at 103–104/g in ceviche, a marinated, ground or diced fish product, and, 
stored at 8 °C or 20 °C, it remained viable beyond the shelf-life of the product at both 
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temperatures (Torres-Vitela et al., 2000). With respect to frozen storage, ICMSF (1996) 
reviewed literature from the 1930s that reported persistence for about 180 days and 
suggested that survival on fish was longer than on ground beef or vegetables. However, 
Nascumento et al. (1998) reported a 6-log reduction in shrimp in 30 days at –20 °C. 
In this study, samples were inoculated by immersion in a V. cholerae O1 suspension 
for 5 min, followed immediately by freezing to –20  °C. Survivors were enumerated 
by direct plating on thiosulphate-citrate-bile-sucrose (TCBS) with incubation at 
35 °C. Both the method of inoculation, with organisms located on a water film on the 
surface of shrimp, and recovery on a highly selective medium, could contribute to the 
observed rapid decline. A qualitative study, at temperatures above and below freezing, 
in which survivors were recovered by enrichment before plating on TCBS agar, and 
colonies confirmed by biochemical and serological testing, was reported by Corrales, 
Bainotti and Simonetta (1994). In fresh foods, including freshwater fish, V.  cholerae 
O1 remained viable up to 90 days at –5 °C and 30 days at –25 °C. At non-freezing 
temperatures, survival time in fresh foods (milk, beef, fish and chicken) decreased 
with increasing temperatures: 7 °C, 18–20 days; room temperature < 10 days; 35 °C, 
<  2  days (Corrales, Bainotti and Simonetta, 1994). As the food samples had other 
bacteria, they spoiled rapidly at elevated temperatures, and spoilage organisms would 
have developed rapidly to the maximum population density supported by the product.



Risk assessment: FAO/WHO (2005b) explored the possibility of using the 
production-to-consumption pathway to assess the exposure to V.  cholerae through 
consumption of warm water shrimp in international trade. Available literature indicates 
absence of V. cholerae O1/O139 in warm-water shrimp during primary production. In 
cholera endemic areas, asymptomatic carriers play an important role in the transmission 
of cholera. However, shrimp processed for export is handled under GHPs and the 
HACCP system. Therefore, personnel hygiene, quality of water and ice used for 
handling and processing are controlled under these conditions. Studies performed by 
DePaola et al. (1993) in Peru during the 1991 outbreak show that while V. cholerae O1 
was present in all five samples of raw seafood collected from street vendors in Lima and 
Callao, it could be isolated from only 1/1 011 samples of seafood destined for export. 
This shows that even in an outbreak situation, it is possible to minimize contamination 
of seafood with choleragenic V. cholerae by following GHPs and HACCP. Even when 
surface contamination takes place, some reduction in numbers occurs during handling 
and processing. Using artificially spiked shrimp, Dinesh (1991) showed that washing 
shrimp in tap-water brings about 1  log reduction in numbers. After harvest, shrimp 
are transported in ice, and a study conducted in India showed that storage of spiked 
shrimp in ice for 6 h led to a 3 log reduction in numbers (FAO/WHO, 2005b). Chilling 
and freezing would further cause reduction in numbers as discussed above. Shrimp 
processed for export may be frozen raw or after cooking. Cooking would further lead 
to a reduction in numbers of V. cholerae, if any, on shrimp. These provide evidence 
for the lack of involvement of internationally traded shrimp in outbreaks of cholera in 
shrimp-importing countries.



The FAO/WHO risk assessment also looked at the data from import testing 
laboratories in several shrimp-importing countries. Data for 21  857  samples of  
warm-water shrimp tested in Denmark, the United States of America and Japan 
showed that only two samples imported into Japan from India in 1995 were positive 
for V. cholerae O1. Implementation of the HACCP system was at an early stage in 
many shrimp-exporting countries in 1995. The levels of V. cholerae present were not 
known, as testing is normally done following enrichment of samples in broth. To 
perform a quantitative risk assessment, the import-to-consumption pathway (Figure 9) 
was used, and levels of V.  cholerae in shrimp at import were statistically derived 
based on data that 2/21 857 samples were positive when 25 g each were enriched. The 
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Data from human volunteer studies conducted in the 1970s and 1980s were used 
to construct a dose–response curve. The estimate indicates that three out of every 
billion servings could result in cholera. However, epidemiological records show no 
documented case, and the low estimate obtained would be because two samples were 
positive in 1995. There has been no subsequent detection of choleragenic V. cholerae at 



FIgure 9
import-to-consumption pathway used for fao/Who quantitative risk assessment for 



acquiring cholera from imported warm water shrimp 



Source: FaO/WHO (2005b).



serving size was estimated to be 275 g, and it was assumed that 10 percent of imported  
warm-water shrimp was consumed raw and 90 percent consumed after cooking.
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port-of-entry testing laboratories. This confirms that the risk of transmitting cholera 
through warm-water shrimp in international trade is very low.



3.2.1.5 Salmonella
The genus Salmonella is a member of the family Enterobacteriaceae, and the taxonomy 
and nomenclature of the members of this genus have been the subject of considerable 
debate among specialists. Currently, two species are recognized (Tindall et al., 
2005): Salmonella enterica and Salmonella bongori. Six subspecies are recognized in 
S.  enterica (Table  17). More than 2  500  serotypes have been recorded, of which the 
majority (59 percent) belong to S. enterica subsp. enterica, which are also responsible 
for 99 percent of Salmonella infections in humans and warm-blooded animals (Brenner 
et al., 2000).



Table 17
Salmonella species and subspecies 



species and subspecies number of serotypes usual habitat



Salmonella enterica



 subsp. enterica



 subsp. salamae



 subsp. arizonae



 subsp. diarizonae



 subsp. houtenae



 subsp. indica



1 504



 502



 95



 333



 72



 13



Warm-blooded animals



Cold-blooded animals and environment (Cbae)



Cbae



Cbae



Cbae



Cbae



Salmonella bongori  22 Cbae



Each subspecies has several serovars defined by characteristic antigenic formulae, 
e.g. S.  enterica serovar Typhi, S.  enterica serovar Typhimurium, S.  enterica serovar 
Enteritidis. The names may be abbreviated: S.  Typhimurium, S.  Enteritidis, 
etc. Serovars belonging to other subspecies are identified by antigenic formulae 
(D’Aoust, 2000; Popoff, Bockemuhl and Gheesling, 2004) and are not named. The 
antigenic formula indicates somatic (O) antigens and flagellar (H) antigens. Some 
salmonella serovars always express flagellar protein with the same antigenic specificity  
(e.g. Dublin, Enteritidis, Typhi) and such an H antigen is called monophasic. Most 
Salmonella serovars can produce flagella with two different sets of antigens, i.e. phase 
1 and phase 2 antigens. The antigenic formula is written as follows: O antigens: Phase 
1 H antigen(s): Phase 2 H antigen(s), e.g. an isolate with antigenic structure 4,5,12:i:2 
is S. Typhimurium.



Public health outcomes: Human infections with Salmonella could lead to several 
clinical conditions such as typhoid fever (enteric fever), acute gastroenteritis or 
systemic non-typhoid infections. Enteric fever is caused by S. Typhi and S. Paratyphi, 
which are well adapted for invasion and survival in human tissues. The incubation 
period ranges from 7  to 28  days, and clinical manifestations include diarrhoea, 
prolonged spiking fever, abdominal pain, headache and prostration. The acute phase 
of the disease may be followed by a chronic carrier state. Improvement of hygiene 
and chlorination of drinking-water led to a rapid decline in the number of cases of 
typhoid fever in industrialized countries. However, occasional outbreaks have been 
reported (Valenciano et al., 2000; Olsen et al., 2003). In developing countries, typhoid 
fever is still a major problem, and the global disease burden in 2000 was estimated to 
be 2.16 million, with 216 000 deaths (Crump, Luby and Mintz, 2004). Non-typhoidal 
Salmonella constitute the largest cause of bacterial food-borne illness in developed 
countries. In Europe, in the period 1993–98, Salmonella (S.  Enteritidis being the 
most common serovar, frequently linked to eggs) was involved in 126  303  cases 



Sources: Modified from brenner et al. (2000) and Popoff, bockemuhl and gheesling (2004).
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(18 159 outbreaks) accounting for 77.1 percent of outbreaks in which a causative agent 
was identified. The FoodNet data in the United States of America indicates that, in 
2004, Salmonella was involved in 6 498/15 363 cases of food-borne illness caused by 
bacteria, and that S.  Typhimurium followed by S.  Enteritis were the most common 
serovars involved (CDC, 2006). The involvement of different serovars in human 
infections globally is ranked in Table 18. Acute gastroenteritis caused by non-typhoidal 
Salmonella generally has an incubation period of 8–72 h and the clinical condition is 
generally self-limiting, although infection with some strains may degenerate into 
systemic infections and lead to various chronic conditions. Infection with serovars 
S. Dublin and S. Choleraesuis may lead to septicaemia. Supportive therapy such as fluid 
and electrolyte replacement is adequate for most uncomplicated cases, and antibiotic 
therapy may lead to prolonging the carrier state due to antibiotic-induced suppression 
of the native gut flora that normally competes with Salmonella (D’Aoust and Maurer, 
2007). Antibiotic therapy is recommended only for patients who are severely ill and 
for those with risk factors for extra-intestinal spread of infection. Acute illness may 
be followed by a period of faecal shedding, which may last several weeks. In a review 
of 32 reports, the median duration of shedding was 5 weeks, with less than 1 percent 
becoming chronic carriers (Buchwald and Blaser, 1984). During convalescence, 
children may shed up to 106–107  bacteria per gram of faeces (Cruickshank and 
Humphrey, 1987). The infectious dose of Salmonella varies, with infants, elderly and 
immunocompromised individuals being more susceptible than healthy adults. Human 
volunteer studies indicate that a high number of cells (105–107  cells) are required to 
cause infection, but data from outbreak investigations suggest that low number of 
cells can cause infections (Kothary and Babu, 2001). The virulence of the serovars also 
varies, and, generally, low infectious dose (1–100 cells) is observed when ingested with 
foods with high fat content, e.g. chocolate, cheese or meat, and this has been attributed 
to the protection for Salmonella entrapped in hydrophobic lipid micelles against gastric 
acidity (D’Aoust and Maurer, 2007). 



Although Salmonella is a major cause of food-borne illness, fish and fishery products 
are rarely involved. In the period 1988–1992, only 5 percent of Salmonella illnesses in 
the United States of America were due to seafood (Bean et al., 1997). In New York, out 
of 273 outbreaks of food-borne salmonellosis in the period 1980–1994, only 4 were due 
to seafood (Wallace et al., 1999). Outbreaks involving seafood have been reported from 
Japan. S. Champaign was involved in 330 cases in children who consumed cuttlefish 
that had been left to thaw at room temperature for 30 h and then boiled for a short 
period (Ogawa et al., 1991). Contaminated well water of a squid processing plant in 
Japan was found to be the source of Salmonella that affected more than 400 people 
in 1999, and, in the same year, cuttlefish snacks contaminated with S.  Chester was 
involved in an outbreak that affected more than 1 500 people (D’Aoust and Maurer, 
2007). S.  Livingstone was the cause of an outbreak that occurred in Norway and 
Sweden in 2001 in which fish gratin manufactured in Sweden was implicated and the 
egg powder ingredient in fish gratin was suspected to be the source (D’Aoust and 
Maurer, 2007). One outbreak in which 16 people became ill after a reception in a hotel 
in the United Kingdom of Great Britain and Northern Ireland in 1981 was attributed 
to frozen prawns (PHLSC, 1983). Although the implicated food was not tested, only 
those who ate prawns were affected, and S. Bareilly and S. Hindmarsh were isolated 
from the patients. It is not clear whether the prawns were prepared with any other 
ingredients, which could have been a source of Salmonella. 
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Table 18
dominant Salmonella serotypes associated with human illness, and seafood/aquaculture 
environment



human illness associated
global rank
2002aa



seafood associated
rank occurrence
1990–98b



aquaculture environment
(not rank ordered)
2001–03c



enteritidis (1) Weltevreden (1) Weltevreden



Typhimurium (2) senftenberg (2) Paratyphi-b (predominantly 
biovar Java)



newport (3) lexington (3) senftenberg



Heidelberg (4) Paratyphi-b (4) 
(predominantly biovar Java)



Houten



Infantis (5) enteritidis (5) abaetetuba



Hadar (6) newport (6) derby



Virchow (7) Thompson (7) aberdeen



Javiana (8) lanka (8) Javiana



saintpaul (9) Virchow (9) Hvittingfoss



Montevideo (10) Hvittingfoss (10) give



Paratyphi b (16) Typhimurium (12) newport



Weltevreden (20) derby(14)



Association with aquatic environment: Although the normal habitat of S. enterica 
subspecies enterica is the gut of warm-blooded animals, very few serovars are host 
adapted and others may be found in the environment for long periods. The habitat for 
some of the subspecies is cold-blooded animals and environment (Table 17). Salmonella 
has been isolated from several aquatic environments in different parts of the world 
(Cherry et al., 1972; Alonso et al., 1992; Winfield and Groisman, 2003). Waterbodies 
contaminated with faecal matter from humans and animals (including birds) may 
contain this pathogen. Salmonella can survive in human waste for 10–15 days in septic 
systems and, through seepage from septic tanks, sewage and storm runoff, reach 
surface waters. It can survive and even multiply in estuarine waters depending on 
environmental conditions (Rhodes and Kator, 1998). Salmonella may colonize marine 
mammals such as killer whales, bottlenose dolphins, seals, sea lions, elephant seals and 
porpoises (Higgins, 2000; Old et al., 2001; Fenwick et al., 2004; Stoddard et al., 2005), 
and the organisms shed by these mammals may contaminate other marine fish. In the 
period 1990–2002, 21.7 percent of harbour porpoises in England and Wales, the United 
Kingdom of Great Britain and Northern Ireland, were positive for Salmonella . On San 
Miguel Island, California, the United States of America, 33 percent of fur seal pups and 
40 percent of sea lion pups were positive for Salmonella (Higgins, 2000). 



Salmonella has been isolated from freshwater catfish ponds in the United States of 
America with a prevalence of 5 percent (Wyatt, Nickelson and Vanderzant, 1979), and 
from eel culture ponds in Japan with a prevalence of 21 percent (Saheki, Kobayashi 
and Kawanishi, 1989). The prevalence of Salmonella was found to be 16  percent in 
shrimp and 22.1 percent in mud/water in Southeast Asia (Reilly and Twiddy, 1992). In 
tropical shrimp aquaculture ponds, the risk of finding Salmonella was higher in ponds 
with high faecal coliform counts (Koonse et al., 2005). However, in oysters from the 
United States of America, prevalence was related to season (13.4 percent positive in 
summer and 1.6 percent in winter) and the region, but did not correlate with faecal 
coliform levels (Brands et al., 2005). Presence in trout farms in Spain (Gonzalez et al., 
1999) and long-term persistence of Salmonella in fish feed plants in Norway (Nesse 
et al., 2003) has been reported. In the period 2000–04, 3.78 percent of environmental 
samples from Norwegian fish feed production facilities were positive for Salmonella. 
However, the serovars recovered were mostly S.  Senftenberg and S.  Montevideo, 



a galanis et al. (2006).
b Heinitz et al. (2000).
c data from Hatha, Maqbool and Kumar (2003); Koonse et al. (2005); Kumar et al. (2009); Wan norhana et al. (2010). 
Source: FaO (2010a).
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which account for 2 percent of human cases in Norway (Lunestad et al., 2007). In the 
period 1996–97, 574  isolates of Salmonella belonging to 41  serotypes were obtained 
from the Tech River (France), some serotypes being specific to flood events (Baudart 
et al., 2000). A four-year study of coastal waters of Galicia, northwest Spain, showed 
a prevalence of 2.4  percent in molluscs and seawater, with S.  Senftenberg being the 
most predominant (42 percent) among 20 different serotypes (Martinez-Urtaza et al., 
2004a). The presence of S.  Senftenberg could not be correlated with environmental 
parameters, while the presence of other serotypes was associated with wind and 
rainfall events. S. Senftenberg has been very rarely reported in human infections and is 
halotolerant as it has been isolated from brines with a salt concentration of 30 percent  
(Martinez-Urtaza et al., 2004b). S.  Senftenberg has been isolated from mussel 
processing units in Spain, and processing units that did not use brine were negative 
for this organism (Martinez-Urtaza et al., 2004b). In China, Hong Kong SAR, the 
Salmonella serovars found in coastal waters and shellfish were S.  Derby, S.  Infantis 
and S. Anatum, while the serovars isolated from clinical cases were S. Typhimurium, 
S. Derby and S. Enteritidis (Yam et al., 2000).



This organism has been isolated from various fish and shellfish in markets in several 
countries. Analysis of 11  312  imported and 768  domestic seafood products in the 
United States of America in the period 1990–98 revealed that 10 percent of imported 
and 2.8 percent of domestic raw seafood was positive for Salmonella, and the overall 
incidence was 7.2 percent for imported and 1.3 percent for domestic seafood (Heinitz 
et al., 2000). The most frequent serotypes in imported seafood were S. Weltevreden, 
S. Senftenberg, S. Lexington and S. Paratyphi B. These most common serotypes have 
rarely (<0.5 percent) been observed in human illness in the United States of America 
(Helfrick et al., 1997). S. Enteritidis ranked fifth and S. Typhimurium ranked twelfth 
(Heinitz et al., 2000). S. Weltevreden was also the most common serotype isolated from 
imported food (including seafood) in the United States of America in 2000 (24/187) 
followed by S.  Thompson (13/187), S.  Lexington (12/187), and a number of other 
serotypes (Zhao et al., 2003). Also in the period 2001–05, S. Weltevreden was the most 
predominant serotype and PFGE analysis indicated genetic diversity in the 37 isolates 
of this serotype (Ponce et al., 2008). Analysis of shellfish from authorized harvesting 
beds in the United Kingdom of Great Britain and Northern Ireland indicated 8 percent 
positive for Salmonella and 2 percent were molluscs from beds classified as Category A 
(Wilson and Moore, 1996). Heinitz and Johnson (1998) reported a 3.2 percent incidence 
in 156 smoked fish. In Malaysia, 25 percent of raw prawns on the market were positive, 
the serovars found being S. Blockley, S. Weltevreden and S. Agona (Armugaswamy  
et al., 1995); and in India, 1 percent of the 500 market prawns tested were positive, the 
serovars being S. Newport and S. Infantis (Prasad and Pandurangarao, 1995). In oysters 
from the United States of America, S. Newport was the predominant serovar (Brands 
et al., 2005). In Thailand, S.  Weltevreden accounted for 26  percent of the isolates 
from seafood (Bangtrankulnonth et al., 2004). In a study of 353  imported seafood 
items in Japan, 2/47 black tiger shrimp were positive, both with S. Weltevreden, and 
the contamination level in seafoods was < 30–40 MPN/100 g (Asai et al., 2007). Also 
in Japan, S.  Enteritidis is the most common serovar involved in human infections, 
accounting for 62 percent in 2002 and 2003, 47 percent in 2004 and 50 percent in 2005 
(IDSC, 2006). In Norway, S. Typhimurium and S. Enteritidis account for 70 percent 
of human salmonellosis cases (Lunestad et al., 2007). Association of Salmonella with 
seafood and the aquaculture environment is indicated in Table 18. 



Recent molecular studies indicate that, within a serotype, clinical and animal strains 
may be distinct (Heithoff et al., 2008). While all S. Typhimurium from animal clinical 
cases were virulent in mice, only 16/41 human isolates showed this ability. Many 
(10/29) human gastroenteritis isolates did not have the virulence plasmid found with 
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all animal clinical isolates. This suggests that it may be possible to differentiate human 
and animal pathogenic strains.



Factors affecting survival and growth in foods: Salmonella is a mesophilic 
organism and the growth rate of this organism is markedly reduced at temperatures 
< 15 ºC while the growth of most strains is prevented at < 7 ºC (ICMSF, 1996). Most 
studies on minimum growth temperature have been done with beef, chicken or eggs 
using serovars such as Typhimurium or Enteritidis common in these foods. However, 
these are not common serotypes in seafoods. In raw seafoods containing a variety 
of bacteria, Salmonella, where present, has to compete with other flora for growth. 
S. Heidelberg had a generation time of 28 h and 31 h in the fish English sole and sterile 
crab respectively at 8 °C (ICMSF, 1996). In cooked crab inoculated with Salmonella 
and stored at 8–11  °C under modified atmospheres containing low levels of CO2 
(20–50  percent), proliferation of Salmonella has been reported (Ingham, Alford and 
McCown, 1990). Salmonella have ability to proliferate at pH values ranging from 3.8 to 
9.5, with the optimum being 7.0–7.5 (ICMSF, 1996). Growth of Salmonella is generally 
inhibited at 3–4 percent NaCl, but salt tolerance increases with increasing temperature 
in the range 10–30  °C (D’Aoust and Maurer, 2007) and minimum water activity 
for growth is 0.94 (ICMSF, 1996). Although the resistance of Salmonella to drying 
varies, this organism may survive for months or even years in dried products and has 
been frequently isolated from fishmeal, meat and bone meal, maize and soy products 
(Lunestad et al., 2007). A decrease in Salmonella numbers occurs during freezing 
and frozen storage, but this process does not guarantee elimination of salmonellae in 
foods (ICMSF, 1996). Salmonella are heat-sensitive and D-values are influenced by 
the water activity, nature of the solutes and pH of the suspending medium (ICMSF, 
1996). Typical D-values reported for Salmonella are 0.176 min in chicken at 70 °C, and 
0.36 min in ground beef at 63 °C (FAO/WHO, 2002). Some strains of Salmonella such 
as S. Senftenberg 775W may show higher heat resistance (ICMSF, 1996). S. Senftenberg 
is the serovar often isolated from fish feed (Lunestad et al., 2007).



Risk assessment and management: FAO/WHO expert groups have considered 
the public health risk due to Salmonella in aquaculture (FAO, 2010a) and in live 
bivalve molluscs (FAO/WHO, 2011c). Epidemiological links between Salmonella and 
products of aquaculture are very low (Table 19).



Table 19
seafood-associated outbreaks in european union (Member organization) (2007) and in the 
united states of america (1998–2002)



food vehicle number of outbreaks number of Salmonella 
outbreaks



% of outbreaks 
associated with 



Salmonella



european union (Member 
organization)



Fish and fishery products 130 3 2.3



Crustaceans, shellfish and 
molluscs



75 2 2.7



all food vehicles 2 025 590 29.1



united states of america



Fish 337 4 1.1



shellfish 151 2 1.3



all food vehicles 6 647 585 8.8



There are a variety of pathways reported as to how Salmonella can enter aquaculture 
environments, ranging from wild animals to domestic stock and poor sanitation. 
Control of such pathways, such as land runoff during rains and control of wild animals 



Source: FaO (2010a).
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in the farm environment, could pose a major challenge. Good hygiene practices during 
aquaculture production and biosecurity measures can minimize but not fully eliminate 
Salmonella in products of aquaculture. 



3.2.1.6 Listeria monocytogenes
Listeria monocytogenes is a Gram-positive, motile bacterium. It is very common 
in environments that are wet or moist and contain organic nutrients, including soil 
and decaying vegetation, but also in many food processing environments. It is also 
commonly found in the faeces of healthy birds and mammals, including humans. It 
is a common contaminant of fresh, or lightly preserved, foods. In addition to a form 
of gastroenteritis, infection by L. monocytogenes can cause a rare but life-threatening 
systemic, food-borne disease called listeriosis.



Despite the relative ubiquity of L.  monocytogenes, listeriosis is a rare infection, 
and the systemic illness predominantly affects people with reduced immune function, 
including pregnant women, the elderly (> 60 years old), foetuses and neonates (up to 
30  days), those with diseases or receiving medication that reduces immune function 
(e.g. HIV/AIDS, diabetes, alcoholism, organ transplant recipients, patients undergoing 
cancer therapies, and those with autoimmune disease) or those taking antacids.



In rare cases, L. monocytogenes can be transmitted from infected people to others 
or from infected animals to humans. However, listeriosis is considered to result 
predominantly from consumption of foods contaminated by L. monocytogenes, and, 
in particular, perishable, RTE foods with extended shelf-lives, i.e. those that do not 
require cooking before eating but would normally require refrigeration. Many lightly 
preserved types of seafood are in this category, and L. monocytogenes is considered to 
be a risk for consumers of those foods.



Listeria monocytogenes as a food-borne pathogen: L.  monocytogenes is one 
of seven species in the genus Listeria, the seventh species (L.  marthii) having been 
described in 2010 (Graves et al., 2010). Of the known species, only L. monocytogenes 
is considered a pathogen to human, although a few cases of infection from L. grayi, 
L. seeligeri and L. ivanovii have been reported (Rocourt et al., 1986; Rapose, Lick and 
Ismail, 2008; Guillet et al., 2010). Listeriae are closely related to lactic acid bacteria 
and, in many foods, lactic acid bacteria compete with Listeria monocytogenes and can 
suppress their growth (Leroi, 2010).



Among pathogens affecting humans and other mammals, L.  monocytogenes has 
an unusual tolerance of low temperature with most strains able to grow at 4 °C and 
some strains being reported to grow at temperatures as low as 0 or even –2 °C. It also 
has a relatively high salt tolerance and is able to grow in 10–12  percent (w/w) salt 
(corresponding to water activity of ~0.92). It grows almost equally well in anaerobic 
environments as in air. Its pH range for growth is not unusual and is, approximately, 
pH 4.3–9.6. L. monocytogenes is readily eliminated by normal cooking but, because 
of its relative ubiquity, can re-contaminate cooked foods after processing if they are 
not protected by packaging. Typically, such contamination is at low levels, e.g. a few 
to tens of cells per gram, even at the point of sale (Jørgensen and Huss, 1998; Gombas 
et al., 2003; Little et al., 2009). Available evidence suggests that high doses are usually 
required to initiate infection, even among the immunocompromised population, so that 
limiting or preventing the growth of L. monocytogenes in foods will be an important 
risk management strategy. 



The above characteristics make L.  monocytogenes a potential hazard in 
perishable RTE foods with extended shelf-lives (e.g. weeks or months) achieved by 
refrigeration and/or mild preservation methods, including salt, smoke, fermentation,  
vacuum-packaging, and modified atmosphere packaging, but which may not completely 
prevent the growth of the organism. This applies to a range of seafood products, 
including marinated muscles, prawns, pasteurized crustacea, and smoked fish products. 
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Cold-smoked products in particular have received much attention in this regard 
(FDA/USDA/CDC, 2003; FAO/WHO, 2004a; Pouillot et al., 2007; Pouillot et al., 
2009) because of a high prevalence of detection of L. monocytogenes in such foods and 
persistent of contamination fish processing plants.



Epidemiological evidence suggests that listeriosis has been associated with 
consumption of shrimps (Riedo et al., 1994), smoked mussels (Brett, Short and 
McLauchlin, 1998; Misrachi, Watson and Coleman, 1991), “gravad” trout (Ericsson 
et al., 1997), and smoked trout (Miettinen et al., 1999). In addition, Aureli et al. 
(2000) described an outbreak involving corn and tuna salad. However, many of these 
outbreaks involved the gastrointestinal form of the disease and, despite the interest 
in RTE smoked fish as a source of listeriosis, there are very few documented cases of 
systemic listeriosis due to seafoods.



Listeriosis: Historically, listeriosis was considered to be characterized by an invasive 
infection, often leading to septicaemia with or without infections of the central nervous 
system such as meningitis, meningoencephalitis, rhomboencephalitis or brain abscess. 
In the case of pregnant women, while the mother will often experience mild flu-like 
symptoms, her foetus may be stillborn, aborted or be born with generalized infections. 
Less common symptoms include localized infections such as endocarditis, peritonitis 
and arthritis. Skin infections may also occur in some patients. 



The incubation period is variable, ranging from 3 to 70 days, and, as most people 
do not remember their food consumption from months earlier, it is often difficult to 
trace the food that was the source of the pathogen. The median incubation period is 
approximately three weeks. If diagnosed, the disease can usually be treated effectively 
with a range of common antibiotics. The mini-review by Drevets and Bronze (2008) 
provides a summary of the various syndromes.



Miettinen et al. (1999) documented that L.  monocytogenes may also cause a 
non-invasive febrile gastroenteritis in otherwise healthy people. An outbreak of 
gastrointestinal illness from a tuna and corn salad, affecting > 1 500 schoolchildren and 
adults in Italy, established the existence of a febrile gastroenteritis form of listeriosis, 
and this is now a recognized syndrome (Drevets and Bronze, 2008; Alleberger 
and Wagner, 2009). The incubation period for this form of the disease ranges from 
6  to 50  h, and symptoms usually resolve without treatment after one or two days. 
Symptoms are described as “mild flu-like”, including diarrhoea, abdominal pain, fever, 
muscle pain and headaches. Ooi and Lorber (2005) summarize the outbreaks to that 
time and provide more detail of this form of the disease.



Epidemiology of listeriosis: Despite the prevalence of Listeria monocytogenes in 
foods and in natural and food processing environments, and its asymptomatic carriage 
in 5–10 percent of humans and domestic animals, listeriosis is a rare disease. In developed 
nations, the incidence is typically in the range of 0.3–1.3 cases per 100 000 people per 
year, with median levels of from ~0.3/100  000 to 0.5/100  000. The rates observed 
do not seem to correlate with different regulatory systems and control programmes 
implemented in various nations (Todd and Notermans, forthcoming). As noted above, 
certain groups in the population are at much greater risk of invasive infection. Table 20 
indicates the relative susceptibility of people with known predisposing factors for 
listeriosis. Importantly, the fatality rate among those that develop invasive infection is 
very high and, in outbreaks, ranges from 20 to 40 percent of cases.



The epidemiology of listeriosis has changed in many European States from about 
2000 to the time of writing (2011), with incidence rates increasing by from twofold to 
threefold in many countries (Goulet et al., 2008; Allerberger and Wagner, 2009), and 
with a much higher proportion of cases occurring in the elderly population. At the 
same time, the infections observed have been increasingly bacteraemia but without 
central nervous system infection. However, in the Unites States of America, the 
incidence has remained relatively constant over the same period, as it did in Canada 
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from 1995 to 2004 (Clark et al., 2010). In Australia, the incidence rate also remained 
relatively constant from 1995 to 2010 (CDNA, 2011) but the relative incidence for 
pregnant women and/or perinates decreased, probably due to aggressive education 
campaigns about listeriosis risks aimed at pregnant women (Torvaldsen et al., 1999; 
Bondarianzadeh, Yeatman and Condon-Paoloni, 2007) while the incidence in the 
elderly population increased. Several epidemiological studies have attempted to 
discern the reasons for the upsurge in Europe (Swaminathan and Gerner-Smidt, 2007; 
Warriner and Namvar, 2009; Gillespie et al., 2010a, 2010b; Khatamzas et al., 2010) but, 
at the time of writing, there no clear explanation has been presented.



Table 20
relative susceptibility to listeriosis for subpopulations with known predisposing conditions 



Condition relative susceptibility



Transplant 2 584



Cancer – blood 1 364



aIds 865



dialysis 476



Cancer – pulmonary 229



Cancer – gastrointestinal and liver 211



non-cancer liver disease 143



Cancer – bladder and prostate 112



Cancer – gynaecological 66



diabetes, insulin dependent 30



diabetes, non-insulin dependent 25



alcoholism 18



More than 65 years old 7.5



less than 65 years, no other condition 1



Source: reproduced from FaO/WHO (2004a).



Dose vs probability of invasive infections in listeriosis: Risk assessment and 
animal model studies (FDA/USDA/CDC, 2003; Chen et al., 2003; FAO/WHO, 
2004a; Williams et al., 2009) suggest that the ID50 (dose required to cause infection 
in 50  percent of cases) for L.  monocytogenes is millions of cells, even among the 
immunocompromised population. Wide variability in ID50 is inferred from animal 
studies, however, ranging over seven orders of magnitude (see Table  2.11 in  
FAO/WHO, 2004a). The relative susceptibility of humans (Table  20) indicates that 
susceptibility ranges over three orders of magnitude. Taken together, it can be expected 
that the “infectious dose” could vary enormously depending on the strain involved and 
human population exposed, and estimates of infectious doses estimated from outbreaks 
in human populations (summarized in FAO/WHO, 2004a) range over five to six 
orders of magnitude, supporting the above inference.



According to FAO/WHO (2003b) the most credible model that relates dose ingested 
to the likelihood of an infection is the “exponential” model, which assumes that each 
cell has an equal probability of causing infection, and that each cell ingested acts 
independently. This means that there is no threshold dose and that the probability of 
infection is simply proportional to the dose up to some dose beyond which infection is 
virtually inevitable (i.e. the probability of infection cannot increase further). Figure 10 
is an example of an exponential dose–response model.



In Figure  10, the dose and probability are both plotted on logarithmic scales, 
leading to a straight line below the asymptotic value, as is expected by the assumptions 
of the model. Many such plots of dose vs probability of infection appear sigmoidal, 
incorrectly suggesting a threshold dose, because they plot log dose versus arithmetic 
probability.
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Dose–response models for L.  monocytogenes inferred from epidemiological data 
and estimates of total food-borne exposure (Buchanan et al., 1997; FDA/USDA/CDC, 
2003; FAO/WHO, 2004a) have generated ID50 estimates for immunocompromised 
people of > 1010 cells, even for an “average” immunocompromised person. Williams 
et al. (2009) challenged such findings, using data for pregnant primates and guinea 
pigs (considered to be an appropriate animal model for human listeriosis because they 
also have the E-cadherin protein involved in initial infection by L.  monocytogenes), 
which show that the ID50 for abortion is ~107 cells. However, in those studies, known 
virulent strains were used, and the difference in ID50 estimates may reflect the specific 
circumstances of their estimation and assumptions made. However, it does highlight 
the variability in virulence observed among strains of L. monocytogenes.



Tracing and identifying strains of Listeria monocytogenes: Given the wide 
differences in virulence among strains of L. monocytogenes and its relatively common 
occurrence in foods and food processing environments, there has been much interest 
in finding easily determined markers of virulence in L. monocytogenes that might be 
used to better evaluate and manage the risk of L.  monocytogenes in foods, e.g. that 
there might be some tolerance of strains of low virulence in foods that did not support 
extensive L. monocytogenes growth. Equally, there is great interest in understanding 
the source (or sources) of Listeria monocytogenes in foods and food processing 
plants, and their relationship to strains involved in human and animal disease, and for 
recognizing and resolving outbreaks. Thus, to manage the risk of L. monocytogenes in 
foods, it is necessary to be able to differentiate strains.



The first typing scheme for L. monocytogenes involved somatic (O) and flagellar (H) 
antigens and divided differentiates the species into 13 serovars (1/2a, 1/2b, 1/2c, 3a, 3b, 
3c, 4a, 4b, 4c, 4d, 4e, 6a and 6b). Most isolates involved in human disease belong to the 
serotypes 1/2a, 1/2b, 1/2c and 4b.



Serotyping has not provided the ability to confidently discern “important” strains, 
nor the needed discrimination for epidemiological investigations. Ongoing research 
has resulted in the recognition of four evolutionary “lineages” of L.  monocytogenes 
that differ in their correlation with human and animal illness (Ragon et al., 2008; 
Orsi, den Bakker and Wiedmann, 2010). Strains of lineage  I and lineage  II are most 



FIgure 10
an exponential dose vs probability of infection model for L. monocytogenes 



Source: based on estimates in Williams et al. (2009).











63Characterization of hazards in seafoods



often isolated from foods but strains of lineage  I are more often involved in human  
food-borne listeriosis. Lineage  III and IV strains are rare and more often involved 
in animal disease but rarely isolated from foods or human cases. Lineage  I includes 
the serotypes 1/2b, 4b and 4d, 4e and 3b while lineage II includes serotypes 1/2a, 
1/2c, 3a and 3c. On the basis of cell-to-cell spread in in vitro cell culture assays, 
lineage I strains appear to have greater pathogenic potential. Lineage III strains include 
serotypes 4a, 4c and some 4b strains that differ from the 4b strains in lineage I. While 
lineage II strains are over-represented in foods, this may be an artefact of the use of 
certain selective media, which favours their recovery compared with other strains. In 
addition, lineage  II strains are more resistant to bacteriocins and, in many foods in 
which L.  monocytogenes is considered to present a risk, lactic acid bacteria are also 
present. This may also contribute to the observed prevalence of lineage  II strains in 
foods. Conversely, a high proportion of lineage II strains have mutations in the protein 
internalin A, which reduces their ability to cause human infection. (Internalin A is key 
protein involved in the initial attachment and invasion of L. monocytogenes into a host 
cell; most strains in lineage 1 have intact internalin A). The abundance of strains with 
such mutations among lineage  II may explain the apparent discrepancy between the 
abundance of L. monocytogenes in foods and the observed number of cases of listeriosis. 
However, internalin A is not the only protein involved in cell invasion and virulence, 
and lineage II strains can also cause sporadic human cases. In summary, both lineage I 
and lineage II strains are found in foods and, while lineage I is known to comprise more 
virulent strains, these correlations are not absolute and there is still no reliable means 
of discriminating “high risk” from “low risk” strains. Research to better understand 
these correlations is under way, and methods for delineating L. monocytogenes strains 
of increased virulence are ongoing. In terms of strain differentiation, PFGE has been 
widely used for surveillance and epidemiological investigations, but it is difficult to 
standardize between laboratories. Numerous other DNA-sequence-based methods 
are being developed and trialled. Zunabovic, Domig and Kneifel (2011) described and 
reviewed these methods in terms of their technological and scientific basis and their 
relevance for different practical applications.



Prevalence in fish and fishery products: L.  monocytogenes is indigenous to 
terrestrial environments, where it is readily isolated from soil and decaying plant 
material. However, it is not typical of aquatic and marine environments, and the 
organism is not usually isolated from free open waters or from fish caught or cultured 
in such waters. In contrast, water close to agricultural runoff harbours the organism 
and, in principle, the bacterium must be assumed to be present, albeit in low levels, 
on raw fish (Gram, 2001; Huss, Ben Embarek and Jeppesen, 1995). Surveys of fresh 
or frozen finfish, and of filter feeding shellfish, summarized by Jinneman, Wekell and 
Eklund (2007) support these general conclusions. 



However, for RTE seafoods in the data summarized by Jinneman, Wekell and 
Eklund (2007) the situation is different. From more than 20  surveys involving 
more than 45  groups of RTE seafood products (based on product and/or region of 
origin), the average contamination frequency was ~16  percent (SD  = ~18  percent), 
and the median contamination rate was ~9  percent. More recent data not included 
in Jinneman, Wekell and Eklund (2007) include the results of: Gombas et al. (2003), 
based on foods purchased at retail outlets in the United States of America; Garrido, 
Vitas and Garcia-Jalon (2009), based on foods from markets in northern Spain; and  
Wagner et al. (2007) based on samples from retail outlets and private homes in 
Vienna, Austria. Wagner et al. (2007) found 19.4  percent (of 93  samples) of RTE 
fish and seafood at retail were positive for L.  monocytogenes, while Gombas et al. 
(2003) reported 4.3  percent of 2  644  smoked seafoods and 4.7  percent of “seafood 
salads” positive for L. monocytogenes. Garrido, Vitas and Garcia-Jalon (2009) found 
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25 percent of samples of RTE smoked fish contaminated with L. monocytogenes with 
up to 60 percent prevalence in some brands.



As noted above, there has been much interest in the potential for cold-smoked 
fish products to cause listeriosis, which probably results from: (i) the absence of a 
listericidal step in the process of cold-smoking of fish; (ii) the fact that the product 
supports the growth of L.  monocytogenes and has a relatively long refrigerated  
shelf-life (3–4 weeks); (iii) the fact that the product has a relatively large market and is 
traded internationally (FAO, 1999); and (iv) the fact that many surveys indicate that 
L. monocytogenes prevalence on the product is high, with rates of contamination of up 
to ~80 percent observed in cold-smoked fish products (Table 21). These circumstances 
have led to much research concerning the sources and ecology of L. monocytogenes in 
fish processing plants.



Listeria monocytogenes is isolated at much higher frequency from RTE seafood 
products than from raw materials. A number of studies on smoked-fish processing 
plants in the 1990s and early 2000s (see Hansen, Vogel and Gram, 2006) demonstrated 
that the processing environment is an important niche for L.  monocytogenes. While 
some studies have found the same strains in both raw fish and finished products 
(Miettenan and Wirtanen, 2006), it is widely concluded that most contamination arises 
from strains that have colonized the factory, while raw material is only rarely a direct 
source of product contamination (Lappi et al., 2004; Timothe et al., 2004). More recent 
studies (e.g. Klaeboe et al., 2006; Cruz et al., 2008; Dass et al., 2010; Chen et al., 2010) 
have not changed the view that colonization of fish processing plants occurs and is the 
main source of contamination of RTE seafood products. The original source of the 
L. monocytogenes that come to colonize the factory may be raw fish, but it appears that 
conditions in the factory select for strains more able to colonize factories than others. 
For example, using DNA-typing methods, Wuff et al. (2006) found that similar strains 
colonized different processing plants, and that they persisted in some plants for years. 
Numerous studies have been conducted in fish processing plants to determine the sites 
of colonization and sites of transfer to RTE fish products. Brines used in preparation 
of smoked fish can harbour L. monocytogenes, particularly if they become diluted over 
time, as can hard-to-clean equipment such as slicers. Packaging areas have also been 
implicated.



Table 21 also shows that L. monocytogenes is commonly detected in heat-processed 
products subjected to a listericidal process, particularly those that involve extensive 
handling. Post-process contamination is the probable cause of this contamination. 
Cleaning and disinfection may temporarily remove the organism, which is often found 
in more permanent niches in the processing environment such as in drains or under 
floor mats.



Growth and survival in fish and fishery products: Jinneman, Wekell and Eklund 
(2007) provide a review of studies of the growth potential of L.  monocytogenes in 
RTE seafoods, noting that seafood provides an excellent substrate for growth. In 
lightly preserved seafoods, a number of hurdles are employed to increase the shelf-life 
of the product, often in combination, including refrigeration, salt, phenolic (smoke) 
compounds, acidification with organic acids including lactate, acetate, sorbate, 
benzoate, citrate, or addition of salts of organic acids, addition of nitrite and modified 
atmosphere packaging including CO2.
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Table 21
representative prevalence of Listeria monocytogenes in rTe seafood products 



Product no. of samples % positive for
L. monocytogenes



blue crab (united states of america) 126 7.9



Fresh shrimp (Japan) 74 1.4



Fresh shrimp (brazil) 178 17



shrimp (multiple countries) 287 1.5



Fish (fresh, India) 51 0



Fish (fresh, Japan) 382 2.4



Fish (fresh, Trinidad) 61 2



Ceviche (Peru) 32 9



Cold-smoked salmon (australia) 285 < 1



Cold-smoked salmon (denmark) 340 20.9



Cold-smoked salmon (switzerland) 100 24



Cold-smoked fish (switzerland) 434 11.3



Cold-smoked fish (united states of america) 61 78.7



gravad/smoked salmon or trout (sweden, 6 data sets 1993–6) 344 14 (range 4–23)



Hot-smoked fish (switzerland) 691 8.4



rTe seafood at retail (austria) 93 19.4



rTe seafood at retail (united states of america) 2 644 4.3



seafood salads (united states of america) 2 446 4.7



seafood salads (Iceland) 37 16



Source: Modified from Jinneman, Wekell and eklund (2007) and supplemented.



The effects of these hurdles alone or in combination are conveniently summarized 
in a range of mathematical models. The most comprehensive of these models, and 
the one most extensively evaluated, is that of Mejlholm and Dalgaard (2007), which 
predicts the growth rate and limits to growth of L.  monocytogenes in response to 
most of the hurdles listed above. The evaluation of that model, and several others, 
against 1 014 growth rate / growth limits datasets for L. monocytogenes in RTE foods, 
including 194 RTE seafood products, was presented by Mejlholm and Dalgaard (2009). 
The model evaluations undertaken showed that models can predict growth responses 
accurately for RTE products without added antimicrobials as well as for those with 
added salt, nitrite, organic acids and smoke components, and packaging atmospheres 
enriched with CO2. However, the authors concluded that reliable predictions of 
growth rate are obtained when the model contains terms to account for the effects 
of all hurdles to L.  monocytogenes growth that are present in the foods of interest. 
An expanded form of the model of Mejlholm and Dalgaard (2007), including the 
effects of all of the parameters described above, was subsequently developed and 
presented by Mejlholm and Dalgaard (2009). User-friendly software that embodies 
that model can also be accessed on a web page of the Danish Technical University  
(http://sssp.dtuaqua.dk/). 



Many of the data used in the evaluation referred to above involved foods deliberately 
inoculated with L. monocytogenes, but several authors have noted that growth in foods 
that are “naturally” contaminated (i.e. during production) with L. monocytogenes often 
appears much slower than that predicted by models based on artificially inoculated 
product samples. This discrepancy may be due to sublethal injuries during processing 
or may be partly be explained by the so-called “Jameson effect” (Ross, Dalgaard and 
Tienungoon, 2000), and also known as “hidden fermentation” (Stiles, 1996) when 
caused by lactic acid bacteria, where the presence of a competitive microbiota in the food 
can depress the maximum cell density of other bacteria, including L. monocytogenes. 
Figure 11 shows an example of the effect.



The mechanistic basis of the Jameson effect is unknown, but it may be due 
to competition for space, production of toxic end products of metabolism, 
production of specific inhibitory compounds such as bacteriocins, production of  
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quorum-sensing compounds and “crosstalk” among related species, etc. Several 
studies have considered the interaction between lactic acid bacteria and other 
organisms, including L.  monocytogenes, in foods, and have developed mathematical 
models to describe those interactions. The modelling software referred to above and 
available from the Danish Technical University also includes models for the effects 
of interactions between lactic acid bacteria and L.  monocytogenes. The modelling 
approach itself is described in Giménez and Dalgaard (2004).



FIgure 11
growth of Listeria monocytogenes (mixture of six strains) on vacuum-packed  



cold-smoked salmon (5 °C) when initial background flora is low or high 



The inhibition of L.  monocytogenes growth in the presence of high levels of 
background microbiota evident in Figure 11 can be used deliberately as a preservation 
technology by adding a “bio-protective” competitive lactic acid bacterial flora 
that inhibits L.  monocytogenes (Nilsson, Gram and Huss, 1999; Leroi, 2010). It is 
preferable to use homofermentative strains, which have lower spoilage potential. Even 
non-bacteriocin-producing lactic acid bacteria can induce the Jameson effect (Tome, 
Teixeira and Gibbs, 2006; Mellefont, McMeekin and Ross, 2008). 



Traditionally, the only hurdles to growth of L. monocytogenes in smoked fish were 
salt (usually at 2–3  percent in the aqueous phase and leading to a water activity of  
0.97–0.98) and phenolic compounds from smoke. The pH of the product is typically 
about pH 6.2, which has a minimal effect on the growth rate of L. monocytogenes, and 
there is no listericidal step in the process. Lactic acid bacteria are usually present and 
the product is usually vacuum-packed and refrigerated. Under these conditions, growth 
of L. monocytogenes is predicted (by many models) to occur and is also observed in 
practice. The doubling time of L. monocytogenes under these conditions is typically in 
the range 30–50 h. Given that the specified shelf-life of the product is often 3–4 weeks 
at refrigeration temperatures, there is potential for up to 3 000–5 000 000-fold increases 
in L. monocytogenes levels in the product prior to consumption, but this potential is 
often limited by the presence of competitive microbiota.



Given this potential growth and also the difficulty of preventing ad hoc contamination 
of the product, there has been increasing interest in the use of additional hurdles to 
L.  monocytogenes growth in RTE foods, including seafood products. Experimental 



Source: From Huss, Jørgensen and Fonnesbech Vogel (2000).
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treatments have included the addition of protective cultures, bacteriocins and 
bacteriocin-containing formulations, and addition of salts of organic acids such as 
sodium or potassium lactic acid or sodium diacetate, or both. While salts of lactic acid 
are relatively benign in terms of sensory changes, acetic acid and its salts are sensorially 
detectable above concentrations of ~0.25 percent (e.g. of Na-diacetate) but acetate is 
apparently more effective on a molar basis, possibly because it has a lower pKa. Salts 
of organic acids are preferred because they do not greatly alter the pH of the products, 
although reduction of pH greatly enhances the antimicrobial activity of organic acids 
because the undissociated form of organic acids is typically hundreds of times more 
inhibitory to microbial growth than the dissociated form. In other lightly preserved 
RTE seafoods, other organic acids may also be used to minimize the potential growth 
of L. monocytogenes in the product.



Passive inactivation of Listeria: As a “rule of thumb”, when pathogens are prevented 
from growth by environmental hurdles, they are inactivated. Even when temperature 
per se is not lethal, the rate of inactivation is strongly affected by temperature (Zhang, 
Ross and Bowman, 2010; Ross, Zhang and McQuestin, 2008). As such, environmental 
factors that alone or in combination prevent growth of L. monocytogenes are of great 
practical interest. Table  22 lists limits for growth of L.  monocytogenes for selected 
environmental hurdles relevant to RTE seafoods. The models of Meijlholm and 
Dalgaard (2007, 2009) can also be used to determine combinations of environmental 
factors that would be expected to prevent growth.



Thermal inactivation of Listeria: Historically, listericidal treatments have consisted 
principally of lethal heat treatments. The heat resistance of L. monocytogenes has been 
extensively studied in meat, milk and dairy products (ICMSF, 1996). The thermal death 
time curve for L. monocytogenes in cod and salmon was studied by Ben Embarek and 
Huss (1993), who reported that the heat resistance of L. monocytogenes is higher in 
salmon than in cod with D60°C values being 4.5 min and 1.8 min, respectively. It was 
assumed that the higher lipid content (approximately 13 percent) of salmon protected 
the bacterium.



Despite some early reports, it appears that L.  monocytogenes are not unusually 
heat-tolerant, and most reports of the presence of L. monocytogenes in foods that have 
received listericidal treatments are probably due to post-processing contamination. 
D55°C values are in the range 1–12 min, D60°C values are in the range 0.2–0.5 min, and 
D65°C values are in the range 0.2–0.9  min. Estimates for Z-values are in the range of  
4.25–5.5  °C. In drier or oilier products, or where heat penetration is impended, 
D-values may be higher (Bremer, Fletcher and Osborne, 2003).



Table 22
levels of environmental factors relevant to rTe seafood products required to prevent growth 
of L. monocytogenes 



environmental factor lower limit upper limit



Temperature (°C) –2 to +4 45



salt (% w/v water phase naCl) 13–16 < 0.5



(& corresponding aw ) 0.92–0.93 > 0.997



pH (hydrochloric acid as acidulant) 4.2–4.3 9.4–9.5



lactic acid (mM, water phase) 3.8–4.6 (undissociated)



acetic acid (mM, water phase) 10.3 (undissociated)



Phenol (ppm) 32



nitrite (ppm) 350



Carbon dioxide (ppm) 3 140



Sources: Compiled from ross, dalgaard and Tienungoon (2000), and Meijlholm and dalgaard (2009).
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Prevention and control: The preceding discussion has highlighted that 
L.  monocytogenes is a pathogenic bacterium that is present in many environments, 
including those in which seafoods are processed, and that L. monocytogenes can cause 
serious illnesses, with a high fatality rate. While it is a common contaminant of RTE 
foods, infections from L. monocytogenes are rare and usually affect only people with 
known predisposing conditions that reduce the efficacy of their immune systems. The 
explanation for this apparent paradox seems to be that high doses of L. monocytogenes 
are usually required before infections are established. In other words, the main risk to 
consumers arises from the growth of the organism in the product rather than its mere 
presence. Given that L. monocytogenes are able to grow, albeit slowly, in many RTE 
foods, minimization of the presence and growth of L. monocytogenes in RTE foods 
forms the basis for risk management strategies. 



Regulatory measures to protect consumers from food-borne Listeria 
monocytogenes: The demonstration that low levels of L.  monocytogenes in foods 
are unlikely to cause disease has occurred in the last decade. Initially, the severity of 
listeriosis led many nations to establish regulations embracing the concept of “zero 
tolerance”, i.e. that L. monocytogenes must not be able to be detected in a specified 
number of 25 g samples of the food of interest.



Subsequently, new research and several risk assessments have indicated that low 
levels of L.  monocytogenes are consumed daily by most people, apparently, with 
no adverse effect. In recognition of these advances in understanding of the dose vs 
probability of infection relationship of Listeria, and understanding of the potential 
for its growth in various RTE foods, several nations and trading blocs have moved to 
risk-based policies to establish criteria for L. monocytogenes in foods (Warriner and 
Namvar, 2009). Recently introduced international requirements (EC, 2005a, 2007a) 
and Codex guidelines (CAC, 2007b; CAC, 2009a) for control of risk from food-borne 
L. monocytogenes on RTE foods allow some tolerance for low levels of the pathogens 
in foods in which growth is unlikely or impossible. Specifically, these regulations 
and guidelines infer that foods respecting the following criteria present no significant 
public health risk:



•	 which due to their formulation and processing, prevent L.  monocytogenes 
growth in the product;



•	 where L. monocytogenes levels do not exceed 100 cfu/g.
Recognizing that some products may support very limited growth of L. monocytogenes, 



an additional category is recognized, i.e. foods that during their normal shelf-life and 
under reasonably foreseeable conditions and duration of distribution and handling, do 
not support the growth of L. monocytogenes (CAC, 2009a) of more than 0.5 log cfu. 
In those foods, up to 100 cfu/g L. monocytogenes at the point of consumption is also 
considered to present no significant risk. Some variations on this principle are evident, 
e.g. in Australia cold-smoked salmon is required to be “free” of Listeria monocytogenes 
in five 25 g samples, but one positive sample may be tolerated provided that the level of 
L. monocytogenes in that sample does not exceed 100 cfu/g. In foods that do support 
its growth, most States require that L.  monocytogenes should not be present in the 
product, i.e. a “zero tolerance” approach.



Industry approaches to protect consumers from food-borne Listeria 
monocytogenes: The importance of preventing growth of L.  monocytogenes in 
management of the risk of listeriosis from RTE foods has created great interest in 
the development of product formulations, additives and packaging systems that 
can prevent growth of L.  monocytogenes. There are many reports in the literature 
describing the efficacy of different hurdles and hurdle combinations. As noted above, 
the microbial ecology knowledge summarized and quantified in predictive models such 
as that of Meijlholm and Dalgaard (2009) provides a means of identifying promising 
and sensorially acceptable combinations of hurdles, or assessing existing products for 
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their ability to prevent L. monocytogenes growth without the need for expensive and 
time-consuming challenge studies.



Even if growth can be prevented in the product, contamination must be minimized, 
or contaminants eliminated, to ensure that levels do not exceed the maximum tolerable 
level of 100  cfu/g. Elimination of L.  monocytogenes in RTE seafoods can only be 
guaranteed in products that after packaging are subjected to a listericidal process, 
typically a heat treatment. High-pressure processing has also been investigated, but 
high pressures (e.g. >  500  MPa) are required to inactivate L.  monocytogenes and, at 
these pressures, physical changes can occur to the proteins of some seafoods products, 
leading to an unacceptable loss in quality. Similarly, heating to listericidal levels will 
cook the proteins in seafoods, which is unacceptable for many lightly preserved seafood 
products, even if postprocessing contamination can be prevented. Accordingly, factory 
hygiene and monitoring are important to produce foods that have acceptably low levels 
and frequencies of L. monocytogenes contamination.



Control of listeriosis can be achieved using HACCP and GHPs, with some seafood 
processing plants able to consistently achieve very low frequencies of contamination 
of final product. L. monocytogenes is sensitive to common cleaning and disinfecting 
agents, and chlorine, iodine, acid and anionic/quaternary ammonium-type sanitizers 
are effective against L  monocytogenes at concentrations of 100  ppm, 25–45  ppm, 
200  ppm and 100–200  ppm, respectively. L.  monocytogenes often hides in niches in 
the processing environment and great care must be taken to clean such niches. The 
processing plant must have a Listeria surveillance programme and have procedures 
implemented to find the source of the organism when it is detected by routine 
monitoring, and steps to eliminate it. Procedures to demonstrate that it has been 
eliminated are also required before processing recommences.



There are numerous sources of published and Internet-based information and 
advice on appropriate processes and procedures for L. monocytogenes control in RTE 
food processing plants. 



3.2.1.7 Staphylococcus aureus
The genus Staphylococcus comprises several species, of which S. aureus in particular 
is associated with food-borne disease. The staphylococci are Gram-positive cocci 
bacteria. Their primary habitat is the skin, glands and mucous membranes of  
warm-blooded animals including humans. Approximately 30–50  percent of humans 
harbour S. aureus on their skin or mucous membranes without symptoms. Importantly, 
sores and scratches on the skin are often infected with S. aureus that can be transferred 
to foods by food handlers with such sores or even those who are asymptomatic carriers. 
S. aureus survives well in the environment, being relatively resistant to dryness, and 
it may be isolated from a range of sources that come into contact with humans and 
animals.



While S.  aureus is the second-most common cause of food poisoning, it is not a 
major cause of seafood-borne illness. S. aureus is seldom isolated from fresh seafood 
products, but it can be found in products that are cooked and have involved extensive 
human handling, such as picked crab meat. When implicated in food-borne disease, it 
is often involved with foods that are cooked well in advance of eating, have received 
much manual handling, and have been subject to temperature abuse. The disease caused 
is usually mild and self-limiting, resolving within 24–48 h of onset of symptoms.



The disease and some epidemiological aspects: S. aureus produces a range of toxins 
and diverse disease syndromes. These include a food-borne intoxication that principally 
is characterized by vomiting, induced by Staphylococcal enterotoxins (SEs). Individual 
S. aureus strains produce one or more of these antigenically distinct SEs, which were 
originally designated from SEA to SEE. The most frequent causes of food poisoning 
are due to SEs A, B, C1, D, and E. However, in the last decade, more SEs have been 
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described and have been designated SEF, SEG, SEH, SEI, SEJ, SEK, SHL, SEM, SEN, 
SEO, SEP, SEQ, SEIR and SEU (Omoe et al., 2005). Other species of Staphylococcus 
(S. intermedius and S. hyicus) also produce some of these enterotoxins and have, albeit 
rarely, been reported to have caused human food-borne illness. 



Upon ingestion, the toxins cause nausea, vomiting, stomach cramps and, sometimes, 
diarrhoea. SEA and SEB are the best characterized, and they are also regarded as 
superantigens because of their direct effect on cells of that immune system, which can 
lead to a syndrome described as “acute toxic shock”. Staphylococcal enterotoxins, 
which are proteins, are preformed in the food. Thus, growth of the organisms in 
the food is a prerequisite for toxin production, and disease. Because the toxins are 
preformed in the food, the time to onset of symptoms is short, typically 1–4  h. 
All SEs have a molecular weight of approximately 23–27  kD, being approximately  
200–250  amino acids in length. The proteins are very stable and survive normal 
cooking, and they are resistant to gastrointestinal proteases, such as pepsin. The toxins, 
if present in foods, are not sensorially detectable. 



The primary effect of the toxins is a neurological (i.e. not an enterotoxic) effect that 
involves stimulation of afferent vagus nerves in the intestine via serotonin released 
by other intestinal cells due to the influence of the SEs (Hu et al., 2007). While 
very unpleasant, the disease is self-limiting and typically lasts only 24–48 h without  
long-term effects. Owing to the relatively short-lived nature of the disease, it is believed 
that only a small fraction (1–5 percent) of cases are reported. A higher frequency is seen 
during warmer months, presumable a reflection of the greater likelihood and severity 
of temperature abuse of foods, and in November and December. The latter peak may 
be correlated with leftover holiday foods and buffets (Jablonski and Bohach, 1997).



Prevalence in fish and fishery products: Staphylococci may be isolated from 
newly caught fish, especially in warm waters (Gram and Huss, 2000). However, 
enterotoxigenic strains are typically transferred from food handlers with hand 
infections or with a cold or a sore throat. S.  aureus has been isolated at levels of 
2–10  percent in fish and bivalves but much more commonly in cooked, handled 
crustaceans, where as much as 24–52 percent of samples may be positive (Jablonski and 
Bohach, 1997). Batters used with seafoods may represent a special risk (FDA, 2011a) 
due to their manner of preparation and storage in food service, and because frying will 
not inactivate the toxin. 



Growth and survival in fish and fishery products: S.  aureus can grow at 
temperatures of from approximately 8  to 48 °C, pH > 4.3 and water activity (NaCl 
as humectant) > 0.86. Optimal levels for these conditions are ~37 °C, pH 7, aw 0.995, 
respectively. In general, where growth is possible, toxin production will also be 
possible, although some reports indicate that SEs are not produced at temperatures 
< 10 °C. As with most bacteria, for any environmental condition, the range over which 
growth is possible is reduced when another environmental factor is suboptimal. 



Although it may be detected on raw fish (and meat), S.  aureus will not usually 
be able to grow to toxigenic levels. Disease-causing levels of toxin occur only when 
extensive growth of S. aureus has occurred, typically at levels ≥ 106 cfu/g. Staphylococci 
are relatively slow-growing compared with spoilage bacteria and, under most seafood 
processing regimes, low temperatures and the presence of other bacterial species 
(spoilage organisms) prevent extensive growth of S. aureus from occurring. However, 
in low water activity products, S. aureus may have a competitive advantage because 
of its unusually high tolerance of salt. Similarly, growth and toxin production may 
occur in products such as cooked crustaceans where the heat-processed meat is 
virtually sterile and where the hand peeling operations provide ample opportunity for 
contamination with staphylococci. Because S. aureus is a mesophilic organism, some 
degree of temperature abuse typically also precedes intoxications.
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Prevention and control: Growth and toxin formation may easily be prevented 
by proper chilling of products. Avoidance of cross-contamination of heat-treated 
(cooked) products is also important. While S. aureus is capable of growth anaerobically, 
anaerobic growth is slower and less extensive under otherwise equivalent conditions. 
Toxins have not been detected in canned foods.



The European Union (Member Organization) has set microbiological criteria for 
S. aureus in cooked crustaceans where none of five samples may exceed 1000 cfu/g and 
only two samples may exceed 100 cfu/g (EC, 2001a). Other jurisdictions are somewhat 
more lenient: the Canadian Food Inspection Agency (CFIA, 2011) allows up to one 
sample in five of any kind of seafood product to contain more than 1000 cfu/g S. aureus 
but no sample is permitted to exceed 10 000 cfu/g S. aureus. Similarly, the FDA will 
tolerate up to 10 000 cfu/g S. aureus in seafood products, provided that SEs are not 
detected (FDA, 2011b).



3.2.1.8 Clostridium botulinum
Clostridium botulinum is a Gram-positive, obligate-anaerobic, spore-forming,  
rod-shaped bacterium that is widely distributed in soils and marine sediment all over 
the world. It also colonizes the gastrointestinal tract of fish, birds and mammals. 
This organism produces a neurotoxin and, based on the antigenic characters of the 
neurotoxin, six types are recognized, A–F. Clostridium argentinense produces type G 
botulinum toxin. Rare strains of C. butyricum and C. baratti may produce botulinum 
toxins. Based on their physiology, three groups of C. botulinum are recognized:



•	 Group I includes proteolytic botulinum toxin types A, B and F that are heat 
resistant (D100 of spores ~25 min) and salt tolerant (inhibitory NaCl 10 percent) 
with a minimum growth temperature of 10 °C.



•	 Group II includes non-proteolytic botulinum toxin types B, E and F that are 
heat sensitive (D100 of spores <  0.1 min), psychrotropic (minimum growth 
temperature 3 °C) and salt sensitive (inhibitory NaCl 5 percent).



•	 Group III includes botulinum toxin types C and D that are salt sensitive 
(inhibitory NaCl 3 percent) with a minimum growth temperature of 15 °C.



Epidemiological aspects: Human botulinum may be caused by C. botulinum types 
A, B, E and, rarely, types F and C. Type F toxin produced by C. baratti and type E 
toxin produced by C. butyricum have rarely been involved in human botulinum. Strains 
of C. botulinum that produce type C and D toxins are mostly involved in botulism in 
non-human species. Owing to the greater heat resistance of Group I spores, cases due 
to this type are associated with insufficiently processed home-preserved foods such 
as canned vegetables and cured meat. Cases due to Group II strains that can grow at 
lower temperatures could be associated with mildly heated products packaged under 
anaerobic conditions and stored in a refrigerator, e.g. vacuum-packed smoked fish. 
Food-borne botulinum has been reported from several countries such as the United 
States of America, Canada, Japan, China, the Russian Federation, some countries in 
Europe, South Africa and Iran (Islamic Republic of) (Johnson, 2007). In the United 
States of America, 25–60 cases occur annually, mainly through home-prepared foods. 
In the period 1973–2006, there were 43  seafood-associated outbreaks involving 
152 cases, of which 61  required hospitalization and 9  resulted in death (Iwamoto et 
al., 2010). Eighty-six percent of the reports were from Alaska, involving consumption 
of traditional Alaskan native seafood dishes prepared with salmon eggs, fish heads, 
seal and whale meat. There were no cases associated with crustaceans or molluscs. 
Group II botulism associated to various foods (including fish and fishery products) in 
Europe and other parts of the world in the period 1980–2004 have been reviewed by 
Lindström, Kiviniemi and Korkeala (2006). Uneviscerated salted mullet (faseikh) was 
associated with an outbreak involving 91 cases in Egypt. Smoked fish were involved 
in 85  cases in Georgia in the period 1980–2002, and fish were involved in 72 cases 
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in the Russian Federation in 1999 (Lindström, Kiviniemi and Korkeala, 2006). Most 
fish-associated outbreaks and cases are due to type E, and type A and B botulism have 
generally been associated with meat products, but fish may also be involved in these, 
for example, cases due to type B involving sturgeon fish occurred in the United States 
of America in 1990 (Lindström, Kiviniemi and Korkeala, 2006).



Food-borne botulism has an incubation period of about 12–36  h following 
consumption of toxic food. However, this could be 2 h where foods have high levels 
of toxin, or as long as 2–14 days where low levels of type B or E toxins are consumed. 
Clinical symptoms of food-borne botulism include fatigue, weakness and vertigo, 
blurred vision, dilated pupils, drooping eyelids, difficulty in swallowing, weakness of 
neck and mouth, and paralysis of limbs and torso. Vomiting, diarrhoea and abdominal 
swelling may occur. In severe cases, respiratory muscles are weakened and mechanical 
ventilation becomes necessary to prevent death. Treatment involves mechanical 
ventilation to support respiration and administration of antibodies (ABE antitoxin) 
before neurological symptoms set in. Fatality used to be about 50 percent in the early 
twentieth century, but this has decreased to about 10 percent with the availability of 
antisera and respiratory support systems.



The botulinum toxin is a highly potent neurotoxin with an estimated lethal dose 
of 0.1–1  µg/kg by oral route. The toxin is highly stable under acidic conditions  
(pH 3.5–6.5), but dissociates under alkaline conditions and is inactivated. Thus, the 
toxin is inactivated in spoiling fish products with pH > 7.5. The toxin is heat sensitive, 
and inactivation of botulinum toxin in buffers and foods occurs when subjected to 
70 °C for 1 h or 80 °C for 30 min or boiling for 15 min (Johnson, 2007). However, 
thermal inactivation does not show a log-linear effect, and considerable tailing may be 
observed, particularly at lower processing temperatures. This complicates the use of 
traditional D-values to model thermal inactivation, and it has been proposed that heat 
resistance be expressed as the time required for inactivation to below the threshold for 
toxicity (Johnson, 2007).



Ecology and occurrence in fish and fishery products: C. botulinum is ubiquitous 
and occurs in soils, sediments of aquatic environments (both freshwater and marine) 
and in the intestinal tracts of animals and fish in temperate, arctic and tropical 
environments. The organisms are saprophytic and do not have an obligatory relation 
with animal hosts. In the United States of America, western soils commonly have type 
A and eastern soils type B; in European soils, usually type B are found. In coastal 
regions of the world, type E can be found all over the world, and the prevalence could 
range from 1.2 percent to 65 percent (Johnson, 2007) and may even reach 100 percent 
in some areas (Figure 12). In farmed trout, levels of up to 5.3 spores/g have been found 
and this could be due to fish being reared in mud ponds and fed with wet feed (Huss, 
Pedersen and Cann, 1974). A high prevalence of spores has been reported from Poland, 
China, France, the United States of America and the Russian Federation, and these 
countries experience higher incidences of botulinum (Johnson, 2007). Although many 
types of meat such as beef, poultry and pork rarely contain C. botulinum spores, where 
they are part of processed food with mixed ingredients containing fish or vegetables, 
contamination could occur.



Generally, low numbers of spores are associated with fish (e.g. 1–2 or a few hundred 
spores per kilogram). Higher spore numbers, e.g. 2  000–3  000  spores/kg have been 
reported by some investigators (Lund and Peck, 2000). There are very limited studies 
on fishery products. There are some reports on prevalence in smoked fish and generally 
low levels (0–3 percent) have been found to be positive with numbers ranging from 
40 to 290 spores/kg (Gram, 2001).



Growth and survival in fish and fishery products: Although C. botulinum spores 
are commonly found in fish, the organism is not considered a hazard in fresh fish 
because the levels are very low and the redox potential (Eh) of fresh fish and fishery 
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products is high and not favourable for germination of spores and multiplication 
of this organism. Aerobic bacterial flora associated with fish would cause spoilage 
before growth and toxin production by C.  botulinum can occur. As botulism is an 
intoxication, the hazard is with foods that permit spore germination, spore growth 
and toxin production by the organism. The risk of toxin formation is considered 
high in smoked fish, as the heating step is not adequate to eliminate the spores.  
Cold-smoked fish have low salt levels and are often vacuum-packed, and these 
conditions are favourable for the growth of C. botulinum.



The main factors that control the growth of C. botulinum in foods are temperature, 
pH, salt, water activity (aw), redox potential and the presence of any preservatives. The 
organism is strictly anaerobic and sensitive to oxygen. C. botulinum type E can grow 
and produce toxin at 3.0–3.3 °C or in up to 5 percent NaCl (water phase salt) when 
other growth conditions are optimal (Gram, 2001). Tolerance to water activity could 
vary depending on the solute, e.g. 0.97 with NaCl, and 0.94 with glycerol for strains of 
Group II. For stains of Group I, the minimum aw is 0.9353. The organism is sensitive 
to acid, and strains of Group II do not grow at pH below 5.0, while strains of Group I 
do not grow below pH 4.6. The growth-limiting factors are indicated in Table 23.



Table 23
growth-limiting factors for C. botulinum



Parameters C. botulinum group i C. botulinum group ii



growth temperature



        Minimum 
        Optimum 
        Maximum



10 °C 
35–40 °C 



48 °C



3 °C 
18–25 °C 



45 °C



Minimum pH 4.6 5.0



Inhibitory aw 0.9353 0.97



Inhibitory naCl 10% 5%



d100°C of spores ~25 min <0.1 min



d121°C of spores 0.21 min <0.005 min



FIgure 12
Prevalence of C. botulinum in fish 



Sources: From Huss (1980) and lalitha and surendran (2002).











Assessment and management of seafood safety and quality - current practices and emerging issues74



It needs to be emphasized that the factors indicated in Table 23 seldom function 
independently. For example, toxin production could be inhibited at salt concentrations 
of less than 5 percent where the temperature is less than optimum. The minimum aw 
could vary with solute, e.g. 0.97 when NaCl is used and 0.94 when glycerol is used. 



The toxins produced by C. botulinum are thermolabile, although it is not considered 
acceptable to rely on cooking to eliminate the hazard in foods (Gram, 2001). Thermal 
inactivation depends on other factors. For example, C. botulinum type E toxin is more 
heat resistant at lower pH values (pH 4.0–5.0). The toxin was inactivated after 5 min 
at 60 °C in a cooked meat medium of pH 7.5, but at 65 °C in meat broth of pH 6.2. In 
canned corn of pH 6.2, the 3D reduction occurred in 2 min at 74 °C, but in a phosphate 
buffer of 6.8, a similar reduction occurred in 1 min, which extended to 6 min in the 
presence of 1 percent gelatin.



A combination of factors is used to control C. botulinum in foods. The inhibitory 
factors used are thermal treatment, pH, water activity, salts or other inhibitors and 
competitive flora. Low-acid foods with pH ≤  4.6 have an excellent safety record. 
However, certain conditions in low-acid foods may permit growth of C. botulinum, 
e.g. inadequate penetration of acids leading to formation of microenvironments with 
higher pH or metabiosis – where fungal mats form on surface of foods increasing pH 
under the mats (Johnson, 2007). Control of water activity through addition of salt is 
another method used to control C. botulinum. Temperature (< 10 °C for Group I and 
< 3 °C for Group II) is also used in combination with another inhibitory factor such as 
salt. Fish is considered an excellent substrate for the growth of C. botulinum. Cann and 
Taylor (1979) studied toxin production in farm-produced, hot-smoked whole trout 
with about 80 percent prevalence for C. botulinum. No toxin production was detected 
in fish with 2.5 percent salt when stored at 10 °C for 30 days, but at 2.0 percent salt, 
whole ungutted fish became toxic.



Freezing does not affect spore viability, but under frozen conditions, germination 
and growth of C.  botulinum does not occur and, if vacuum packed, frozen storage 
will have little effect on lipid oxidation and, consequently, sensory quality. At  
low-temperature storage, other factors such as salt (5  percent water phase salt) are 
required to prevent germination and growth of C. botulinum type E. Toxin production 
is prevented for 2–3 weeks at 2–2.5 percent salt and for 4–5 weeks at 3–3.5 percent salt 
at 5 °C in laboratory media inoculated with high inocula (104–105 spores/ml). On the 
other hand, with fish as substrate, toxin production was slower. In cold-smoked trout 
with 1.7 percent salt, no toxin was detected when stored at 4 °C or 8 °C for 4 weeks 
(Dufrense et al., 2000), and in hot-smoked trout stored at 10 °C, no toxin was detected 
at 2.5–3.5  percent salt (Cann and Taylor, 1979). Thus, 3.5  percent salt combined 
with a maximum storage of 4  weeks at 4  °C is considered safe for vacuum-packed  
cold-smoked fish (Gram, 2001).



Although C.  botulinum is sensitive to oxygen, toxin production could occur 
in air-packed fish at 5–6  days compared with 4–5  days in vacuum-packed fish. 
Microenvironments could exist in air-packed fish, where the organism could grow 
and produce toxin. However, shelf-life is reduced by a factor of 1.5–2.0 by aerobic 
storage compared with vacuum-packed storage. In some countries, vacuum-packed 
cold-smoked fish should contain 3.5  percent NaCl or 3.0  percent combined with 
200 ppm nitrite, but only 2.5 percent salt is required for aerobically packed fish (Gram, 
2001). Although spoilage is relied upon as a safeguard in aerobic-packed fish, it is now 
accepted that oxygen is no safeguard against C. botulinum toxin formation. Variable 
results have been obtained with 1 percent sorbate. 



Thermal inactivation of C.  botulinum spores has been studied extensively, 
particularly from the point of view of the canning industry. D-values for the two 
groups of C.  botulinum vary (Table  23). For non-proteolytic types, heat treatment 
of 90 °C for 10 min has been reported to provide a safety factor of 106 (6-D process). 
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For the proteolytic group, the canning industry generally uses a D-value of 0.2 min at 
121 °C for calculating the thermal process, and for most heat-resistant strains, z-values 
(temperature change necessary to bring about a tenfold change in the D-value) are 
taken as 10 °C (Martens, 1999; Austin and Dodds, 2001).



Prevention and control: In the canning industry, a 12D process (12 log reduction in 
spore count) is used as a minimum heat process to be applied to low-acid canned foods. 
For proteolytic strains, this would be 12 × 0.2 = 2.4 min at 121 °C (also called F-value). 
Considering spores with higher resistance (D121°C 0.25), this would be 12  × 0.25  = 
3.0  and, in commercial practice, higher F-values (e.g. 5.0) are often used to produce 
botulism-safe canned food. For foods that do not receive a thermal process compared 
with canning, a combination of temperature and salt (as discussed above) is used. 



3.2.1.9 Escherichia coli
Escherichia coli is a member of the family Enterobacteriaceae and is a common 
inhabitant of the intestinal tract of humans and warm-blooded animals. This species 
is serologically very diverse with more than 173  somatic (O) antigens, 56  flagellar 
(H) antigens and 103 capsular (K) antigens (Meng et al., 2007). Although most E. coli 
strains are commensals in the intestinal tract, some strains that have acquired certain 
virulence genes can cause gastrointestinal illness. Based on clinical syndromes and 
virulence properties, diarrheagenic E. coli have been categorized as: enteropathogenic 
E. coli (EPEC), enterotoxigenic E. coli (ETEC), enterohaemorrhagic E. coli (EHEC), 
enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffuse-adhering 
E. coli (DAEC). Major serovars associated with different pathotypes are indicated in 
Table 24.



Table 24
Major serogroups associated with different pathotypes of E. coli 



Pathotype Major serogroups



ePeC O55, O86, O111ab, O119, O125ac, O126, O127, O128ab, O142



eTeC O6, O8, O15, O20, O25, O27, O63, O78, O85, O115, O128ac, O148, O159, O167



eHeC O157:H7, O26, O111, O103, O121, O45, O145



eIeC O28ac, O29, O112, O124, O136, O143, O144, O152, O164, O167



eaeC O3, O15, O44, O77, O86, O92, O111, O127



daeC O1, O2, O21, O75



Source: Meng et al. (2007).



Epidemiological aspects: ETEC infections are associated with children’s diarrhoea 
in developing countries and with traveller’s diarrhoea in industrialized countries. 
Contaminated food and water have been implicated in the cases, and the infectious 
dose seems to be fairly high with 108 cfu causing high attack rates in volunteers (Nataro 
and Kaper, 1998). EPEC is associated with diarrhoea in infants, and the reservoir 
of infection has been reported to be symptomatic or asymptomatic children and 
asymptomatic adults. Contaminated weaning food is a common vehicle of infection. 
EHEC infections may manifest as non-bloody diarrhoea, haemorrhagic colitis and 
haemolytic ureamic syndrome (HUS). Serovar O157:H7 was the first to be recognized 
as EHEC, but subsequently other serotypes (Table  24) have also been classified as 
EHEC. Outbreaks have been associated with undercooked ground beef, raw milk, cold 
sandwiches, water, unpasteurized fruit juice, sprouts and vegetables (Feng, Weagant 
and Jinneman, 2011). A large outbreak with more than 3  800  cases and 54  fatalities 
associated with sprouts occurred in Germany in 2011 involving E.  coli O104:H4, a 
serovar that was earlier classified as an enteroaggregative type. It is suspected that this 
serovar acquired genes of EHEC through lateral gene transfer (Werber et al., 2012). 
There has been only one outbreak suspected to be linked to salmon roe in Japan, and 
identical genotypes of E. coli O157: H7 were isolated from clinical cases and salmon 











Assessment and management of seafood safety and quality - current practices and emerging issues76



roe (Asai et al., 1999). This serovar has a low infectious dose (< 100 cells), and infected 
persons could shed the bacteria in faeces up to 13–21 days after the onset of symptoms; 
but in rare cases, this could extend to two months (Meng et al., 2007). 



DAEC have been associated with children of 1–5  years of age while EAEC 
have been associated with diarrhoea in both children and infants. DAEC infections 
are characterized by mild diarrhoea without blood or leucocytes. EIEC cause  
Shigella-like dysentery or non-bloody diarrhoea. Because of their involvement in several  
food-borne outbreaks, EHEC have been the most studied of the diarrhoegenic E. coli.



Association with fish and fishery products: As the primary reservoirs of 
diarrheagenic E. coli are humans or cattle, these bacteria could reach fish and fishery 
products that are contaminated with sewage, farm wastes or non-potable water. ETEC 
has been isolated from seafood in Brazil (Teophilo et al., 2002) Detection of shiga 
toxigenic E.  coli (STEC) and even O157:H7 serovar in seafoods in India have been 
reported (Kumar et al., 2004; Surendraraj, Thanpuran and Joseph, 2010). Surveillance 
programmes in the European Union (Member Organization) in 2010 indicated the 
presence of STEC in 4.2 percent of fishery products in Spain (EFSA/ECDPC, 2012).



Growth and survival in seafoods: Although E. coli is a mesophilic organism with 
an optimum temperature for growth of 35–40  °C, some pathogenic strains grow at 
temperatures as low as 7 °C and as high as 46 °C. The EHEC strains have a minimum 
growth temperature of 8  °C and maximum of about 44–45  °C (ICMSF, 1996). 
Diarrheagenic E. coli have been reported to survive well at refrigeration temperatures 
(3–7 °C) with reductions over 1–5 weeks ranging from 100.5 to 101.5 (ICMSF, 1996). 
E.  coli strains are known to be sensitive for salting (can grow in 6  percent sodium 
chloride) and drying, but EHEC strains may show acid tolerance depending on 
the type of acid present, e.g. showing growth in medium adjusted to pH 4.5 with 
hydrochloric acid, but with lactic acid (ICMSF, 1996). Diarrheagenic E. coli are readily 
inactivated by heating with D-values ranging from 0.75 to 0.79 min in ground beef and 
milk (ICMSF, 1996). 



3.2.1.10 Aeromonas and Plesiomonas
Aeromonads are Gram-negative facultatively anaerobic bacteria that are widely 
distributed in the environment and in association with invertebrates, vertebrate animals 
and humans. The taxonomy of this group has been complex and is undergoing rapid 
changes. The second edition of Bergey’s Manual of Systematic Bacteriology includes 
the genera Aeromonas, Oceanimonas and Tolumonas in the family Aeromonadaceae 
(Martin-Carnahan and Joseph, 2005). Traditionally, Aeromonas consisted of two 
species, mesophilic A.  hydrophila and psychrophilic A.  salmonicida. Subsequently, 
three mesophilic species were recognized, A.  hydrophila, A.  sobria and A.  caviae, 
each consisting of several hybridization groups that can be differentiated based on 
deoxyribonucleic acid (DNA)-DNA hybridization test. Currently, there are 24 validly 
published species under the genus Aeromonas, of which 11 are considered clinically 
significant (Janda and Abbot, 2010) (Table  25). However, taxonomists have been 
questioning some of the species, based on DNA reassociation kinetic information or a 
lack of information on ecology. 



Plesiomonas can be differentiated from Aeromonas by phenotypic characters such 
as the L-histidine decarboxylase test (Galindo and Chopra, 2007). Based on 76 O- and 
41 K- antigens, more than 100 serovars of P. shigelloides have been described. Several 
serovars react with Shigella antisera. This organism is commonly isolated from the 
aquatic environment.
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Table 25
Aeromonas spp. of clinical significance and their association with aquatic environment and 
food 



Aeromonas spp. freshwater saline waters foods



A. hydrophila +++ ++ ++



A. salmonicida ++ 0 0



A. media + 0 0



A. caviae ++ +++ +++



A. veronii ± ++ ++



A. schubertii 0 0 ±



A. jandaei ± 0 0



A. trota 0 0 ±



A. bestiarum ++ 0 0



A. popoffii + 0 0



A. tacta 0 0 0



0 = not reported; ± = rare; + = uncommon; ++ = common; +++ = predominant.
Source: based on Janda and abbot (2010).



Epidemiological aspects: Although Aeromonas  spp. have been isolated from 
diarrhoeic stools, their role in causing gastrointestinal disease is still debated. The 
organism can be isolated from the faeces of asymptomatic persons with carriage 
rates varying from 3 percent in the tropics to 30 percent in tropical and developing 
countries (Galindo and Chopra, 2007). Several large-scale retrospective or prospective 
investigations on bacterial diarrhoeas indicate that aeromonads are associated with 
stools of 0.5–16.9  percent of ill persons and 0–10  percent of controls (Janda and 
Abbot, 2010). From 75  to 89  percent of gastroenteritis cases where Aeromonas has 
been reported to be the sole pathogen isolated are characterized by abdominal pain, 
mild diarrhoea and low-grade fever, while 3–22  percent of cases present dysenteric 
forms with symptoms including abdominal cramps, blood and mucus in stool (Janda 
and Abbot, 2010). Some studies suggest that persons with haematological cancers, 
tumours or other pathological anomalies of the gastrointestinal tract are predisposed 
to infections. On extremely rare occasions, Aeromonas has been associated with 
cholera-like disease (Janda and Abbot, 2010). Aeromonads may also be associated with  
extra-intestinal infections. 



P.  shigelloides has been associated with traveller’s diarrhoea, which may last for 
1–7 days and is often accompanied by abdominal cramps, vomiting and some degree 
of dehydration. Association of this organism with diarrhoea varies in different regions,  
e.g. 1.3  percent in Latin America and the Caribbean, 2.5  percent in Africa and 
4.8 percent in South Asia (Shah, Dupont and Ramsey, 2009). This organism may also 
be associated with extra-intestinal infections. For gastrointestinal illness, the incubation 
period has been reported to be 20–24 h. Up to 12.6 percent of P. shigelloides infections 
have been reported to be associated with seafood consumption. Consumption of raw 
oysters and shrimps has been associated with the risk of infection (Butt, Aldridge and 
Sanders, 2004).



Association with fish and fishery products: Aeromonads are ubiquitous and are 
detected in more than 90 percent of aquatic habitats sampled in some regions (Janda 
and Abbot, 2010). They have been isolated from rivers, lakes, estuaries, drinking-
water, groundwater and sewage. They can also be recovered from the epipelagic layer 
(< 200 m) of oceans, but they are more common in estuaries, where they are associated 
with various shellfish, and levels ranging from 102  to 106  cfu/100  ml have been 
reported. They are part of the natural flora of fish from warm waters. 



P. shigelloides is also associated with both freshwater and marine environments and, 
hence, can be isolated from various fish. Although the organism is mesophilic, it has 
been isolated from waters in temperate environments.
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Growth and survival in seafoods: Aeromonas is psychrotrophic with a 1–3  log 
increase in numbers observed in fish stored at 5  °C for 1  week. The minimum pH 
for growth is < 4.5, and the maximum sodium chloride concentration is 5–6 percent. 
Aeromonas is sensitive to elevated temperature with a D51°C of 2.3 min (ICMSF, 1996). 
For P. shigelloides, the minimum growth temperature is 8 °C and the pH range is 4–9. 
Maximum sodium chloride for growth is 5. The organism is sensitive to heat, with 
pasteurization at 60 °C for 30 min being effective in inactivating it.



3.2.2 histamine and other biogenic amines (lahsen ababouch, Jette 
emborg and Paw dalgaard)
In small physiological doses, histamine is a necessary and desirable substance involved 
in the regulation of critical functions in the human body, e.g. the release of stomach 
acid. However, large amounts of histamine and other biogenic amines in food can be 
toxic. 



In fish products, histamine and other biogenic amines are produced by enzymatic 
decarboxylation of the corresponding free amino acid (Table 26). The decarboxylases 
are produced by specific bacteria. 



Table 26
amino acid precursors and biogenic amines formed in food products



amino acid precursor biogenic amine



Histidine Histamine



Ornithine Putrescine



Putrescine1 spermidine



lysine Cadaverine



Tyrosine Tyramine



arginine agmatine



1 not an amino acid.



In order to cause histamine fish poisoning (HFP), it is necessary that:
•	 the fish muscle contains free histidine as substrate for histamine formation;
•	 the fish contains and/or becomes contaminated with bacteria capable of 



decarboxylating histidine and possibly other amino acids;
•	 the product characteristics and storage conditions allow growth of  



histamine-producing bacteria (HPB) to high concentrations of about 10 million 
cells per gram or more;



•	 consumers actually eat fish that contain high concentrations of histamine and 
possibly also other biogenic amines. 



Consequently, control of HFP can be achieved by eliminating one or more of these 
steps. 



With respect to toxicity of fish products, histamine is more important than other 
biogenic amines. High concentrations of biogenic amines other than histamine can 
cause disease and discomfort, but for healthy people the concentrations of biogenic 
amines found in fish products are usually not toxic (Taylor, 1990; Glória, 2006). 
However, for sensitive individuals, a very small dose of tyramine can cause migraine 
headaches. For these persons, an intake of no more than 5 mg tyramine per meal has 
been recommended (Caston et al., 2002; McCabe, 1986; Walker et al., 1996). Typically, 
fish products contain less than 5 mg of tyramine per kilogram and therefore represent 
no problem even for sensitive individuals. However, products involved in some 
incidents of HFP have contained 150 mg of tyramine per kilogram; thus, the content of 
a typical 100 g fish portion can be critical. Much higher concentrations of tyramine can 
be found in certain cheeses, sausages and yeast extract. Chocolate can cause migraine 
for individuals susceptible to phenylethylamine (Glória, 2006). 











79Characterization of hazards in seafoods



3.2.2.1 Histamine fish poisoning – disease, epidemiology and implicated products
Histamine fish poisoning is an intoxication that can be caused by consumption of many 
different types of marine finfish, but neither freshwater fish, crustaceans or molluscan 
shellfish seems to cause this disease. Histamine fish poisoning is common and occurs 
worldwide (Table 27). 



Table 27
incidents and cases of histamine fish poisoning in various countries 



Country Year incidents or 
outbreaks Cases annual no. of cases per 



million people1



Hawaii, united states of america 1990–2003 111 526 31.0



denmark 1986–2005 64 489 4.9



new Zealand 2001–2005 11 62 3.1



Japan 1970–1980 42 4 122 3.2



1994–2005 68 1 523 1.1



France 1987–2005 123 2 635 2.5



Finland 1983–2005 41 162 1.3–2.1



Taiwan Province of China 1986–2001 8 535 1.5



norway, united Kingdom,  
south africa and switzerland 



1966–2004 608 1 460 0.4–0.8



australia, Canada, netherlands, 
Philippines, sweden and united states 
of america (states other than Hawaii) 



1973–2005 603 3 214 0.2–0.4



1 To compare data between regions of different population size and for different recording periods, the annual 
number of cases per million people was calculated.
Source: dalgaard and emborg (2009).



The incubation time for HFP is short (from a few minutes up to 2 h) and people 
often develop symptoms while they are still eating. This facilitates attribution of 
disease to the fish consumed, but the occurrence of HFP is under-reported because: 



•	 many countries do not collect data on incidents of HFP;
•	 symptoms can be mild and of short duration, so a physician may not be 



contacted;
•	 HFP symptoms can be incorrectly identified and recorded, e.g. as a food 



allergy;
•	 some statistics exclusively include cases that are reported as a part of an 



outbreak (where two or more people become ill), but for HFP single cases are 
common.



The primary symptoms of HFP are cutaneous (rash, urticaria, oedema, and localized 
inflammation), gastrointestinal (nausea, vomiting and diarrhoea), haemodynamic 
(hypotension) and neurological (headache, tingling, oral burning and blistering 
sensation, flushing and perspiration, and itching). More serious complications such 
as cardiac palpitations occur but are rare (Taylor, 1986; Lehane and Olley, 2000). 
Symptoms can be resolved by antihistaminic drugs (antihistamines). These drugs block 
the binding of histamine to specific receptors and thereby its effect and HFP symptoms 
(Parsons and Ganellin, 2006; Glória, 2006).



Shalaby (1996) reviewed the oral toxicity to humans of histamine and other biogenic 
amines. Based on this analysis, the following guideline levels for histamine content of 
fish were suggested:



•	 < 50 mg/kg   safe for consumption
•	 50–200 mg/kg  possibly toxic
•	 200–1 000 mg/kg  probably toxic
•	 > 1 000 mg/kg   toxic and unsafe for human consumption
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More recently, an extensive study found 90 percent of 1998 HFP cases were due 
to fish products with more than 500 mg of histamine per kilogram (Table 28). Data 
from fish products implicated in 30  different HFP incidents also showed that the 
concentration of histamine was ten times higher than the sum of the concentrations 
of other biogenic amines (Dalgaard et al., 2008). With a meal size of 100  g, these 
data suggest that HFP is caused by an intake of more than 50  mg of histamine 
(100–500 mg being most common) together with more than 5 mg of other biogenic 
amines (10–50 mg being typical).



A recent Joint FAO/WHO Expert Meeting on Public Health Risks of Histamine and 
Other Biogenic Amines from Fish and Fishery Products identified 50 mg of histamine 
as the “no observable adverse effect level” (NOAEL) derived from outbreak studies. 
The benchmark dose assessment methodology also identified 50  mg of histamine 
per meal as the dose where adverse effects are not observed. Using available fish and 
fishery product consumption data combined with expert opinion, the meeting agreed 
that a serving size of 250 g captured the maximum amount eaten in most countries at 
a single eating event. Based on the hazard level of 50 mg of histamine and serving size 
of 250 g, the maximum concentration of histamine in that serving was calculated to be 
200 mg/kg.2



TA BLE 28
Overview of outbreaks (n = 142) and cases (n = 1 998) of histamine fish poisoning as a function 
of the concentration of histamine in different seafoods 



Histamine
(mg/kg)



Outbreaks Cases
Seafood or fish species



Number % Number %



> 5 000 14 10 98 5 Escolar, kahawai, kingfish, marlin, saury, tuna, 
yellowfin tuna



1 000–5 000 66 47 937 47 Amberjack, anchovy, bluefish, cape yellowtail, 
castor oil fish/escolar, kahawai, mackerel, 
mahi-mahi, marlin, pilchard, red tuna, sailfish, 
sardine, swordfish, tuna



500–1 000 26 18 772 39 Anchovy, garfish, kahawai, mahi-mahi, mackerel, 
marlin, sardine, tuna



< 500 36 25 191 10 Anchovy, bonito, escolar, mackerel, mahi-mahi, 
pilchard, red tuna, sardine, skipjack, salmon, tuna



Source: Dalgaard et al. (2008).



Information from an HFP outbreak caused by escolar showed that persons 
consuming less than 113–215 mg of histamine experienced fever symptoms that were of 
shorter duration than persons consuming more of the fish and thereby higher amounts 
of histamine (Feldman et al., 2005). In some challenge studies with human volunteers, 
67.5–300 mg of histamine administered in water, grapefruit juice or fish resulted in no 
or mild symptoms only. However, it has also been found that 180 mg of histamine 
resulted in severe headache and flushing (Motil and Scrimshaw, 1979; Van Gelderen 
et al., 1992). Thus, available data from challenge studies with human volunteers suggest 
pure histamine cannot always explain the toxicity of histamine-containing seafood. 
This apparently low toxicity of pure histamine may, to some extent, be explained by 
variability in the sensitivity among the few volunteers used in these studies and the 
relatively low amounts of histamine (< 100–500 mg) sometimes evaluated. In addition, 
two different hypotheses to explain the apparently low toxicity of histamine have been 
extensively discussed in the scientific literature. 



2 www.fao.org/fileadmin/user_upload/agns/news_events/1_FAO-WHO_Expert_Meeting_Histamine.
pdf
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The histamine-potentiator hypothesis is based on numerous experiments with 
laboratory animals where various compounds (agmatine, cadaverine, ß-phenylethylamine, 
putrescine, trimethylamine, tyramine, combinations of these compounds and ethanol) 
inhibited normal histamine-metabolizing enzymes (histamine-N-methyltransferase, 
monoamine oxidase and diamine oxidase [or histaminase]) and thereby increased the 
oral toxicity of histamine (Taylor and Lieber, 1979; Hui and Taylor, 1985; Lyons  
et al., 1983; Satter and Lorenz, 1990). However, data for humans are limited and do not 
clearly confirm the histamine-potentiator hypothesis (Taylor, 1986; Lehane and Olley, 
2000; Van Gelderen et al., 1992). Van Gelderen et al. (1992), for example, found that 
22 mg of cadaverine and 18 mg of putrescine were unable to potentiate the oral toxicity 
88–90 mg of histamine when tested on eight volunteers. 



The mast-cell-degranulation hypothesis suggests seafood that causes HFP should 
contain compounds that trigger a release of histamine from mast cells in the human 
intestinal tissue. The HFP symptoms would then be due to indigenous histamine 
rather than to histamine in seafood (Taylor, 1986; Ijomah et al., 1991; Clifford et al., 
1991; Lehane and Olley, 2000; Arnold and Brown, 1978). Evidence to support this 
hypothesis is very limited. In fact, compounds including tryptase and prostaglandin 
D2 are released from mast cells when degranulated. However, these compounds have 
not been detected in serum or urine from patients with HFP (Morrow et al., 1991; 
Sanchez-Guerrero, Vidal and Escudero, 1997). 



Many species of marine finfish have caused HFP (Table  28) and the intoxication 
is often referred to as scombroid or scombrotoxin poisoning because of the frequent 
association of the illness with the consumption of scombroid fish such as tuna 
(Thunnus spp.), skipjack (Katsuwonus pelamis), saury (Kololabis saira) and mackerel 
(Scomber  spp.). However, non-scombroid fish such as anchovies (Engraulis  spp.), 
bluefish (Pomatomus  spp.) escolar (Lepidocybium flavobrunneum), garfish (Belone 
belone), herring (Clupea spp.), kahawai (Arripis trutta), mahi-mahi (Coryphaena spp.), 
marlin (Makaira  spp.), pilchards (Sardina pilchardus), sardines (Sardinella  spp.) and 
swordfish (Xiphiidae) have also been implicated in outbreaks of this illness. 



Considering that information on fish species that could be involved in HFP should 
be easily accessible to support risk management, the recently held Joint FAO/WHO 
Expert Meeting on the Public Health Risks of Histamine and Other Biogenic Amines 
from Fish and Fishery Products developed the most comprehensive list of fish available 
to date, and this list can accessed on the FAO website3.



These fish species have significant amounts of histidine in their muscle tissue, where 
it serves as a substrate for bacterial histidine decarboxylase and formation of histamine. 
It seems that HFP is caused primarily by histamine rather than by other biogenic 
amines. Consequently, to reduce HFP, efforts to reduce growth and activity of HPB 
should be the main objective. 



3.2.2.2 Histamine-producing bacteria
The kinetics of histamine formation during storage of seafood are sometimes 
characterized by a long phase with little or no histamine production, followed by 
a second phase where the concentration can increase rapidly (an example is shown 
in Figure  13). The first phase corresponds to the time needed for the specific HPB 
to reach high concentrations, and the length of this phase depends primarily on the 
initial concentration of these bacteria, their growth rate and temperature. The rate 
of histamine formation during the second phase corresponds to the activity of high 
concentrations of the HPB and it is influenced by storage conditions and product 
characteristics (Figure  13). Information about the bacteria that produce histamine 
in seafood is important. First, to reduce histamine formation, it is essential to 



3 Ibid.
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inhibit growth of the specific bacteria that actually produce this compound. Second, 
microbiological methods for seafood inspection must target the bacteria of importance 
and, therefore, the characteristics of these bacteria need to be known.



The bacteria responsible for histamine formation in seafood that actually caused 
HFP have been identified, but only in a very limited number of studies (Table  29). 
Prior to 2004, many were of the opinion that HFP was caused exclusively by the 
activity of mesophilic HPB in temperature-abused products (Kim et al., 2004). 
However, toxic concentrations of histamine are frequently formed in naturally 
contaminated fish products when these are stored in ice and at chill temperatures 
between –1  °C and +5  °C. A comprehensive study of 124  storage trials with 
naturally contaminated seafood at various temperatures found toxic concentrations of 
histamine (above 500 mg/kg) in 26 of 59 products stored at between –1 °C and +5 °C  
(Ababouch et al., 1991; Emborg, 2007; Dalgaard et al., 2008).



The importance of psychrotolerant HPB has now been recognized, and a new 
psychrotolerant, strongly histamine-producing species within the genus Morganella has 
been identified (Emborg, Dalgaard and Ahrens, 2006). Today, both mesophilic bacteria 
(Morganella morganii, Hafnia alvei and Raoultella planticola) and the psychrotolerant 
bacteria (Morganella psychrotolerans and Photobacterium phosphoreum) have been 
identified as responsible for histamine formation in seafood that actually caused 
HFP (Table 29). Several other species of bacteria are most likely to be important for 
histamine formation in fish products but these have not yet been related to illness, 
owing to the very limited number of HFP incidents where the bacteria responsible for 
histamine formation have been studied (Table 29). 



Table 29
incidents of histamine fish poisoning where the bacteria responsible for histamine formation 
have been identified 



implicated seafood bacterium Year reported and region



Mesophilic bacteria



Fresh tuna Morganella morganii 1956 Japan



Fresh tuna Hafnia alvei 1967 Czechoslovakia



Fresh tuna Morganella morganii 1973 Japan



Fresh tuna Raoultella planticola 1978 united states of america



Tuna heated in flexible film Morganella morganii 2006 denmark



Psychrotolerant bacteria



dried sardines Photobacterium phosphoreum 2004 Japan



Tuna in chilli-sauce Morganella psychrotolerans and/or 
Photobacterium phosphoreum



2005 denmark



Cold-smoked tuna Photobacterium phosphoreum 2006 denmark



Cold-smoked tuna Morganella psychrotolerans 2006 denmark



Fresh tuna Photobacterium phosphoreum 2006 denmark



Source: dalgaard et al. (2008).



In living bacteria, histidine decarboxylase (HDC) functions in cooperation with 
a membrane exchanger that allows histidine to be transported into the cell and 
histamine to be transported out of the cell (Molenaar et al., 1993). The function of 
histamine formation in bacterial metabolism is not clear. Excretion of histamine may 
generate metabolic energy or be involved in an acid stress response (Lucas et al., 2005;  
Van Poelje and Snell, 1990; Molenaar et al., 1993). 



Histidine is the only amino acid so far known for which decarboxylases of two 
different types have evolved (Van Poelje and Snell, 1990; Tanase, Guirard and Snell, 
1985). One type is the pyridoxal 5’-phosphate-dependent HDC. This HDC has been 
isolated and characterized from Gram-negative bacteria (M. morganii [Tanase, Guirard 
and Snell, 1985], Raoultella planticola [Guirard and Snell, 1987; Kanki et al., 2007], 
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Enterobacter aerogenes [Guirard and Snell, 1987], P. phosphoreum [Morii and Kasama, 
2004; Morii and Kasama, 1995; Kanki et al., 2007] and Photobacterium damsela 
JCM 8968 [Kanki et al., 2007]). The other type of HDC is the pyruvoyl-dependent 
HDC produced by Gram-positive bacteria. This enzyme has been isolated from the 
following bacteria: Lactobacillus 30a (Hackert et al., 1981), Lactobacillus hilgardii 
0006 (Lucas et al., 2005), Leuconostoc oeni IOEB (Coton et al., 1998), Tetragenococcus 
muriaticus (Konagaya et al., 2002) and Clostridium perfringens (Huynh and Snell, 
1985). No organism able to produce HDC of both types is yet known (Van Poelje and 
Snell, 1990).



Strains of some Gram-positive bacteria that can produce histamine have been 
isolated from salted, dried or fermented foods (Landete, Pardo and Ferrer, 2006). 
However, Gram-positive HPB have not yet been identified as responsible for histamine 
formation in fish products that actually caused HFP (Table  29). A wide range of  
Gram-negative bacteria isolated from seafood are able to produce histamine. However, 
only a minor part are able to produce histamine in high concentrations (> 1 000 mg/kg) 
even under optimal conditions. These bacteria have been designated prolific histamine 
producers (Behling and Taylor, 1982). 



Some HPB such as P. phosphoreum are part of the natural microflora in seawater, 
and a part of the natural flora in the intestines, gills and on the skin of fresh fish 
(see review by Dalgaard, 2006). They invade fish flesh from these reservoirs. This 
is reflected by higher histamine concentrations in fish flesh adjacent to gills and 
intestines and higher histamine concentrations in undressed as compared with dressed 
fish (Frank, Yoshinaga and Nip, 1981; Kim, An and Price, 1999; Kim et al., 2001;  
López-Sabater et al., 1996; Taylor and Speckhard, 1983). Enterobacteriaceae in fish 
products often result from post-harvest contamination as these HPB are found in 
water, baskets and floors/equipment at fish processing plants and fish markets (Corlett, 
Jeffrey and Niven, 1978; Subburaj, Karunasagar and Karunasagar, 1984). 



Niven’s agar (Niven, Jeffrey and Corlett, 1981) has been used for enumeration 
of HPB. However, this method relies on pour plating (with 45  °C warm agar) 
and incubation of plates at 37  °C. Consequently, Niven’s agar will detect neither 
P.  phosphoreum nor M.  psychrotolerans as these bacteria do not grow at 37  °C. In 
addition, Niven’s agar has been associated with false positive results. Therefore, results 
must be interpreted carefully (Lehane and Olley, 2000). 



Various PCR methods to detect the gene encoding for histidine decarboxylase (hdc) 
have been developed (Landete et al., 2007). Primer sets for the detection of hdc in both 
Gram-negative and Gram-positive bacteria are available. In addition, a PCR assay to 
detect the four most important decarboxylase genes (histidine, tyramine, putrescine 
and cadaverine) from a wide range of Gram-positive and Gram-negative bacteria 
associated to food has been suggested (De las Rivas et al., 2006). The ability of PCR 
methods to differentiate between weakly and strongly HPB deserves further study. 
This is important if PCR methods are to be used in seafood inspection as detection of 
weak HPB might lead to unnecessary concerns.



3.2.2.3 Prevention and control
Despite decades of research, efforts by the seafood sector and efforts by national and 
international authorities, HFP remains common. This indicates available information 
is either incomplete or not used appropriately to manage this seafood safety issue 
(Dalgaard et al., 2008).



Growth of HPB, and the related formation of histamine, depends on several 
factors including their presence in a specific seafood, storage conditions (temperature, 
atmosphere) and various product characteristics (pH, lactic acid, salt, smoke components 
and added antimicrobial agents) (Figure 13). To control HFP, it is important to know 
the effect of these parameters on the most important HPB. The information can be 
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used, for example, to determine safe the shelf-life or to obtain a desired shelf-life by 
changing storage conditions or product characteristics. 



Chilling of fish and fish products is highly important to increase the time to 
formation of critical histamine concentrations. Below 7–10 °C, mesophilic and strongly 
HPB do not form toxic concentrations of histamine in fish products. However, the 
psychrotolerant bacteria M.  psychrotolerans and P.  phosphoreum can produce toxic 
concentrations of histamine at 0–5  °C (Dalgaard et al., 2006; Emborg, Laursen and 
Dalgaard, 2005; Kanki et al., 2004; Okuzumi, Okuda and Awano, 1982). Simple 
empirical models to predict histamine formation have been suggested (Frank, 1985; 
Frank and Yoshinaga, 1987; Frank, Yoshinaga and Wu, 1983). The precision of these 
models is modest, and they have not been widely adopted by the seafood sector. 
The most accurate of the empirical models has been developed by Frank (1985) for 
histamine formation during high-temperature storage (21.1–37.8 °C) of skipjack tuna. 



FIgure 13
Predicted growth (bold lines) and histamine formation (fine lines)  



by M. psychrotolerans at ph 5.9



(a) Predictions for 2.0 °C (dashed lines) and 4.4 °C (solid lines). (b) Predictions for 5.0 °C with 3.5% naCl (dashed 
lines) and 5.0% naCl (dotted lines). Predictions were obtained by using the seafood spoilage and safety Predictor 
(sssP) software (http://sssp.dtuaqua.dk).
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Regulation EC 853/2004 of the European Union (Member Organization) states 
that “Fresh fishery products, thawed unprocessed fishery products, and cooked and 
chilled products from crustaceans and molluscs, must be maintained at a temperature 
approaching that of melting ice” (EC, 2004a). In some countries of the European 
Union (Member Organization), this is interpreted as temperatures between 0 °C and 
+2 °C. Lightly preserved seafood with less than 6 percent salt and a pH above 5, e.g. 
smoked and marinated products, should be at 5 °C or less. Regulations in the United 
States of America specifically indicate maximum times to reach critical chill storage 
temperatures, but the allowed chill storage temperature of 4.4  °C is relatively high 
(FDA, 2011c). Storage at 2.0 °C or 4.4 °C has a markedly different effect on growth and 
histamine formation, as shown in Figure 13 for M. psychrotolerans. In the United States 
of America, seafood in reduced-oxygen packaging must be stored and distributed 
at less than 3.3  °C. This is a requirement owing to the risk of toxin formation by 
Clostridium botulinum type E (FDA, 2011d), but compared with storage at 4.4 °C the 
risk of histamine formation in high concentrations is also considerably lower at 3.3 °C. 



Concentrations of salt above 1–2 percent NaCl reduce growth of the Gram-negative 
and strongly histamine-producing bacteria. For vacuum-packed cold-smoked tuna, 
the potential histamine formation by M. psychrotolerans and P. phosphoreum can be 
controlled using 5 percent water phase salt and a declared shelf-life of 3–4 weeks or less 
at 5 °C (Emborg and Dalgaard, 2006). As shown in Figure 13, growth and histamine 
formation by M.  psychrotolerans is delayed much more by 5.0  percent water phase 
salt as compared with 3.5 percent water phase salt. Gram-positive bacteria including 
Staphylococcus epidermis and Tetragenococcus muriaticus can produce histamine at 
higher NaCl concentrations (Hernández-Herrero et al., 1999; Kimura, Konagaya and 
Fujii, 2001). This may be important for fish sauce, fermented fish and salted-ripened, 
fish but the relative importance of these bacteria and of the activity of histidine 
decarboxylase produced by other bacteria prior to the mixing of fish and salt remains 
to be quantified. 



Vacuum packing and modified-atmosphere packaging (MAP) are increasingly 
being used by the seafood sector. Vacuum packing reduces lipid oxidation in seafood 
but does not seem to delay histamine formation in fresh fish. However, MAP with 
gas mixtures containing carbon dioxide (CO2) and nitrogen (N2) can slightly delay 
histamine formation when high CO2-concentrations are used. Compared with fresh 
MAP fish, these atmospheres delay histamine formation more efficiently for frozen 
and thawed products where the highly CO2-resistant bacterium P. phosphoreum has 
been inactivated by frozen storage (Dalgaard et al., 2006). For lean fish, atmospheres 
with high concentrations of both CO2 and oxygen (O2) inhibit histamine formation 
markedly, as shown e.g. for chilled MAP tuna (Emborg, Laursen and Dalgaard, 2005).



Growth and histamine formation by M. psychrotolerans can be predicted by using 
a new kinetic model that takes into account the effect of the initial cell concentration, 
storage temperature (0–25 °C), atmosphere (0–100 percent CO2), NaCl (0–5 percent) 
and pH (5.4–6.5). Predictions are not highly accurate but validation studies have 
found an average deviation between measured and predicted times to formation of 
500  mg histamine per kilogram of about 10  percent (Emborg and Dalgaard, 2008a, 
2008b). To predict the effect of delayed icing/chilling of fish, and other scenarios with 
large variations in storage temperature, a predictive model for growth and histamine 
formation by both M. morganii and M. psychrotolerans has been developed (Emborg 
and Dalgaard, 2008b). These predictive models are included in the Seafood Spoilage 
and Safety Predictor (SSSP) software (available free of charge at http://sssp.dtuaqua.
dk). Development of similar predictive microbiology models for other important HPB 
will improve options to manage histamine formation in various fish products. 



It has been shown that histamine, when formed in seafood, is relatively stable 
and not inactivated by freezing or heating such as normal cooking, hot-smoking or 
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even canning (Arnold and Brown, 1978; Taylor, 1986; Lehane and Olley, 2000; Flick, 
Oria and Douglas, 2001; FDA, 2011c; Kim et al., 2003b). Freezing of the fish can 
significantly reduce the bacterial load, and it will limit the activity of decarboxylase 
enzymes that may have been produced prior to freezing (Kanki et al., 2007). 



The best ways to prevent the formation of histamine and biogenic amines in the fish 
industry are:



•	 Rapid chilling of fish immediately after death. This is particularly important 
for fish that are from warmer water or are exposed to warm air, and for large 
tuna that generate heat in the tissues of the fish following death. 



•	 Good hygiene practices on board, at landing and during processing to 
avoid contamination or recontamination of the fish by bacteria capable of  
amino-acid decarboxylation.



Regulation EC 1441/2007 of the European Union (Member Organization) includes 
sampling plans (n  = 9  and c  = 2) and limits for critical concentrations of histamine 
in “fishery products from fish species associated with a high amount of histidine” 
where m = 100 mg/kg and M = 200 mg/kg (EC, 2007a). Samples must be taken from 
each batch of fish species especially of the following families: Scombridae, Clupeidae, 
Engraulidae, Coryfaenidae, Pomatomidae and Scombresosidae.



For “fishery products which have undergone enzyme maturation treatment in 
brine, manufactured from fish species associated with a high amount of histidine” 
higher limits (m = 200 mg/kg and M = 400 mg/kg) are applied. The European Union 
(Member Organization) regulation does not include critical limits for other biogenic 
amines (EC, 2007a). 



The United States of America uses a defect action level (m) of 50 mg of histamine 
per kilogram. A total of 18  fish per lot should be analysed individually or can be 
composited into, for example, 6 units, but then the critical limit is reduced accordingly 
from 50 mg/kg to 17 mg/kg (FDA, 2011c). 



Examinations must be carried out in accordance with reliable, scientifically 
recognized methods, such as high-performance liquid chromatography (HPLC) (EC, 
2007a) or fluorescent methods (AOAC, 1995). 



Industry data made available to the Joint FAO/WHO Expert Meeting on Public 
Health Risks of Histamine and Other Biogenic Amines for Fish and Fishery Products 
indicated that where food business operators apply GHPs and HACCP, an achievable 
level of histamine in fish products is less than 15 mg/kg (based on a test method with a 
lower detection limit of 15 mg/kg).



3.2.3 Viruses (Iddya Karunasagar and david lees)
Viruses are very small micro-organisms (15–400  nm) that consist of a nucleic acid 
(DNA or ribonucleic acid [RNA]) associated with proteins and, in some cases, 
they may also have a lipid bilayer membrane (or envelope). Viruses are obligatory 
intracellular pathogens and cannot multiply outside their host cells, although they may 
survive for long periods outside the host cells. Thus, viruses do not replicate in food 
or water. Viruses can infect all major groups of organisms from bacteria to mammals. 
Viruses are classified according to the nature of their genome (DNA or RNA, single 
stranded or double stranded, segmented or non-segmented, linear or circular and, in 
the case of single stranded RNA viruses, whether it can function as messenger RNA 
[mRNA]) and, in addition, their structure (symmetry, enveloped or not, number of 
capsomeres). Viruses cause a number of diseases in humans ranging from the common 
cold to serious illnesses such as rabies and HIV/AIDS. Viruses are abundant in nature 
and most are not pathogenic to humans. There are millions of virus-like particles in a 
millilitre of seawater, and they are a major cause of mortality in bacteria and plankton. 
Thus, viruses play a very important role in nutrient and energy cycles in the marine 
environment (Suttle, 2007). However, these viruses are not pathogenic to humans. 
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Food-borne viruses are derived from the human gastrointestinal tract, and their 
presence in water and food is a result of contamination with sewage, poor hygiene or 
contamination by food handlers. 



Table 30
groups of viruses implicated in food and waterborne illnesses 



Virus Type and characters illness association with seafood



norovirus (+) ssrna, non-enveloped 
with icosahedral symmetry



epidemic 
gastroenteritis



bivalve molluscs



astrovirus (+) ssrna, non-enveloped 
with icosahedral symmetry



gastroenteritis epidemiological evidence limited, 
but shellfish associated outbreak 
reported



Hepatitis a virus (+) ssrna, non-enveloped 
with icosahedral symmetry



Inflammation of liver, 
hepatitis



bivalve molluscs



enteroviruses (e.g. 
poliovirus, coxsackie a, b)



(+) ssrna, non-enveloped 
with Icosahedral symmetry



Poliomyelitis, 
meningitis, 
encephalitis



no seafood associated outbreak 
reported. detection in shellfish 
reported



rotavirus ds rna, non-enveloped 
with icosahedral symmetry



gastroenteritis mainly water-borne



adenovirus ds dna, non-enveloped 
with icosahedral symmetry



respiratory, eye 
and gastrointestinal 
infections



no seafood associated outbreak 
reported. detection in shellfish 
reported



Source: greening (2006).



Although a number of viral groups (Table 30) have been detected in shellfish, clear 
epidemiological links with seafood exist only for norovirus and hepatitis  A virus. 
Astrovirus has also been reported as an aetiological agent in a limited number of 
shellfish-associated outbreaks. However, reported outbreaks may underestimate the 
actual burden of infection as food-borne viruses are seldom the cause of mortality 
and many infections may not be reported, owing to lack of investigation to confirm 
illness. Frequently, in outbreaks, a viral aetiology may not be confirmed as, for 
practical purposes, neither norovirus nor hepatitis  A viruses can be cultured in cell 
lines, and facilities may not be available for detection of culturable viruses in most 
clinical diagnostic laboratories. With the advent of molecular techniques, it is possible 
to detect non-culturable viruses, but these tests require sophisticated laboratories and 
expertise. Therefore, a large number of cases go undiagnosed, and illness caused by 
norovirus is not notifiable even in developed countries (Richards, 2006) and only large 
outbreaks may be investigated and reported. Thus, published epidemiological data 
are of limited value in establishing the true burden of infection caused by viruses in 
molluscan shellfish. 



3.2.3.1 Norovirus
This virus was first reported in an outbreak of gastroenteritis in a school in Norwalk, 
Ohio, the United States of America (Kapikian et al., 1972) and subsequently called 
Norwalk-like virus (NLV) or small round structured viruses (SRSVs). This virus has 
been characterized as belonging to the family Calciviridae, which has two genera: 
Norovirus and Sapovirus. This family is characterized by the presence of a single major 
structural protein making up the capsid and 32 cup-shaped depressions (from which 
the name Calciviridae is derived, calyx in Latin meaning cup) on the surface of the 
virion in an icosahedral symmetry. The viruses are small (30–35 nm in diameter) and 
the genome is a positive single-stranded non-segmented RNA. Based on the nucleotide 
sequence of highly conserved regions of the genome, such as the RNA-dependent 
RNA polymerase and capsid gene, the norovirus is grouped into five (I–V) genogroups 
(Karst et al., 2003). The noroviruses affecting cattle are in genogroup III, and murine 
viruses in genogroup V (Busea and Rodriguez-Diaz, 2006). Human noroviruses have 
not been cultured so far. Sapoviruses are most commonly associated with diarrhoea 
in infants and children. The transmission of Sapoviruses is likely to be from person 
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to person and food-borne transmission is rare, while seafood has so far been not 
implicated (Greening, 2006).



Noroviruses are transmitted primarily by the faecal–oral route through contaminated 
water or food, but subsequent person-to-person spread occurs frequently. The 
virus is highly infectious and 10–100  viral particles may cause clinical symptoms  
(Caul, 1996). It has been reported to affect all age groups. The clinical symptoms appear 
after an incubation period of 1–4 days and may include nausea, vomiting, abdominal 
pain, diarrhoea, and fever generally, followed by complete recovery (Lees, 2000). The 
illness may last 2–3 days. Persons with clinical illness may shed > 106 viral particles per 
millilitre of stool. One of the characteristic symptoms has been projectile vomiting, 
which has been reported to contribute to secondary spread through droplet infection 
(Greening, 2006). Viruses can be shed in high numbers in the vomitus (D’Souza, Moe 
and Jaykus, 2007). This secondary spread makes estimation of illness attributed to 
food very difficult. Attack rates have been reported to be 50–70 percent or even higher 
in some cases (Greening, 2006). Viruses are shed in stools before symptoms occur 
and may continue for three weeks after recovery (D’Souza, Moe and Jaykus, 2007). 
Host susceptibility may vary depending on genetic factors and acquired immunity. 
Human volunteer studies indicate that individuals lacking H type 1 histo-blood group 
antigen were unaffected even when exposed to high doses, and subsequent studies have 
indicated that this antigen serves as receptor for norovirus binding. About 20 percent 
of Europeans are negative for this antigen, and in Asian and African ethnic groups 
this proportion has been reported to be even higher (D’Souza, Moe and Jaykus, 2007). 
Moreover, in human challenge studies, individuals of blood group O were found to 
be more susceptible than those with A or B groups (D’Souza, Moe and Jaykus, 2007). 
Acquired immunity appears to be short-lived with human challenge studies indicating 
that those who become ill on primary exposure are not susceptible when rechallenged 
at 6–14 weeks, but they do become ill when rechallenged at 24–42 months (D’Souza, 
Moe and Jaykus, 2007).



A variety of foods including shellfish, meats, bakery products and raspberries 
have been implicated in food-borne transmission of norovirus (Greening, 2006). 
Epidemiological investigations have been greatly assisted by the use of DNA 
sequencing techniques for genotyping noroviruses. An outbreak across six states in 
the United States of America could be related to oysters harvested from a single area 
in 1993 (Dowell et al., 1995). Fankhauser et al. (2002) reported that 93  percent of 
284 non-bacterial gastroenteritis outbreaks in the United States of America were due 
to norovirus and that contaminated food was the vehicle of infection in 57 percent of 
these. In Europe, 85 percent of nonbacterial gastroenteritis, between 1995 and 2000, 
was attributed to noroviruses (Lopman et al., 2003). According to United States 
FoodNet data (CDC, 2006b), noroviruses accounted for 52 percent of the food-borne 
outbreaks for which aetiology could be confirmed in 2004. In the period 1998–2002, 
norovirus caused 30 percent of the food-borne disease outbreaks (657 outbreaks and 
27 171 cases) of known aetiology in the United States of America (Lynch et al., 2006). 
Several shellfish-associated outbreaks have been reported. An outbreak involving 
472  cases of gastroenteritis due to oyster consumption in Louisiana resulted in the 
closure of 25 percent of 250 000 acres (100 000 ha of shellfish beds with an estimated 
loss of US$5.5 million for 500 licensed oyster harvesters (Richards, 1985). Overboard 
dumping of sewage by oyster harvesters has been reported to be the cause of 
contamination in several outbreaks (Lees, 2000). A large outbreak involving more than 
2 000 cases linked to oyster consumption occurred in Australia in 1978 (Murphy et al., 
1979). In Japan, norovirus was implicated in 53 out of 80 oyster-associated outbreaks 
in the period 1984–1987 (Sekine et al., 1989). Several shellfish associated outbreaks 
have been reported in Europe (Richards, 2006). Outbreaks have also occurred through 
consumption of oysters that were purified by depuration, suggesting that this process 
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is inadequate to protect against viral infections (Lees, 2000). A reduction of only 
7  percent in norovirus was seen after depuration treatment of 48  h (Schwab et al., 
1998). Noroviruses have been shown to bind specifically to shellfish tissue receptor 
sites (digestive ducts, midgut, main and secondary ducts, and tubules) (Le Guyader  
et al., 2006a), and this might explain virus retention after depuration. 



In addition to contamination at source, food handlers may also be a source of 
contamination with noroviruses. A study in the Netherlands indicated that norovirus 
shedding could be detected in 5.2  percent of individuals without complaints of 
gastroenteritis and 19  percent in asymptomatic individuals in an outbreak setting 
(Vinje, Altena and Koopmans, 1997; De Wit et al., 2001). 



Inability to culture human norovirus has hampered studies on factors affecting 
virus survival in the environment and susceptibility to physical and chemical agents. 
Feline calicivirus has been used as a model in inactivation studies. However, as this is 
a respiratory virus, there are concerns about applicability to enterically transmitted 
viruses. Feline calicivirus was not efficiently inactivated on environmental surfaces 
or in suspension by 1  percent anionic detergents, quaternary ammonium (1:10), 
hypochlorite solution with < 300 ppm free chlorine, or ethanol at less than 50 percent 
or more than 80 percent (Diuzer and Koopmans, 2006). A contact time of 10 min with 
sodium hypochlorite containing 500  ppm available chlorine was required to bring 
about a 3 log10 or higher reduction in infectivity and at 1 000 ppm, contact time could 
be 1 min. Commercial hand-rub agent containing 70 percent ethanol caused 1.42 log10 
reduction at a contact time of 20 s (Sattar and Bidawid, 2006). Pasteurization (70 °C for 
2 min) would inactivate the virus. Norovirus is resistant to refrigeration, freezing and 
low pH. An outbreak linked to orange juice (pH ~3.5) and human volunteer infection 
after incubation at pH 2.7 for 3 h show acid tolerance of noroviruses.



3.2.3.2 Hepatitis A virus
Hepatitis A virus (HAV) is a member of the genus Hepatovirus belonging to the 
family Picornaviridae (D’Souza, Moe and Jaykus, 2007). HAV is a small (27–32 nm)  
non-enveloped virus with icosahedral symmetry and a positive-sense, single stranded 
RNA genome of 7.5 kb in size. There are two strains or biotypes: human HAV and 
simian HAV. The human strain infects all species of primates, while the simian virus 
infects green monkeys and cynomolgus monkeys (Greening, 2006). Of the seven 
genotypes recognized, four (genotypes I–III and VII) infect humans. Notwithstanding 
the genetic variation, human HAV comprises a single serotype (D’Souza, Moe and 
Jaykus, 2007). Although HAV can be cultured in a number of primate cell lines such 
as African green monkey kidney cells (BSC-1), foetal rhesus monkey kidney cells  
(FRhK-4 and FRhK-6) and human fibroblasts, wild-type strains are difficult to culture. 
The virus is slow-growing and requires three weeks for in vitro growth. The virus may 
not produce cytopathic effects in cell cultures, and viral antigen in cell cultures can 
be detected by immunofluorescence. Therefore, it is difficult to identify the virus in 
clinical or food samples by culture alone.



The primary route of transmission is by the faecal–oral route, but the virus can also 
be transmitted by person-to-person contact. In developing countries, where the virus is 
endemic, it is estimated that more than 90 percent of children are infected by the age of 
six years and, often, the infections are asymptomatic (Greening, 2006). The incubation 
period is long (2–7 weeks) with an average of 28 days, and this makes tracking the source 
of infection difficult. Four phases of clinical features are recognized: an asymptomatic 
phase, in which the virus replicates in the host; a preicteric phase, characterized by 
anorexia, nausea, vomiting and malaise; an icteric phase characterized by jaundice 
and hepatosplenomegaly; and a convalescent phase (D’Souza, Moe and Jaykus, 2007). 
Although icteric disease is rare (<  10  percent of those infected) in children below 
6  years, it occurs in 40–50  percent of older children and 70–80  percent of infected 











Assessment and management of seafood safety and quality - current practices and emerging issues90



adults. The illness may last several weeks, but is self-limiting with a mortality rate of 
about 0.01 percent (D’Souza, Moe and Jaykus, 2007). Two weeks prior to the onset 
of jaundice, the virus is present in the blood (~104 virions/ml) and viremia may last 
2–4 weeks. Faecal shedding of the virus (> 106 particles/g) occurs during the second 
week of incubation and lasts throughout the clinical phase. The virus may be detectable 
in stools for three months after acute illness. As the virus is shed even before clinical 
symptoms appear, infected individuals may unknowingly spread the virus by handling 
food at this stage (Greening, 2006). Immunity following infection is lifelong, and a 
killed virus vaccine is available, which could be used by the food industry to immunize 
food handlers. 



Outbreaks of illness due to HAV have been reported from several countries. In 
many developing countries, children below six years contract infection that is often 
asymptomatic in this age group and develop immunity. In developed countries, adults 
may not have been exposed as children and are thus susceptible to illness. In the United 
States of America, hepatitis is a notifiable disease; hence, records of disease burden 
are available. Although the average number of cases notified to CDCs in the period  
1980–2001 is 25 000 cases/year, the actual incidence is thought to be 10 times higher 
(Fiore, 2004). However, most infections are derived from contact with infected 
individuals and food-borne cases account for only a small percentage. Infections have 
been recorded throughout the year without any noticeable seasonality. The largest 
reported outbreak occurred in China in 1988, affecting about 300 000 people, who had 
consumed partially cooked clams from a sewage-affected area (Halliday et al., 1991). 
A variety of shellfish have been implicated in different countries: oysters in Australia 
(Conaty et al., 2000) and Brazil (Coelho et al., 2003), mussels in Italy (Croci et al., 
2000) and clams in Spain (Bosch et al., 2001). In Japan, an outbreak linked to a sushi 
bar was reported (Takeuchi et al., 2006). In a large outbreak affecting 882 people in 
Italy in 2004, shellfish harvested from different areas but kept alive in seawater in a 
contaminated area were found to be the source of infection (Pontrelli et al., 2008). 
Outbreaks associated with oysters, cockles and mussels have been reported in Ireland 
and in England and Wales, the United Kingdom of Great Britain and Northern Ireland 
(Richards, 2006). 



Hepatitis A virus can survive in the environment for long periods. In dried faeces, 
HAV remained infectious for 30 days when stored at 25  °C and 42 percent relative 
humidity (Hollinger and Ticehurst, 1996). 



Hepatitis A virus reaching the environment through sewage can survive for a long 
time in water and sediment. In seawater, 90  percent inactivation of HAV occurred 
after 671 days at 4 ºC and after 25 days at 25 ºC (Papafragkou, D’Souza and Jaykus, 
2006). Detection of viral RNA in marine sediments has been reported from Spain and 
France (Bosch and Pinto, 1992; Le Guyader et al., 1994). Infectious virus was detected 
in oysters 3  weeks after contamination and viral RNA was detected up to 6  weeks 
(Kingsley and Richards, 2003). Hepatitis A virus appears resistant to depuration with 
outbreaks related to depurated shellfish occurring (Richards, 2006). In Italy, HAV was 
detected in 20 percent of non-depurated mussels, 11 percent of depurated mussels and 
23 percent of mussels in various markets (Chironna et al., 2002). Bacterial indicators 
of faecal contamination of shellfish are inadequate to indicate the presence of viruses 
including HAV. In Italy, HAV was detected in 13 out of 36 mussels harvested from 
areas meeting European bacteriological standards (Croci et al., 2000). 



Hepatitis A virus survived freezing in strawberries for up to 2 years, and remained 
infectious at pH 1.0  for 5  h (D’Souza, Moe and Jaykus, 2007). In mussels, HAV 
retained infectivity following simulated commercial marinating and exposure to acid 
conditions (pH ~3.75) at 4 °C over 4 weeks (Hewitt and Greening, 2004). Studies with 
steamed crabs revealed that complete inactivation of HAV at 100  °C took 4–6 min, 
but in mussels, 100 °C for 2 min completely inactivated HAV (Croci et al., 1999). In 
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contaminated cockles immersed in water at 85 °C, 90 °C or 95 °C or steamed for 1 min, 
only partial inactivation of HAV was noted, but when internal temperature of shellfish 
reached 85 or 90 °C for 1 min, HAV was inactivated. The European Union (Member 
Organization) heat processing recommendation for bivalve molluscs  – an internal 
temperature of 90 °C for 1.5 min – has been reported to be adequate for HAV and also 
feline calicivirus (D’Souza, Moe and Jaykus, 2007). HAV is resistant to irradiation – a 
radiation dose of 3 kGy could reduce HAV titre by less than 2 log10 (D’Souza, Moe 
and Jaykus, 2007). A hydrostatic pressure of 450 MPa and 275 MPa for 5 min (Kingsley 
et al., 2002) inactivated HAV suspended in tissue culture medium and these pressures 
were also effective in oyster meats (Calci et al., 2005).



As infected individuals shed large numbers of viruses in stools, they could transmit 
the virus by handling food. In human volunteers, the laboratory-adapted strain had 
a half-life of from 5.5 to 7  h on fingers (Bidawid, Farber and Sattar, 2000). About 
25 percent virus transfer occurred during a casual (10 s) contact between contaminated 
and clean surfaces such as finger pad to metal disc and vice versa (Sattar et al., 2000). 
Disinfection of finger pads with 75–62  percent ethanol led to virus recovery of 
24–64 percent (Bidawid, Farber and Sattar, 2000). Thus, complete virus removal could 
not be achieved. Hepatitis A virus on stainless steel or polyvinyl chloride surfaces 
survives a majority of disinfectant treatments. Of about 20 formulations tested, only 
2  percent glutaraldehyde, quaternary ammonium compound containing 23  percent 
hydrochloric acid, sodium hypochlorite with free chlorine >  5  000  ppm showed 
virucidal activity (Papafragkou, D’Souza and Jaykus, 2006).



3.2.3.3 Methods for detection of viruses in bivalve molluscs
In the last decade, considerable progress has been made in detection methods for 
norovirus and HAV in molluscan shellfish. As these viruses cannot be cultured, all 
methods currently proposed for routine detection are based on virus genome detection 
using PCR. This is the only method with the demonstrated sensitivity to pick up the 
low virus levels found in food. Bivalve molluscs present a challenging target; methods 
need to be capable of extracting low levels of contaminating virus and presenting 
them in a non-inhibitory extract to a sensitive PCR assay. Dissected bivalve digestive 
organs are generally used as the starting material for virus extraction. Digestive tissues 
comprise approximately 10  percent of the body mass of the bivalve but the large 
majority of the contaminating virus, possibly due to specific adherence mechanisms  
(Le Guyader et al., 2006b). This enriched tissue needs to be further processed to recover 
virus and/or its RNA and to remove inhibitors prior to reverse transcription PCR. 
Recently, most work has focused on real-time PCR which has significant technical 
advantages, including inbuilt probe confirmation and the potential for quantitation 
and standardization (Jothikumar et al., 2005; Loisy et al., 2005; Costafreda, Bosch 
and Pintó, 2006). Norovirus strains causing human infections are classified into two 
genogroups: GI and GII. Both genogroups are common contaminants of sewage 
and should be targeted. The genetic diversity of norovirus strains dictates the need 
for careful selection of PCR reagents. The ORF1-ORF2 junction region (Kageyama 
et al., 2003) is highly conserved and used by most workers (Jothikumar et al., 2005; 
Loisy et al., 2005). In non-endemic areas, HAV may be a relatively rare contaminant 
in bivalve shellfish because of low levels in the community. However, the disease is 
more severe than norovirus and the consequences of an outbreak can be dramatic  
(Bosch et al., 2001; Shieh et al., 2007). Therefore, laboratories should have the capability 
to detect both norovirus and HAV. For HAV, real-time PCR assays targeting the highly 
conserved 5’ non-coding region have been shown to be both sensitive, cross-reactive 
and robust (Costafreda, Bosch and Pintó, 2006). Finally, it is necessary to consider the 
selection of assay controls carefully. The known inhibitory potential of bivalves and 
the public health significance of low virus levels (Sánchez et al., 2002; Le Guyader et 
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al., 2003, 2006b; Costafreda, Bosch and Pintó, 2006) dictate the use of both sensitive  
real-time PCR inhibition controls and the use of a process control to ensure adequate 
virus recovery. To facilitate interlaboratory comparison, a requirement is to report 
results in meaningful units, such as virus RNA genome copies per weight of material 
tested. However, despite these advances, virus testing is currently not incorporated 
as an element of regulatory controls within, for example, the major markets of the 
European Union (Member Organization) or the United States of America. A major 
factor is the current absence of any standardized and validated methods with the 
demonstrable performance necessary to both protect public health and avoid trade 
disputes. Within the European Union (Member Organization), a network of specialist 
reference laboratories, participating in the European Committee for Standardization 
(CEN), are working towards the development of a standard method for detection of 
human pathogenic viruses in foods (including bivalve molluscs), which may help resolve 
some of these issues. However, research studies in several countries suggest that virus is 
commonly detected in commercially produced bivalves using PCR (Bosch, Pinto and 
Le Guyader, 2009). An unknown factor is whether this represents the detection of fully 
infectious virus that would cause illness following shellfish consumption.



3.2.3.4 Risk management strategies for viruses in bivalve molluscs
Contamination of shellfish with human pathogenic viruses occurs through sewage 
contamination. Collaboration between environment/wastewater treatment authorities 
and public health and food safety authorities is required to prevent contamination of 
shellfish-growing areas. Currently, the risk management tool used in management of 
shellfish safety with respect to bacterial pathogens is to regulate shellfish production 
areas based on levels of the faecal indicator bacteria, faecal coliforms/E.  coli. Most 
countries with bivalve mollusc production (including the United States of America and 
the European Union [Member Organization]) require monitoring of areas, followed 
by their classification or grading according to faecal contamination risk. The grading 
determines the risk management measures that must be applied prior to placing products 
on the market for consumption. Table 31 summarizes the requirements for the markets 
of the United States of America (FDA, 2007) and the European Union (Member 
Organization) (EC, 2004b). An essential first step, prior to setting up a monitoring 
programme, is to survey the faecal pollution inputs, and their potential circulation 
within the production area, so that monitoring programmes and risk management 
measures can be scientifically based. This “sanitary survey” is a requirement of 
regulations in both the United States of America and the European Union (Member 
Organization). Risk management measures used for bivalves include harvesting only 
during periods of good water quality (according to an agreed management plan), 
depuration (self-purification in tanks), relaying in good-quality areas, heat processing 
(using steam or by immersion in water), high-pressure treatment, and temporary or 
more long-term production area closure. These measures vary in their effectiveness for 
viruses. Heat processing can be very effective if performed correctly (EC, 2004a). In the 
United Kingdom of Great Britain and Northern Ireland, following the introduction 
of revised criteria (raising core mollusc temperatures to 90  °C for 90  s), hepatitis 
outbreaks from cockles harvested in the estuary of the Thames River were bought 
under control (Lees, 2000). However, for products marketed live, depuration, relaying 
and harvest area management, while effective at controlling bacterial infections (such as 
salmonellosis and typhoid), have been less effective for viruses. Depuration is a widely 
used commercial processing option. However, both epidemiological and laboratory 
studies show that the depuration times and conditions currently used are inadequate 
to remove viruses (Lees, 2000). Recent studies suggest high-pressure treatment may be 
effective for reducing viral loads (Calci et al., 2005). The universally accepted measure 
of acceptable quality of products placed on the market is < 230 E. coli (or < 300 faecal 
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coliforms) per 100  g of shellfish flesh. However, there are a number of examples 
where products have been produced in accordance with the sanitary requirements 
but have still caused viral outbreaks (Lees, 2000; Croci et al., 2000; Bosch, Pinto 
and Le Guyader, 2009). Alternate indicators such as coliphages or adenovirus have 
been suggested (Doré, Henshilwood and Lees, 2000; Formiga-Cruz et al., 2003), but 
none has been accepted anywhere. Most activity now focuses on the development of 
specific viral standards for norovirus and HAV. However, the current non-availability 
of reliable molecular methods that have undergone interlaboratory calibration for 
detection of viruses and the lack of information on viability or infectivity of viruses 
detected by molecular methods are some of the constraints in this area. Despite this, 
some countries have already introduced virus certification requirements for imports, 
and further developments can be expected. 



Table 31
summary of sanitation requirements in the european union (Member organization) and the 
united states of america for live bivalve mollusc production areas 



risk management 
measure required



united states of 
america 



fda classification



Microbiological 
standard per 
100 ml water



european 
union (Member 
organization) 
classification



Microbiological 
standard per 100 g 



shellfish



non-required approved gM1 < 14 FCs2  
and 



 90%3 < 434 FCs



Category a all samples 
< 230 E. coli



depuration or 
relaying 



restricted gM < 88 FCs 
and 



90% < 2604 FCs



Category b 90%5  
< 4 600 E. coli



relaying over a 
long period 



– – Category C all samples 
< 46 000 E. coli



Harvesting 
prohibited



– above levels 
exceeded



– above levels 
exceeded



1 geometric mean. 
2 Faecal coliforms. 
3 samples must have a 90%-ile compliance with the standard. 
4 The upper limit varies marginally according to the accuracy of the method used. 
5 Transitional arrangement under eC 1666/2006.



3.2.4 Parasites (darwin Murrell and anders dalsgaard)
Fish-borne zoonotic parasites are prevalent in many regions of the world and are 
among the most important of all zoonotic parasites infecting humans (WHO, 1995, 
2004a; Keiser and Utzinger, 2005). The number of people currently infected with these 
parasites may exceed 20–30  million, with the number of people at risk worldwide 
estimated at more than half a billion (WHO, 2004a; Keiser and Utzinger 2005; 
Muller, Schmidt and Melhorn, 2007) (Table 32). For example, in Asia, there are about 
1.5 million people in the Republic of Korea, 6 million people in China, and more than 
5  million in Thailand infected with the liver flukes Clonorchis sinensis, Opisthorchis 
viverrini or O. felineus (Chai, Murrell and Lymbery, 2005). The recognition of the 
public health significance of these zoonoses (and of their links to poverty and cultural 
traditions, to intensification of agriculture, to environmental degradation, and of the 
lack of proven procedures and tools for their control) is increasing (WHO, 1995, 2004).



Although the zoonotic parasites of fish represent only a minority of the many 
parasite species that infect fish, they are a widespread and diverse group. Most of the 
zoonotic species are normally parasites of non-human land and aquatic mammals 
or fish-eating birds; people become infected by eating raw or improperly prepared 
fish. Fish-borne parasites are primarily helminths, and include species of nematodes 
(round worms), cestodes (tapeworms) and trematodes (flukes). They are found in both 
marine/brackish-water and freshwater wild and cultured fish. In all the important 
species, it is a larval stage present in the fish host that is transmitted to a suitable final 
(definitive) host, in which full development to the reproducing adult stage occurs. 
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However, for some parasite species, the larval stage does not mature in the human 
host (i.e. the nematodes Anisakis and Gnathostoma). Remaining in a larval stage, they 
can migrate through the host’s tissues causing pathological damage. Importantly, 
fish-borne parasite infections in people often exist as a multiple species complex  
(Dung et al., 2007), because they have common transmissions modes that are favoured 
by well-entrenched cultural traits, particularly food behaviour, for example, a fondness 
for raw or improperly cooked, cured or pickled fish and fish products.



Table 32
estimates of numbers of global human infections with major fish-borne parasites



helminth species numbers (millions) references 
TreMaTOda



liver flukes 
Clonorchis sinensis  
Opisthorchis spp., others 



17 WHO, 1995, 2004a



small intestinal flukes1 no estimates, this group only  
recently recognized as widely 



distributed and common 



WHO, 1995; Chai, Murrell & 
lymbery, 2005; Chai, 2007



CesTOda
Diphyllobothrium spp.2 9–20 Von bonsdorff, 1977; Muller, 2001



neMaTOda
Anisakis simplex 
Pseudoterranova decipiens



0.33 Ishakura et al., 1998; lymbery & 
Cheah, 2007



1 a collective title for species of flukes belonging to the Heterophyidae, echinostomatidae, neodiplostomidae and 
Plagiorchiidae.
2 six or more species implicated in human infections.
Source: Modified from Murrell and Crompton (2009).



3.2.4.1 Trematode species
The trematodes or flukes are non-segmented flatworms (Platyheminthes), characterized 
by possession of oral, and usually, ventral suckers and they are hermaphroditic. Their 
life cycles require one or more intermediate hosts (a molluscan host is universal), and, 
in the case of fish-borne flukes, a second intermediate fish host (Figure 14). The range 
of fish hosts encompasses more than ten species of freshwater and brackish-water/
marine species (Chai, Murrell and Lymbery, 2005). The cercarial stage, which is shed 
from an infected mollusc (snail), invades the fish and encysts, chiefly in muscles, less 
frequently under the scales, fins or gills, and transforms into an encysted metacercaria. 
The fish-borne zoonotic flukes can be divided into two major groups, based on the site 
of infection in the definitive host: liver/bile duct, or intestine.



Liver flukes: The essential features of liver flukes’ distribution, life cycle, 
epidemiology and risk factors associated with their transmission are shown in Table 33. 
The major liver fluke species, Clonorchis sinensis, Opisthorchis viverrini and O. felineus 
are closely related and share many biological traits. C. sinensis, is widely distributed 
in East Asia (Chai, Murrell and Lymbery, 2005). The number of people infected 
currently in the Republic of Korea is estimated at about 1.5 million (Chai, Murrell and 
Lymbery, 2005) and in China, the prevalence of C. sinensis was reported as 0.4 percent 
among almost 1.5  million people examined; based on this, the number of infected 
people in China may be about 6 million (Xu et al., 1995). In Viet Nam, clonorchiasis 
is endemic, especially in the Red River Delta area in the north of the country  
(De et al., 2003). O. viverrini affects 10 million people or more in Thailand, the Lao 
People’s Democratic Republic and Viet Nam (Yossepowitch et al., 2004); O. felineus 
is reported frequently in Eastern and Southeastern Europe and the Asiatic parts of the 
Russian Federation, but there are few prevalence data available.
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FIgure 14
life cycles of trematodes having fish as an intermediate host 



Source: Huss, ababouch and gram (2004). 



Table 33
features of the distribution, biology, transmission and public health risks of fish-borne trematode infections



Parasites 
Trematodes (flukes)



Major geographic 
distribution



biology and transmission 
features risk factors



lIVer FluKes



Clonorchis sinensis asia, Japan, China, the 
republic of Korea, 
Pacific region, near east, 
united states of america.



adult worms of three species 
in fish-eating mammals, 
including humans, dogs, cats, 
pigs and rats.



First intermediate host: snails, 
in which parasite reproduces 
asexually, and emerges as 
a swimming cercaria stage, 
seeking freshwater fish, 
especially carps, which are 
important in aquaculture. 
Cercariae invade muscles, 
viscera, gills, fins and scales 
and encyst (metacercaria).



Infection of definitive host 
through ingestion of raw or 
insufficiently cooked, pickled or 
smoked infected fish.



eating pickled or raw fish at 
parties or restaurants involving 
alcohol is especially risky for 
adults. 



allowing domestic animals to 
eat raw fish increases risk of 
establishing reservoir hosts.



use of human and animal 
waste for pond fertilization is 
an important risk for fish.



Failure to control snails in 
aquaculture systems is also an 
important risk factor.



Opisthorchis viverrini asia 
Thailand, lao People’s 
democratic republic, 
Viet nam, Cambodia.



O. felineus Central and eastern 
europe, 
Turkey, eastern siberia.



InTesTInal FluKes



examples:  
Haplorchis 
Heterophyes 
Metagonimus 
Heterophyopsis 
Sticidora 
Stellantchasmus 
Echinochasmus



Zoonotic species are 
distributed worldwide, 
especially asia, Central 
asia (India), near east



adult worms in fish-eating 
birds and humans and 
reservoir hosts such as dogs, 
cats, pigs, rats, various wild 
animals. 



asexual multiplication 
occurs in snails, which yields 
swimming cercariae that seek 
out intermediate hosts (usually 
fish. Cercaria penetrates gills, 
viscera, fins, scales and muscles 
to encyst (metacercaria).



at least 45 genera of 
freshwater and marine/
brackish-water fish are 
susceptible, many of which are 
important in aquaculture.



For humans and reservoir 
hosts, consumption of raw, 
insufficiently cooked, pickled 
or smoked fish are most 
important risks.



Parties accompanied by 
alcohol may be responsible for 
frequent gender difference in 
prevalence in humans.



use of human and animal 
waste for fish pond fertilization 
represents a high risk for fish 
infection.



Source: Modified from Murrell and Crompton (2009).
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The round or oval metacercaria (larvae), measuring 0.13–0.14 mm by 0.09–0.10 mm, 
can be found in more than 100 species of freshwater and brackish-water fish belonging 
to 13 families, especially the Cyprinidae, which are important in aquaculture (WHO, 
1995). In the definitive host (including humans), the metacercariae excyst in the 
duodenum and migrate to the common bile duct and then to the extrahepatic and 
intrahepatic bile ducts. The metacercariae grow to the adult stage in about 4  weeks 
after infection; the adult worm is flat, elongate, lanceolate, and 5.5–9.6  mm long 
and 0.8–1.7  mm wide (Rim, 1986). The hepatic lesions and clinical manifestations 
in infected people are similar for all the liver fluke infections. Complications, such 
as pyogenic cholangitis, biliary calculi, cholecystitis, liver cirrhosis, pancreatitis and 
cholangiocarcinoma, are often associated with infection (Sripa, 2003). High incidences 
of cholangiocarcinoma, based on both necropsy and liver biopsy data, have been 
reported for O. viverrini in northeast Thailand, where cholangiocarcinoma is estimated 
to occur in 129 per 100 000 males and in 89 per 100 000 for females, compared with 
1–2 per 100 000 persons in western countries (Vatanasapt et al., 1990). The severity 
of the pathology is associated with both intensity and duration of infection and the 
location of the lesions (Rim, 1986).



The major risk for acquiring liver flukes in endemic areas is related to the custom 
of eating raw fish. The morning congee (rice gruel) with slices of raw freshwater fish 
(southern China and China, Hong Kong SAR) or slices of raw freshwater fish with 
red pepper sauce (the Republic of Korea) are examples of major dietary sources of 
C. sinensis infection (Murrell and Crompton, 2009). In northeast Thailand and the Lao 
People's Democratic Republic, “Koi pla”, a popular raw fish dish, is an important food 
source of infection with O. viverrini. 



The most important risk factor for infection of fish is the exposure to waterbodies 
containing susceptible species of hydrobid snails to faeces from infected humans 
and other reservoir hosts (e.g. dogs, cats, pigs). In many countries, because of the 
cost benefits to aquaculture, human and animal faeces are utilized as pond fertilizer. 
Although the prevalence of infection in a snail population can be as low as 0.08 percent, 
even in highly endemic areas, this is sufficient to maintain the life cycle because snails 
infected with C. sinensis may release an average of 788 cercariae per snail daily, with a 
maximum 5 840 cercariae per snail (Rim, 1982). Although the infection rates of snails 
with O.  viverrini are similar (0.083–1.6  percent), this level is sufficient to maintain 
endemicity (Kaewkes, 2003). Both the prevalence and intensity of infection of the fish 
with metacercariae can be very high; often, 94–100  percent of fish examined can be 
infected with zoonotic metacercariae (Ooi et al., 1999).



Diagnosis of liver fluke infections can be made by faecal examination, such as the 
Kato-Katz technique (Hong et al., 2003). However, the eggs must be differentiated 
from those of intestinal flukes (see below) which are very similar (Ditrich et al., 1992), 
a task that requires considerable training and experience. More recently, molecular 
techniques have been reported that can differentiate liver flukes from other trematode 
eggs (Muller, Schmidt and Melhorn, 2007; Traub et al., 2009). Molecular (PCR) tools 
for detecting liver fluke metacerariae in fish have also been developed (Parvathi et al., 
2008).



Technical reports of the WHO on trematode infections have described in detail 
various strategies for the control of liver (and intestinal) flukes (WHO, 1995, 2004a). 
Currently, the major strategies for community prevention and control include faecal 
examination and treatment of individual human cases with praziquantel (25  mg/kg, 
3 times daily, for 2–3 days), health education to promote the consumption of properly 
cooked fish, and environmental sanitation through the building and use of latrines 
in endemic areas. The WHO (2004a) recommends mass chemotherapy of people at 
risk in endemic areas as the most practical and immediately effective control strategy. 
Mass chemotherapy with praziquantel (40 mg/kg in a single dose) is highly efficient 
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and generally feasible to distribute. Because of the lack of control programmes that 
have been followed over time, the long-term effectiveness of this approach has not 
been evaluated yet (Murrell and Crompton, 2009). One potential weakness may be the 
failure to take into account animal reservoir hosts (e.g. dogs, cats and pigs) living in the 
location that could sustain the fluke life cycle in the absence of eggs from human hosts 
(Anh et al., 2009).



Control of liver fluke (and intestinal fluke) infections in cultured fish has not been 
intensively studied to date. However, the basic elements for intervention are shown in 
Figure 15 and include: 



•	 Prevent fluke eggs from contaminating the waterbodies. 
•	 Treat household members and their domestic animals (potential reservoir 



hosts) to remove source of egg contamination.
•	 Remove or control vector snail species from the fish ponds. 



One HACCP-based control trial on O. viverrini in pond-reared fish in Thailand 
has been reported (Khamboonraung et al., 1997). Although in the first year the 
effort achieved a significant reduction in fish infection, no subsequent reports on the 
sustainability of these control interventions have been made; therefore, the long-term 
effectiveness remains unknown. 



Likewise, there has been only limited research on methods to inactivate metacercariae 
in fish and fish products (Table 34). The methods evaluated are those associated with 
preservation such as temperature, pH and water activity (salting).



More work should be undertaken to gain a better knowledge of the necessary heat 
treatment needed to inactivate trematodes in fish. Freezing provides an effective mean 
of inactivating most parasites in raw fish, but the data on metacercariae of C. sinensis 
(Fan, 1998) indicates that 7 days at –20 °C had no inhibitory effect on their viability in 
naturally infected fish. In contrast, based on the work of Fattakhov (1989), the Ministry 
of Health of the then Soviet Union recommended (in 1990) holding fish at –28 °C for 
32  h or at –40  °C for 7  h to inactivate the trematode O.  felinus in fish (Table  34). 
O. viverrini was virtually unaffected when stored in saline solution at 4 °C for 5 weeks 
(Sithithaworn et al., 1991). The differences observed in the experiments reported in 



FIgure 15
Major risk points of fish-borne zoonotic parasite transmission in aquaculture systems  



and indication of possible control intervention points



Source: Modified after WHO (1995).
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Table 34 may reflect either or both the differences in the methods employed by the 
investigators, especially the methods used to evaluate the viability of metacercariae 
(microscopic-based examination of the ability of metacercariae to excyst versus the 
more reliable animal infection method, where metacercariae are fed to animals and their 
ability to cause infection is assessed by the identification of adult flukes in necropsied 
animals). 



Table 34
Preservative parameters necessary to inactivate trematodes



Preservative 
parameter Parasite Process variable Time reference



salting Opisthorchis metacercariae in 
fermented fish



13.6% 24 h Kruatrachue et al. (1982)



C. sinensis in naturally infected fish 30% (wt based) 8 d Fan (1998)



O. viverrini metacercariae in 
fermented fish



20% (wt based) 5 ha Tesana, Kaewkes & Phinlaor (1986)



Freezing C. sinensis in naturally infected fish2 –12 °C 20 db Fan (1998)



C. sinensis in naturally infected fish2 –20 °C 3–4 dc Fan (1998)



O. felinus in fish –28 °C 32 ha recommendation, Ministry of 
Health, ussr (1990)



O. felinus in fish –40 °C 7 ha recommendation, Ministry of 
Health, ussr (1990)



O. felinus in fish –28 °C 20 ha Fattakhov (1989)



O. felinus in fish –35 °C 8 ha Fattakhov (1989)



O. felinus in fish –40 °C 2 ha Fattakhov (1989)



a Viability was markedly reduced but not completely inhibited.
b Ten days had no inactivating effect, and 18 days had only marginal inactivating effect.
c seven days at –20 °C had no inhibitory effect on 10 rats infected, but 3 days storage at –20 ºC, followed by thawing and re-freezing 
for 4 days had 100% inhibitory effect on 10 infected rats.



Intestinal flukes: Intestinal flukes have many biological and epidemiological traits 
in common with liver flukes (Table 33). The predominant group of fish-borne flukes 
is the Heterophyidae family (more than 35 species are reported to be zoonotic). These 
are often referred to as the “minute flukes” because of their small size (usually less 
than 2.5  mm long as adults). The Heterophyidae belong to the same superfamily 
(Opisthorchioidea) to which the liver flukes belong.



The other important trematode group is the echinostomes (e.g. Echinochasmus 
and Echinostoma) of the Echinostomatidae family, although the number of zoonotic 
species is much smaller (about ten). These intestinal flukes have a very wide fish host 
range (at least 45 genera) and share much of this host range with liver flukes. However, 
they differ from liver flukes in several important respects. Along with many species 
of fish-eating mammals, intestinal flukes are, for the most part, also infective for fish-
eating birds. Moreover, they utilize different snail host species than those used by liver 
flukes. 



Although generally not considered on the same level of significant clinical importance 
as liver flukes, several heterophyid species, including Stellantchasmus, Metagonimus, 
Haplorchis and Procerovum, can cause significant pathology, infrequently fatal, in the 
heart, brain and spinal cord of humans (Africa, Leon and Garcia, 1940; WHO, 1995). 
The exact mechanisms responsible for pathogenesis are not clear but may be related to 
invasion of the circulatory system by worm eggs. Disease is usually related to worm 
burdens, which can be very heavy in some cases. 



Another important issue related to heterophyids is the difficulty of differentiating 
their eggs from those of liver flukes in human faecal examinations, which may cause 
inaccurate estimates of the prevalence of both trematode groups (Chai and Lee, 2002; 
Ditrich et al., 1992). New diagnostic techniques to improve specific diagnosis of 
these flukes’ faecal eggs are needed. It is more common to encounter multiple-species 
infections rather than single-species infections, which compounds the problem of 











99Characterization of hazards in seafoods



diagnosis by faecal examinations (Lee et al., 1984; Ditrich et al., 1992; Chai et al., 2008; 
Dung et al., 2007).



Prevalence and infection levels of intestinal fluke metacercariae are often very high in 
marine/brackish-water and freshwater fish, especially in Asia (WHO, 1995; Chi et al., 
2008; Dung et al., 2007; Rim et al., 2008). Therefore, human infections with intestinal 
flukes are often more frequent than liver flukes, which were previously considered to 
be more prevalent (Chai, Murrell and Lymbery, 2005; Dung et al., 2007). Because of 
the ecological and epidemiological similarities between liver and intestinal flukes, their 
prevention and control approaches are similar (Figure 15; Tables 33 and 34).



Cestodes: Infections with Diphyllobothrium  spp. (often termed the broad fish 
tapeworm) are the most important of the cestode parasites acquired by humans from 
eating improperly cooked or prepared fish (Table 35). 



Table 35
distribution, biology, transmission and public health risks for fish-borne cestode infections



Parasite – Cestodes
(tapeworms)



Major geographic 
distribution biology and transmission features risk factors



Diphyllobothrium spp. 
(broad tapeworm).



More than a dozen 
species have been 
identified as zoonotic. 



north and south 
america, and 
eurasia.



adult worms in intestines of wild fish-
eating birds and mammals (especially 
dogs, bears, fur seals and sea lions), and 
humans.



Copepods are the major first 
intermediate host for the first 
development stage, the procercoid. 
Ingestion by a fish releases the 
procercoid, which invades the tissue 
and develops to the second stage 
(plerocercoid).



both marine and freshwater fish are 
important, especially pike, salmon, 
trout, ruff, white fish, and perch. When 
uncooked fish is eaten by a mammal 
or bird host (depending upon species 
of Diphyllobothrium), the plerocercoid 
develops to the adult stage in the 
intestine.



Consumption of raw or 
insufficiently cooked, smoked, 
dried or pickled fish are the 
major risk factors.



Wild animal reservoirs ensure 
presence of these helminths in 
endemic areas, and intrusion 
of humans into aquatic 
habitats increases exposure.



Insufficient handling of 
human waste in wilderness 
areas is a significant risk factor 
for fish, animals and humans.



Importation and stocking of 
fish may be a significant factor 
in increasing spread.



Source: Modified from Murrell and Crompton (2009).



The distribution of the tapeworm is widespread in the temperate and  
sub-Arctic regions of the Northern Hemisphere where freshwater fish are eaten. All 
are gastrointestinal parasites as adults in a variety of piscivorous birds and mammals. 
The intermediate hosts include both freshwater and marine fish, especially anadromous 
species. Although not generally considered a serious zoonosis, there are indications 
that its frequency and distribution is increasing in some regions, probably because 
of social and economic change. Although most human infections are diagnosed as 
D. latum, this species is only one of several members of a group (perhaps 13 species) 
that is a species-complex worldwide zoonosis (Dick, 2007). The systematics of this 
group is complex, and is currently being unravelled with new molecular methods. 
The importance of a sound taxonomy and ecological understanding of this group lies 
in clarifying its epidemiology. Some species, especially D. latum, appear to be linked 
to a cycle that involves mainly freshwater fish and terrestrial mammals, while others, 
such as D.  nihonkaiense, may be primarily a parasite of marine fish and mammals. 
Because these parasites are difficult to differentiate morphologically, the actual species 
geographic distributions, host ranges and zoonotic risks must be described with some 
caution (Dick, 2007).



These tapeworms are among the largest parasites of humans, and may, as adults in 
the intestine, grow to 2–15 m in length. The long chain of segments (stobila) is headed 
by a scolex with a dorsal–ventral sucking groove (or bothrium) that functions as a 
holdfast in the intestine. The strobila may contain up to 3 000 segments or proglottids. 
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Life cycles (Figure 16) are known for only a few of the species, but those that have 
been described are complex, requiring three hosts for completion, and additional or 
paratenic hosts may also be involved (Rausch and Adams, 2000). 



FIgure 16
life cycle of the broad fish tapeworm, Diphyllobothrium sp.



Source: Huss, ababouch and gram (2004). 



The zoonosis occurs most frequently in communities that have food preferences for 
fish prepared in a variety of ways, particularly raw fish preparations, such as sushi and 
sashimi, which have found worldwide popularity. Others are Scandinavian gravlax, 
strogonina in the Baltic countries and Eurasia, gefilte fish, and lightly marinated fish 
dishes such as ceviche salad, which is growing in popularity in Latin America (Adams 
and Rausch, 1997; Dupouy-Camet and Peduzzi, 2004; Dick, 2007). An increasingly 
important factor in introducing or sustaining this zoonosis in human communities 
is the contamination of the local aquatic environment with faeces contaminated with 
eggs (Cross, 2001; Dupouy-Camet and Peduzzi, 2004). The discharge of improperly 
treated sewage from lake-side dwellings, hotels and ships is an important source of 
contamination with eggs. Domestic animals, especially dogs, are another important 
source of environmental contamination (Adams and Rausch, 1997; Torres et al., 
2004), and may help maintain a natural D. latum cycle that can be amplified by human 
activities (Dick, Nelson and Choudhury, 2001). 



The growing awareness of the nutritional benefits of fish and fish products, the 
preferences in many countries for raw or lightly cooked foods, and the rising affluence 
in both developing and developed countries may increase the risk of diphyllobothriids 
entering the human food chain by increasing the harvesting and export of fish from 
areas of high endemicity. Higher risks for urban populations may also arise because of 
the incentive for exporters to ship fresh (non-frozen) fish by air to gain a competitive 
edge in the market (Deardorff and Overstreet, 1991; Nawa et al., 2001).



The prevention and control of Diphyllobothrium  spp. follows a strategy similar 
to that recommended for trematode zoonoses (Figure 15) – the prevention of human 
waste from entering untreated into the aquatic system is paramount, because the 
intermediate and definitive hosts are mainly found wild in nature, making interventions 
to prevent fish infections impractical. The proper preparation of fish dishes is especially 
important for consumers (Adams, Murrell and Cross, 1997). The pleurocercoids 
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(infective stage in fish) can be destroyed by heating to 56 °C for 5–10 min or freezing to 
–23 °C for 7 days or –35 °C for 15 h. Government inspection of fish fillets is mandated 
in some instances in a few countries (e.g. Canada, the United States of America and the 
European Union [Member Organization]), and is accomplished by candling of fillets. 



3.2.4.2 Nematodes
Anisakis: Anisakiasis refers to infection of people with the larval stages of nematodes 
belonging to the families Anisakidae. Although cases of human infection have been 
reported with several species (Smith and Wootten, 1987), the two parasites most 
often associated with anisakiasis are Anisakis simplex and Pseudoterranova decipiens 
(Table 36). Species identification in Anisakis has long been complicated by a lack of 
distinguishing morphological characteristics, particularly in the larval stage. Historically, 
therefore, only two major zoonotic species were recognized: the “herring worm”, 
Anisakis simplex; and the “codworm” Pseudoterranova (syns Phocanema, Terranova) 
decipiens, both with a potentially cosmopolitan distribution (Smith and Wootten, 1987; 
Oshima, 1987). However, recent molecular genetic studies have shown that both of 
these morphospecies are actually comprised of a number of sibling species, often with 
distinct geographical and/or host ranges. At least three species have been described 
within the Anisakis simplex complex: A. simplex (sensu stricto), found in the northern 
Atlantic; A. simplex C, found in the northern Pacific and southern waters below 30°N; 
and A. pegreffi, found in the Mediterranean Sea (Mattiucci et al., 1997; Lymbery and 
Cheah, 2007). Three species have now been described for the Pseudoterranova decipiens 
complex: P.  decipiens A, in the northeast Atlantic and Norwegian Sea; P decipiens C in 
the northwest Atlantic and Barents Sea; and P. decipiens B throughout northern waters. 
Where the ranges of these species overlap, they appear to preferentially utilize different 
definitive host species (Lymbery and Cheah, 2007).



Anisakiasis occurs when people ingest third-stage larvae found in the viscera 
or muscle of a wide range of fish and cephalopod mollusc species. Humans are an 
accidental host in the life cycle, and the parasites almost never develop further within 
the human gastrointestinal tract (Figure 17). 



FIgure 17
life cycle of Anisakis species



Source: Huss, ababouch and gram (2004). 
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Anisakiasis is a serious zoonotic disease, and there has been a dramatic increase in 
its reported prevalence throughout the world in the last two decades (Lymbery and 
Cheah, 2007). The complex life history of A.  simplex involves an intermediate host 
(euphasid crustacean), a paratenic host (marine fish or squid) and a definitive host 
(marine mammal). Adult nematodes live in nodules in the stomach linings of cod 
(Figure 18). 



FIgure 18
Anisakis simplex (left) and Pseudoterranova dicipiens (right) – both in cod



Note: Photographs courtesy of s. Mellergaard.
Source: Huss, ababouch and gram (2004). 



Eggs are passed into the sea and the embryos develop to release second-stage larvae. 
These change into third-stage larvae after being eaten by crustacean intermediate 
hosts. When infected crustaceans are eaten by fish, the third-stage larvae encyst in 
the fish tissues without further development. Muller (2001) states that 164 species of 
marine fish can serve as hosts for Anisakis. In the natural course of events, predatory 
marine mammals acquire Anisakis by eating infected fish, and the helminth’s life 
cycle is completed (Lymbery and Cheah, 2007). The life cycle of Pseudoterranova 
decipiens is similar. An important aspect of the life cycle of species of both Anisakis 
and Pseudoterranova, from an epidemiological perspective, is that larval parasites will 
readily transfer from one host to another, and piscivorous fish can therefore accumulate 
very large numbers of larvae (Smith and Wootten, 1987). 



When humans, in contrast to marine mammals, eat infected fish harbouring live 
third-stage larvae, the larvae migrate to the gastrointestinal mucosa, but they do not 
develop to adult worms; they die and so induce the formation of abscesses (Lymbery 
and Cheah, 2007). Presumptive diagnosis in humans may be made on the basis of 
the patient’s recent food habits. Definitive diagnosis requires demonstration of 
worms by gastroscopy or surgery (Markell, John and Krotski, 1999). No treatment is 
recommended for transient infection. In the gastrointestinal form (embedded larvae), 
diagnosis by surgery or gastroscopy is also curative.



Anisakiasis occurs throughout the world, but is reported most frequently from north 
Asia (especially Japan) and western Europe, where groups have risky food behaviour 
customs (i.e. eating raw, lightly cooked or marinated fish in dishes such as sushi, salted 
or smoked herring, gravlax and ceviche). Prevalence in fish may differ considerably 
between regions and wild and farmed salmon; no infections have been reported from 
the latter (Table 37). The reasons may be complex, ranging from rearing fish in areas 
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Table 36
distribution, biology, transmission and public health risks for fish-borne nematode infections



Parasite – nematodes Major geographic 
distribution biology and transmission features risk factors



Anisakis simplex



Pseudoterrranova 
decipiens



Worldwide but 
especially important 
in northern europe, 
Japan, the republic of 
Korea, north america, 
and Pacific Islands.



Complex life cycles involving marine 
mammals (definitive hosts) such as 
dolphins, porpoises, and whales 
(Anisakis) or seals, sea lions and walrus 
(Pseudoterranova).



First intermediate hosts are marine 
crustaceans, in which early parasite 
larval development to the third stage 
occurs.



When eaten by a fish or squid 
(paratenic host), the larvae penetrate 
the intestine and invade the tissues. 
The parasites complete their 
development to adults in the intestines 
of marine mammals when infected 
fish or squids are eaten. In these hosts, 
the larvae develop to adults in the 
intestine. However, in humans eating 
raw paratenic hosts (fish, squids), the 
larvae may remain in the intestine 
(asymptomatic) or encyst in the 
stomach wall.



Major fish host species are, herring, 
cod, mackerel, salmon, tuna, whiting, 
haddock, smelt and plaice.



Most important risk 
factor, as with flukes 
and broad tapeworm, is 
the consumption of raw, 
insufficiently cooked, 
salted, pickled or smoked 
fish or squid. examples 
are traditional celebration 
and wedding dishes such 
as raw herring, lomi lomi, 
marinated salmon, sushi, 
sashimi, ceviche salad, and 
sunomono.



Gnathostoma spp. Mainly southeast asia 
and latin america



The definitive hosts for these parasites 
are normally carnivorous mammals, 
including cat, dog and pig. eggs that 
are passed out of the definitive host, 
if reaching water, hatch, releasing 
larvae that are eaten by copepods, 
which in turn are eaten by a second 
intermediate host (fish, amphibians, 
reptiles, birds and mammals). In 
these hosts, the larvae develop to 
the third stage and, when eaten by a 
potential definitive host, the larvae 
make a complex extra-intestinal tissue 
migration, eventually returning to the 
stomach to form a tumour-like mass 
in the gastric wall. The worms reach 
maturity, reproduce, and release eggs 
that are passed out in the faeces. In 
people, the worms do not mature, 
but migrate through the tissues, and 
are serious if they invade the central 
nervous system.



as for all food-borne 
zoonoses, thorough 
cooking or freezing of all 
food sources is effective.



because of the diverse 
sylvatic (wild animal) 
host range, removing this 
parasite from the food 
chain in endemic areas is 
not possible.



with no presence of sea mammals (definitive hosts) to increasing populations of 
marine mammals in other regions (e.g. north Pacific) due to greater regulatory controls 
(Lymbery and Cheah, 2007). The greater number of human cases reported in recent 
years may also be related to better diagnostic tools, increased demand for seafood, and 
a growing demand for raw or lightly cooked food, although none of these factors has 
been rigorously evaluated (Chai, Murrell and Lymbery, 2005).
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Table 37
Prevalence of Anisakis simplex in reared and wild-caught marine fish species



fish origin number of samples % positive



Farmed salmon Washington 50 0



Farmed salmon norway 2 832 0



Farmed salmon scotland 867 0



Farmed coho salmon Japan 249 0



Farmed rainbow trout Japan 40 0



Wild salmon Washington 237 100



Wild salmon north atlantic 62 65



Wild salmon West atlantic 334 80–100



Wild salmon east atlantic 34 82



Wild coho salmon Japan 40 100



sardines Mediterranean 7 14



Herring Mediterranean 4 948 86



Herring Pacific Ocean 127 88



Cod Pacific Ocean 509 84



Source: ICMsF (2003).



An important factor associated with risk for humans is the commercial methods 
employed to catch and transport fish. Eviscerating fish shortly after they are caught 
removes much of the danger that larvae will be able to migrate out of the viscera and 
into the fish muscle, which is the part of the fish normally consumed. In fish that are 
caught but then held on ice or under refrigeration for several days, larval migration 
may be facilitated. However, the extent of post-mortem migration of larvae has not 
been evaluated thoroughly, although most control measures emphasize immediate 
evisceration (Lymbery and Cheah, 2007).



While cooking (60 °C or higher for at least 10 min) is effective in killing the larvae in 
fish, other methods are also capable of inactivating the infective larvae. Many countries 
have regulations requiring inspection of fish for zoonotic parasites, and for inactivating 
any nematode larvae that may be present. However, regulations and methods may 
differ between countries somewhat in their specifics. For example, according to the 
United States Food and Drug Administration, freezing of fish or cephalopods to 
–20 ºC for 7 days or –35 ºC for 15 h is considered sufficient to render them safe enough 
to be eaten raw (FDA, 2011e). Smoking must achieve a temperature of 65 ºC. Salting 
and marinating are not considered reliable methods to inactivate the larvae. In the 
European Union (Member Organization), conditions laid down in Council Directive 
91/493/EEC and Commission Decision 93/140 stipulate that all fish and fish products 
to be consumed raw or almost raw must be subjected to freezing to –20 ºC for at least 
24 h in all parts of the fish (EC, 1991). Fish products that are heated (e.g. hot-smoked) 
to a temperature of less than 60 °C must also have been first subjected to freezing by 
the same standards. 



A number of well-known fish products can be unsafe. This applies to all lightly 
preserved fish products (<  5  percent NaCl in water phase) such as cold-smoked 
fish, gravad fish, matjes herring, lightly salted caviar, ceviche and several other local 
traditional products. Both the European Union (Member Organization) and FDA 
regulations include inspection of fillets by candling.



Gnathostoma: Gnathostomiasis is a zoonotic disease caused by species of the 
nematode Gnathostoma, which can be transmitted by a variety of intermediate hosts, 
including freshwater fish (Table  36) (Waikagul and Chamacho-Diaz, 2007). Human 
infections with this nematode are frequently reported in Southeast Asia and Latin 
America. The infection is characterized as a type of “larval migrans”, in which larvae 
may invade not only subcutaneous tissue but, more seriously, the central nervous 
system and the eye.
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These zoonotic nematodes are composed of numerous species, five to ten of 
which are associated with human infection (Waikagul and Chamacho-Diaz, 2007). 
Gnathostoma spinigerum is the most commonly reported species in humans. The 
definitive hosts for these parasites are normally carnivorous mammals, including cat, 
dog and pig. An important morphological feature of this parasite is its subglobulus 
head, armed with 7–9  transverse rows of hooklets, which probably facilitates larval 
tissue migration, and, consequently, contributes to the tissue damage that occurs in 
the host’s organs and tissues. The life cycle is complex and involves a wide range of 
intermediate hosts (Waikagul and Chamacho-Diaz, 2007). Eggs that are passed out of 
the definitive host hatch on reaching water, releasing larvae that are eaten by copepods, 
which in turn are eaten by a second intermediate host (fish, amphibians, reptiles, birds 
and mammals). In these hosts, the larvae develop to the third stage. When eaten by a 
potential definitive host, the larvae make a complex extra-intestinal tissue migration, 
eventually returning to the stomach to form a tumour-like mass in the gastric wall. The 
worms reach maturity, reproduce, and release eggs that are passed out in the faeces.



Although prevalence data are few, this zoonosis has been reported extensively 
throughout Southeast Asia, where the fondness for raw or undercooked intermediate 
hosts such as fish, frogs, snakes and poultry is strong (Waikagul and Chamacho-Diaz, 
2007). In recent years, cases of gnathostomaisis have been increasing in Argentina, Peru, 
Ecuador and Mexico, where it is now recognized as an important public health risk 
(Waikagul and Chamacho-Diaz, 2007). As for all food-borne zoonoses, the thorough 
cooking or freezing of all fish (and other risky foods) is effective for inactivating the 
infective larvae (see Anisakis above). Because of the diverse wild animal host range, 
removing this parasite from the food chain in endemic areas is not possible. However, 
while systematic prevalence surveys are few, in Viet Nam, wild but not cultured eels 
have been found infected (Sieu et al., 2009), a situation similar to that for Anisakis.



Conclusion: The growing awareness of the nutritional benefits of fish and fish 
products, the preferences in many countries for raw or lightly cooked foods, and the 
rising affluence in both developing and developed countries may increase the risk 
of fish-borne parasites entering the human food chain by increasing the harvesting, 
transport and export of fish from areas of high endemicity. Higher risks for urban 
populations may also arise because of the incentive for exporters to ship fresh 
(non-frozen) fish by air to gain a competitive edge in the market. Urbanization and 
insufficient sanitary conditions (e.g. discharge of improperly treated sewage) as well 
as heavy rain may lead to increased faecal contamination of the aquatic environment. 
At the same time, increased aquaculture production is projected worldwide in such 
aquatic environments. An integrated HACCP-based approach including measures to 
prevent and control pollution with animal- and human-parasite eggs, control of animal 
and snail intermediate hosts, and better aquaculture management practices are needed 
for sustainable control of fish-borne zoonotic parasites.



3.2.5 aquatic biotoxins (Jim lawrence, Henri loreal and lahsen 
ababouch)
The possible presence of natural toxins in fish and shellfish has been known for a long 
time. Most of these toxins are produced by species of naturally occurring marine algae 
(phytoplankton). There are about 5 000 species of marine algae, but only 70–80 species 
are known to produce toxins (Lindahl, 1998; Hallegraeff, McCausland and Brown, 
1995).



A proportion of the toxic phytoplankton has a red-brown pigmentation, giving 
rise to the naming of algal blooms as “red tides”. However, not all coloured algae are 
toxic, and incidences of poisoning have occurred in the absence of red tides. Visible 
red tides may contain from 20  000  to greater than 50  000  algal cells per millilitre. 
Concentrations as low as 200  cells/ml may lead to toxic shellfish. During a bloom, 
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bivalves can accumulate sufficient toxin to cause human illness after filter feeding for 
only 24 h (Figure 19). Most harmful algal species have limited geographic distributions 
but some occur worldwide (Hallegraeff, McCausland and Brown, 1995; Lindahl, 1998).



FIgure 19
generalized pathways of human intoxication with molluscan shellfish toxins  



via filter feeding bivalves and carnivorous and scavenging gastropods 



Source: From anderson et al. (2001).



In the past 25  years, the intensity and geographical distribution of harmful algal 
blooms have increased. In addition, the number of toxic substances produced by 
marine algae appears to be increasing. There are several possible causes of this. There 
is evidence from Europe and Asia that eutrophication from domestic, industrial and 
agricultural runoff can stimulate algal blooms (Anderson, Glibert and Burkholder, 
2002). Increased shipping trade and the practice of dumping ballast water contributes 
to the global spread of algal blooms (Wright, 1995). Global warming may be implicated 
as well.



Molluscan shellfish are filter feeders and continually pump water through their gills, 
where particulate matter is removed and ingested. Mussels ingest food of any type 
from 2 mm to 90 mm in size with a rate of ingestion dependent on water temperature 
and environment. Optimally, they can filter 2.5 litres per hour, extracting 98 percent 
of the available algae. Consequently, any toxins associated with the phytoplankton can 
accumulate and become concentrated in the bivalve mollusc. The toxins do not affect 
the shellfish themselves, and the shellfish may reduce the concentration of the toxins 
in their system by depuration in clean water. Depuration times vary greatly according 
to bivalve species, the pumping activity and the hydrographic conditions. Fish may 
also consume toxic algae and cause human illness (e.g. ciguatera). There are also toxins 
in some fish species that do not involve marine algae (e.g. puffer fish poisoning). The 
consumption of toxic fish and shellfish by humans causes illness with symptoms 
ranging from mild diarrhoea and vomiting to memory loss, paralysis and death.



The toxins associated with phytoplankton are called phycotoxins. These toxins 
have been responsible for incidents of wide-scale death of sea-life and are increasingly 
responsible for human intoxication. There are a number of different seafood 
poisoning syndromes associated with toxic marine algae. They include: paralytic 
shellfish poisoning (PSP), amnesic shellfish poisoning (ASP), diarrhoeic shellfish 
poisoning (DSP), neurotoxic shellfish poisoning (NSP) and azaspiracid shellfish 
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poisoning (AZP). Table  38 lists the syndromes, causative agents and the occurrence 
of these biotoxin-related poisonings. Table  39 lists typical concentration ranges of 
several groups of toxins that may lead to closures of shellfish harvesting areas along 
with maximum reported levels in shellfish and some current regulatory guidelines 
implemented in some countries. (FAO, 2005a). There are also different types of food 
poisoning associated with finfish and these include ciguatera fish poisoning (CFP) and 
puffer fish poisoning (PFP).



T ABLE 38
Marine biotoxins and associated poisonings



Disease Toxins Occurrence



Amnesic shellfish poisoning (ASP) Domoic acid North America, Europe



Azaspiracid shellfish poisoning (AZP) Azaspiracid Europe



Diarrhoeic shellfish poisoning (DSP) Okadaic acid and dinophysistoxins Worldwide



Neurotoxic shellfish poisoning (NSP) Brevetoxins United States of America, 
Caribbean, New Zealand



Paralytic shellfish poisoning (PSP) Saxitoxins Worldwide



Ciguatera fish poisoning (CFP) Ciguatoxins Tropical, subtropical



Puffer fish poisoning (PFP) Tetrodotoxins Japan, South Pacific



TABLE 39
Typical concentration ranges of several groups of toxins that may lead to closures of shellfish 
harvesting areas, along with maximum reported levels in shellfish and some current guideline 
levels 



Toxin Group
Typical level when toxins occur 



at levels that may lead to 
closure of the area (mg/kg)



Maximum 
reported 



level



Guidance level / maximum 
level currently implemented in 



some countries



Amnesic shellfish 
poisoning (ASP)



20–200 1 280 20 mg/kg



Azaspiracid shellfish 
poisoning (AZP)



0.16–0.3 1.4 0.16 mg/kg



Diarrhoeic shellfish 
poisoning (DSP)



0.16–1 36 0.16 mg/kg



Neurotoxic shellfish 
poisoning (NSP)



0.8 40 20 MU/100 g shellfish meat



Puffer fish poisoning (PFP) 1–10 800 0.8 mg/kg



Source: FAO (2005a).



Most algal toxins associated with seafood poisoning are heat stable and are not 
inactivated or destroyed by cooking. It is also not possible to visually distinguish toxic 
from non-toxic fish and shellfish. In spite of this, efforts have been made to detoxify 
contaminated shellfish. Several procedures to detoxify shellfish have been developed to 
mitigate the economic impact of toxin contamination. For example, the concentration 
of toxins in the digestive gland of scallops has enabled the harvesting of the non-toxic 
edible portion for consumption. Concentrations of some water-soluble toxins are 
reduced through leaching out with the cooking water. Canning has been shown to 
reduce PSP and ASP toxin concentrations in a number of shellfish species. In these 
cases, the final products must still be tested to ensure that the toxin concentrations are 
indeed reduced to acceptable levels.



Many countries rely on biotoxin monitoring programmes to protect public health. 
Harvesting areas are usually closed when toxic algal blooms or toxic shellfish are 
detected. In non-industrialized countries, particularly in rural areas, monitoring for 
harmful algal blooms or toxic shellfish is not routinely carried out, and illness or death 
from algal toxin poisoning regularly occurs. Historically, the most common testing 
methods involved animal bioassays, usually with mice or rats. However, these methods 
are not fully satisfactory as they are prone to interference and lack the ability to 
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quantify the toxins, making the methods problematic for enforcement purposes. Thus, 
in recent years, there has been a concerted effort to develop and implement non-animal 
assays such as in vitro assays, immunoassays and instrumental methods. Development 
of alternative methods has become even more important as a number of countries 
are actively considering banning the mouse bioassay owing to concerns related to 
the ethical treatment of animals (Hess et al., 2006). However, the newer techniques 
require purified analytical standards and reference materials to calibrate instruments 
and to ensure accuracy of methods for regulatory testing. As there is a great lack of 
such materials at present, this situation will clearly have an impact on the acceptance 
and use of non-animal testing methods. This issue has recently been addressed in Hess, 
McCarron and Quilliam (2007).



3.2.5.1 Amnesic shellfish poisoning
Amnesic shellfish poisoning (ASP) is the only shellfish poison produced by a diatom 
(Pseudo-nitzschia pungens f.  multiseries). The causative substance was identified as 
domoic acid, a member of the kainoid class of compounds, which are potent neurotoxins. 
The illness was first reported in Canada in 1987, where more than 100 people became 
ill and 3 people died after consuming contaminated shellfish (Todd, 1993). The illness 
was named after one of the symptoms, which was loss of short-term memory. Other 
symptoms include nausea, vomiting, diarrhoea, headache and neurological effects such 
as dizziness, disorientation and confusion. In severe cases, seizures followed by coma 
and death may occur. The short-term memory loss appeared to be permanent in some 
survivors. Outbreaks of human poisonings have so far been confined to the initial 
episode in Canada. However, the presence of domoic acid in shellfish has been reported 
in the United States of America and many other geographic areas of the world. Because 
of the potential for human illness, global awareness has now been raised (Hallegraeff, 
McCausland and Brown, 1995).



A number of testing methods have been developed to detect domoic acid in shellfish. 
These include in vitro functional assays, immunochemical methods and instrumental 
methods. Although a mouse bioassay was employed in the initial discovery of the 
syndrome and as an aid to isolating and identifying the toxin, the method is not sensitive 
enough to be used for regulatory monitoring of shellfish. Thus, high-performance 
liquid chromatography (HPLC) has been used most often for this purpose. Two 
HPLC methods have been validated through interlaboratory study, and variations 
of these are commonly used to monitor shellfish. An enzyme-linked immunosorbent 
assay (ELISA) method has recently successfully undergone an Association of Official 
Analytical Chemists (AOAC) International interlaboratory study and is suitable for 
domoic acid testing shellfish in a routine setting.



3.2.5.2 Azaspiracid poisoning
Azaspiracid poisoning (AZP) is a recent syndrome first reported in 1995 when eight 
people in the Netherlands became ill from eating cultured mussels imported from 
Ireland. The symptoms were similar to DSP and included nausea, vomiting, stomach 
cramps and severe diarrhoea. The causative agent was subsequently identified as a 
group of chemicals called azaspiracids (AZAs), of which 10 analogues have since been 
identified. They have unique spiro ring assemblies and contain a cyclic amine group. 
Since the initial finding, AZAs have been found in other countries in Europe, and the 
European Union (Member Organization) has set a regulatory limit for this class of 
toxin at 0.16  µg/g total shellfish tissue. The source of AZAs has been confirmed to 
be a dinoflagellate of the genus Protoperidinium. Like other polyether toxins, AZA 
compounds are heat stable and not affected by cooking. The toxins are also not readily 
removed from shellfish by natural depuration. (FAO, 2004, 2005a).
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The current reference method in the European Union (Member Organization) is a 
mouse bioassay, although the method has not been validated in terms of detectability 
and specificity. Instrumental methods using HPLC with mass spectrometric detection 
have shown considerable potential for quantifying AZAs in shellfish tissue. One such 
method (a multitoxin method) has passed single-laboratory validation and limited 
interlaboratory validation (McNabb, Selwood and Holland, 2005).



3.2.5.3 Diarrhoeic shellfish poisoning
Toxins in the diarrhoeic shellfish poisoning (DSP) group have been known to 
cause human illness since the late 1970s. The syndrome was named diarrhoeic 
shellfish poisoning in view of the dominating symptom. The toxins are produced by 
dinoflagellates of the genera Dinophysis  spp. and Prorocentrum  spp. The symptoms 
are gastrointestinal (diarrhoea, vomiting and abdominal pain) and victims usually 
recover in 3–4 days with or without treatment. No fatalities have ever been observed  
(FAO, 2004, 2005a).



Thousands of cases of gastrointestinal disorders caused by DSP have been reported 
in Europe, Japan, Southeast Asia, and North and South America since the 1970s. 
The causative dinoflagellates (Dinophysis and Prorocentrum) are widespread in the 
oceans, meaning that DSP could potentially occur in many other parts of the world. 
The major toxins that have been identified as causing the illness are members of the 
okadaic acid group. These toxins are heat-stable, lipophilic polyether compounds. The 
DSP group previously consisted of the acidic okadaic acid family (including okadaic 
acid, dinophysistoxins [DTX-1 and DTX-2] and their esters), the pectenotoxins 
(PTXs) (neutral group) and the sulphated group, the yessotoxins (YTXs). The three 
groups were all considered as DSP toxins because they regularly occur together in 
toxic algal blooms and shellfish. However, recent toxicology studies have indicated 
that the PTX and YTX groups do not cause diarrhoea when fed via the oral route. 
There have been no human illnesses reported due solely to the PTX and YTX groups. 
However, these groups are toxic to mice when injected interperitoneally and, thus, 
can cause interference in the detection of the okadaic acid group by this bioassay. 
It is thus important that testing methods be able to distinguish among these groups. 
Because the DSP toxins are heat stable, they are not destroyed by normal cooking  
(FAO, 2004, 2005a).



Several mouse bioassays have been developed for detecting DSP toxins. However, 
they suffer from potential interference from the PTX, YTX and cyclic imine compounds. 
Alternative approaches such as in vitro functional assays, immunochemical assays 
and instrumental methods have been developed. None has undergone independent 
multilaboratory validation. However, an HPLC mass spectrometric method (McNabb, 
Selwood and Holland, 2005) has undergone full single-laboratory validation and 
limited interlaboratory testing. At present, HPLC mass spectrometry offers the best 
potential for quantifying DSP toxins in shellfish.



3.2.5.4 Neurotoxic shellfish poisoning
Neurotoxic shellfish poisoning (NSP) is caused by a group of polyether toxins called 
brevetoxins. They are produced by the dinoflagellate, Karenia brevis. The occurrence 
of NSP has been historically limited to the west coast of Florida, the United States 
of America. The dinoflagellate occurs offshore in the Gulf of Mexico and is carried 
in-shore by winds and currents. There have also been NSP outbreaks in New Zealand 
(FAO, 2004, 2005a). The symptoms of NSP are similar to PSP and ciguatera poisoning, 
but less severe. They occur within from 30 min to 3 h after ingestion and last a few days. 
They include nausea, vomiting, diarrhoea, chills, sweating, hypotension, arrhythmias, 
tingling, numbness, paralysis, seizures and coma. No deaths have been reported. The 
toxins are toxic to fish and have caused significant fish kills. Detoxifying contaminated 
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shellfish is usually done by natural depuration in clean water. Cooking and freezing are 
ineffective in destroying the toxins.



About ten brevetoxins have been isolated from field blooms and cultures of K. brevis. 
Additional related toxins have been isolated from shellfish. The most commonly used 
testing method has been a mouse bioassay that has been used to monitor shellfish 
effectively in the southeast of the United States of America for more than 30 years. 
It has not been fully validated, and there are some concerns regarding the extraction 
efficiency and quantitative aspects. In vitro assays, immunoassays and instrumental 
methods have been examined for detecting and quantifying brevetoxins in shellfish. 
None of these has yet been validated through interlaboratory study. However, several 
have potential to be implemented in routine monitoring programmes. 



3.2.5.5 Paralytic shellfish poisoning
Paralytic shellfish poisoning (PSP) in humans is caused by the consumption of 
shellfish containing PSP toxins. These toxins accumulate in shellfish during grazing on  
toxin-producing algae including dinoflagellates of the genera Alexandrium, Gymnodium 
and Pyrodinium. Symptoms of PSP initially involve numbness and a burning or 
tingling sensation of the lips and tongue that spread to the face and fingertips. These 
symptoms usually appear within the first 30 min after consumption. This then leads 
to a general lack of muscle coordination in the arms, legs and neck. Severe cases of 
PSP have resulted in respiratory paralysis and death, usually within 2–24  h after 
consumption of the contaminated food. There are an estimated 1 600 cases annually 
of PSP worldwide, approximately 300 of which are fatal (FAO, 2004). There is a large 
variation in sensitivity to PSP toxins. Intoxications have followed after oral intake of 
from 144 µg to 1 660 µg per person, while fatalities have been reported at levels from 
300 µg to 12 400 µg per person (van Egmond et al., 1993).



Blooms of toxic algae and outbreaks of PSP occur regularly throughout the world 
(Figure 20). Shellfish that have fed on toxic dinoflagellates retain the toxins for varying 
periods depending on the shellfish. Some clear the toxins very quickly and are only 
toxic during the actual bloom. Others may retain the toxins for a long time, even years. 
Toxic blooms have become more prevalent in recent years, leading to speculation that 
coastal pollution and shipping practices have contributed to this. Water temperature 
must be 5–8 ºC for blooms to occur. When the temperature decreases to less than 4 ºC, 



the dinoflagellates survive as cysts buried in the upper layer of the sediments.
The toxins associated with PSP belong to a family of water-soluble, polar and 



heat-stable compounds consisting of a tetrahydropurine nucleus (commonly called 
saxitoxins). There are four subgroups including carbamate, N-sulpho-carbamoyl, 
de-carbamoyl and deoxydecarbamoyl. Approximately 21  toxins in this family 
have been chemically identified. The N-sulpho-carbamoyl analogues are the least 
toxic of the PSP group (about 5–100  times less toxic, depending upon the specific 
analogue). Cooking contaminated shellfish for 5 min has been shown to reduce toxin 
concentrations by about 30 percent. Cooking for 20 min leads to a 40 percent reduction 
in toxin concentration (FAO, 2004).



Until recently, the mouse bioassay was the standard analytical method 
employed by regulatory agencies around the world for routine monitoring for the 
presence of PSP toxins in shellfish. However, in the past decade or more, much 
research effort has been expended to develop alternative testing methods. This is                                                                                                                 
ecause of some inherent problems associated with the mouse bioassay (poor detection 
limit, interference and interconversion of non-toxic analogues to toxic ones during the 
extraction). Alternative methods include in vitro functional assays, immunoassays and 
instrumental methods (FAO, 2005a). However, most of these have not been validated 
through interlaboratory collaborative study. Only one method, an HPLC method 
(Lawrence, Niedzwiadek and Menard, 2005) has met with official approval from 
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AOAC International for shellfish testing. It is currently in use in the United Kingdom 
of Great Britain and Northern Ireland as a replacement for the mouse bioassay for 
regulatory testing of mussels (Cefas, 2011).



FIgure 20
World distribution of outbreaks of paralytic shellfish poisoning (PsP) in 2006



Source: WHOI. 2103. distribution of Habs throughout the World. In: Harmful algae [online]. [Cited 4 July 2013]. 
www.whoi.edu/redtide/regions/world-distribution



3.2.5.6 Ciguatera fish poisoning 
Ciguatera fish poisoning (CFP) is one of the most common food-borne illnesses related 
to finfish consumption. It has been known for centuries. Its true incidence is not 
known, but it is estimated that 10 000–50 000 people per year suffer from this illness, 
making it one of the most common types of marine food-borne poisoning worldwide. 
It is caused by the consumption of herbivorous fish that have become toxic from 
feeding on toxic benthic dinoflagellates (Gambierdicus toxicus) or from carnivorous 
fish that have consumed toxic herbivorous fish that have fed on the dinoflagellate. 
Gambierdicus toxicus is found primarily in the tropics in association with macro algae 
usually attached to dead corals. More than 400 species of fish are known to be vectors 
of ciguatera poison. These fish are usually found in the tropical and subtropical Pacific 
and Indian Ocean regions and the tropical Caribbean. Although in the past CFP was 
highly localized to coastal communities in tropical regions, with the great increase in 
international trade in seafood and with tourism now on a global scale, the occurrence 
of CFP has become international.



The chemicals responsible for CFP are called ciguatoxins and arise from the 
biotransformation in fish of precursor toxins produced by the dinoflagellates. The 
toxins are lipophilic polyether compounds consisting of 13–14  rings fused together 
by ether linkages into a rigid ladder-like structure. More than 20 ciguatoxin analogues 
have been isolated and identified. Like most marine toxins, they are heat stable and 
remain toxic after cooking. Mild acid and mild basic conditions have little effect on 
their stability. Depuration is also not effective as contaminated fish tissue can remain 
toxic for years.
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Ciguatoxins, when present at concentrations of about 0.1 µg/kg or greater in fish 
will cause human poisoning. The symptoms vary widely but are characterized by 
gastrointestinal, neurological and cardiovascular disturbances often within 10  min 
and up to 24 h after ingestion of toxic fish. The initial symptoms are gastrointestinal 
and are similar to other types of food poisoning (abdominal pain, nausea, vomiting 
and diarrhoea), while the neurological symptoms include tingling and numbness 
in the mouth, hands and feet, muscle cramping, headache, vertigo and convulsions. 
Cardiovascular effects such as slow irregular pulse and low arterial pressure may 
follow and last for 48–72  h. Neurological effects may last for weeks, even years in 
severe cases. Death from CFP is rare (less than 1 percent worldwide).



The most commonly used testing method for ciguatoxins is the mouse bioassay 
(FAO, 2004). However, like most other mouse bioassays for marine toxins, the method 
is not fully quantitative and suffers from interference and ethical issues. In vitro 
functional assays involving sodium channel binding are more sensitive than the mouse 
assay and have good potential as replacements. Immunoassays have been developed 
for ciguatoxin detection and do have potential for routine monitoring of fish, although 
differences in cross-reactivity among the many congeners might affect quantification. 
Instrumental methods involving HPLC with ultraviolet (UV), fluorometric or mass 
spectrometric detection have been developed. However, none of these has been 
validated for the quantification of ciguatoxins for regulatory purposes (FAO, 2005a).



3.2.5.7  Puffer fish poisoning
Puffer fish poisoning (PFP) is an illness specifically related to the consumption of 
fish of the order Tetraodontidae. The toxin responsible for the syndrome is called 
tetrodotoxin, a non-proteinaceous, highly toxic neurotoxin. There have been about ten 
additional related compounds that have been isolated in recent years (Pires et al., 2005). 
Apart from Tetraodontidae, the toxin has been found in goby, blue ringed octopus, 
various gastropods, newts and horseshoe crabs.



Puffer fish poisoning has frequently occurred in Japan, where these fish are a 
traditional food. Almost 300  cases were recorded in the 10  year period 1987–1996, 
with an average mortality rate of 6.6 percent (Noguchi and Arakawa, 2008). Sporadic 
cases of PFP have been observed in other Asian and Pacific countries. Symptoms of 
PFP occur within 10 min and rarely more than 6 h after ingestion of toxic fish. Nausea 
and vomiting may or may not occur. The most common symptoms are tingling or 
a pricking sensation as well as dizziness. The illness may progress to muscle and 
respiratory paralysis. Where death occurs, it is usually within 6 h and sometimes as 
rapidly as 20 min following ingestion. Persons who have not died within 24 h usually 
recover completely.



The distribution of the toxin in fish is mainly in the ovaries (eggs), liver and skin. 
The muscle tissue is normally free of toxin. The origin of the toxin has historically 
been much debated. It is now assumed that tetrodotoxin in fish comes directly from 
its feed. The toxin is produced by bacteria, adsorbed on or precipitated with plankton 
then transmitted to animals such as gastropods, starfish, flatworms, etc. and further 
transmitted to fish and large gastropods. Species such as the Tetraodontidae accumulate 
the toxin while other species do not (Noguchi and Arakawa, 2008). Figure 21 shows an 
assumed mechanism for the accumulation of tetrodotoxin in Tetraodontidae. 



Tetrodotoxin is a potent sodium channel inhibitor and, as a result, the mouse 
bioassay is suitable for its determination. In recent years, a number of in vitro 
assays, immunoassays and instrumental methods (HPLC with fluorescence or mass 
spectrometric detection) have been developed. However, there are no interlaboratory-
validated methods for tetrodotoxin. 
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3.2.5.8 Other marine biotoxins
All of the above-mentioned biotoxins have been associated with human poisonings, 
and all cause varying toxic effects in animal studies. However, new bioactive marine 
chemicals continue to be discovered that have been shown to produce toxic effects 
in animals. Although human illness due to their presence in seafood has not been 
reported, it is important to be aware of their presence in the marine environment. With 
present-day changing cultural and trade practices and the current changing global 
climatic conditions, these substances might be of concern in the future. One example 
is the cyclic amine group of chemicals. These include gymnodimine, spirolides, 
pinnatoxins, prorocentrolide and spirocentrimine. These compounds are acutely toxic 
to mice when administered by intraperitoneal injection, although the toxicity appears 
to be significantly less via the oral route. The presence of these toxins in shellfish 
has been confirmed in North America, parts of Europe, New Zealand and Tunisia 
(Lawrence et al., 2011).



Another group of toxins known to have caused animal poisonings and human 
illness are the freshwater cyanobacterial toxins, the microcystins. They are known 
hepatotoxins and are currently of concern in freshwater fisheries and in drinking-
water supplies. Although they are not of major concern in the marine environment, 
their presence has been reported in brackish-water coastal environments. Thus in 
the future, they could present a health threat in certain marine areas. Another toxic 
substance, beta-N-methylamino-L-alanine, a potent neurotoxin that may cause motor 
neuron disease in genetically susceptible people, has been found to be produced by 
marine cyanobacteria. The toxin has been found in brackish waters on the east coast 
of the United Kingdom of Great Britain and Northern Ireland and has been found in 
concentrated seawater in Hawaii, the United States of America (Banack et al., 2007; 
Metcalf et al., 2008).



FIgure 21
assumed mechanism for the accumulation of tetrodotoxin in Tetraodontidae



Source: after yoshikawa-ebesu, Hokama and nogushi (2001).
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3.3 CheMiCal hazards
3.3.1 Veterinary drugs (Iddya Karunasagar)
The importance of antimicrobial agents in the protection of animal health has been 
widely acknowledged, but the negative impacts of the use of these agents in animals 
raised for food have been a cause of concern. While the issue of selection and spread 
of antibiotic-resistant bacteria in aquaculture has been deliberated upon for some time, 
the issue of antimicrobial residues in aquaculture products came to the fore in 2001, 
following marked improvements in laboratory methods to detect residues. This was 
followed by disruptions of trade in aquaculture products. The use of antimicrobials in 
agriculture, animal husbandry and aquaculture in many developing countries is often 
unregulated and there are very few data on their usage. The World Organisation for 
Animal Health (OIE) prepared a list of antimicrobials of veterinary importance based 
on a questionnaire survey of member countries (Table 40). The groups of antimicrobials 
have been categorized as “veterinary critically important antimicrobials (VCIA)”, 
“veterinary highly important antimicrobials (VHIA)” and “veterinary important 
antimicrobials (VIA)”. This categorization was based on two criteria: (i) more than 
50  percent of respondents identified the importance of the antimicrobial; and (ii) 
compounds within the class were identified as essential against specific infections 
and there was a lack of sufficient therapeutic alternatives. Critically important 
antimicrobials met both criteria, highly important antimicrobials met either of the 
criteria, and important antimicrobials met neither criterion. For fish, aminoglycosides, 
fosfomycin, macrolides, aminopenicillins, carboxypenicillins, phenicols (florphenicol, 
thiamphenicol), quinolones, sulphonamides and tetracyclines were listed as VCIA, 
lincosamides as VHIA, and bicyclomycin and novobiocin as VIA. There are a limited 
number of antimicrobials approved for use in aquaculture in the European Union 
(Member Organization) and the United States of America (Table  40). Licensing is 
generally for a specific disease in a specific fish species, e.g. florfenicol for control of 
furunculosis in salmonids cultured in freshwater, or bicozamycin for treatment of 
pseudotuberculosis in Perciformes (yellowtail, seabass, seabream, tilapia). Maximum 
residue levels (MRLs) are prescribed for licensed drugs (e.g. Regulation No. 37/2010 of 
the European Union [Member Organization]), and withdrawal periods are established. 



There is very little information on the quantity of antimicrobials used in 
aquaculture. In the United States aquaculture industry (catfish, salmon and trout), the 
usage has been estimated to be 92 500–196 400 kg annually (Benbrook, 2002), and this 
is about 2 percent of non-medical use in meat and companion animals. In the United 
Kingdom of Great Britain and Northern Ireland, 2  tonnes of antimicrobials (mainly 
tetracyclines and potentiated sulphonamides) were used in aquaculture (salmon and 
trout) in 2000 (Furones and Rodgers, 2009). In Chile, 385 600 kg of antibiotics were 
used in 2007, while in Canada, 21 330 kg antibiotics were used in 2007 (Burridge et 
al., 2010). For production of the same aquaculture species, different quantities of 
antibiotics may be used. For example, in Chile in 2007 and 2008, 385.6  tonnes and 
325.6  tonnes of antibiotics were used to produce 300  000  and 400  000  tonnes of 
salmon, but in the same period in Norway, less than one tonne of antibiotic was used 
to produce 820 000 tonnes salmon (Burridge et al., 2010). There are no reliable data on 
antibiotic usage in aquaculture in Asia, which accounts for nearly 90 percent of world 
aquaculture production (FAO, 2009a).
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At the international level, the responsibility of providing advice on risk management 
concerning veterinary drug residues lies with the Codex Alimentarius Commission 
(CAC) and its subsidiary body, the Codex Committee on Residues of Veterinary 
Drugs in Foods (CCRVDF). The primary responsibility for risk assessment lies with 
the Joint FAO/WHO Expert Committee on Food Additives (JECFA). The CCRVDF 
determines the priorities for consideration of residues of veterinary drugs, and JECFA 
provides independent scientific advice by evaluating the available data on veterinary 
drugs prioritized by the CCRVDF. The Risk Assessment Policy for Setting of MRLs in 
Food established by the CAC defines the responsibilities of the CCRVDF and JECFA 
and their interactions. For establishment of a priority list, the CCRVDF identifies, 
with the assistance of Members, the veterinary drugs that may pose a consumer safety 
problem and/or have potential adverse impact on international trade.



JECFA uses a risk assessment process to establish acceptable daily intakes 
(ADIs) and maximum residue limits (MRLs). Veterinary drugs that are toxic or have 
carcinogenic potential are not evaluated by JECFA and, therefore, no ADI or MRL 
is established. Chloramphenicol and nitrofurans, compounds that caused disruptions 
in trade in aquaculture products, belong to this category, and they are banned for use 
in food-producing animals in most countries. Currently, there is a Codex MRL only 
for chlortetracycline/oxytetracycline/tetracycline in fish and shrimp (CAC, 2009b). 



Table 40
antimicrobial use in aquaculture



antimicrobials appearing in oie list1 antimicrobials approved by the united 
states fda2



antimicrobials approved in the european 
union (Member organization)3



spectinomycin



streptomycin



Kanamycin



bicozamycin



Fosfomycin



lincomycin



erythromycin



Josamycin



spiramycin



novobiocin



amoxycillin



ampicillin



Tobicillin



Florphenicol



Thiamphenicol



Flumequin



Miloxacin



Oxalonic acid



enrofloxacin



sulphadimethoxine



sulphafurazole



sulphamethoxine



sulphamonomethoxine



Trimethoprim + sulphonamide



doxycycline, oxytetracycline, 
tetracycline



Oxytetracycline



Florfenicol



sulphadimethoxine/ormetoprim



amoxycillin



Florfenicol



Oxolonic acid



Oxytetracycline



Flumequine



sarafloxacin



sulphadiazine + trimethoprim



1 OIe. 2013. OIE list of antimicrobials of veterinary importance [online]. Paris. [Cited 4 July 2013]. http://web.oie.int/downld/
antimicrobials/OIe_list_antimicrobials.pdf
2 Fda. 2013. animal & Veterinary. In: FDA [online]. silver spring, usa. [Cited 4 July 2013]. www.fda.gov/animalVeterinary/
developmentapprovalProcess/aquaculture/ucm132954.htm
3 Furones and rodgers (2009).
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However, there are national/regional MRLs for several other antimicrobial agents. In 
the European Union (Member Organization), the Commission Regulation 37/2010 
establishes MRLs for veterinary drugs in foods of animal origin, including aquaculture 
products (EC, 2010). Lack of Codex MRLs for veterinary drugs could be a problem 
for many developing countries that adopt Codex MRLs as national MRLs. This 
situation has led FAO/WHO (2004b) to recommend that, for veterinary drugs that 
have been evaluated by national governments and are legally used in many countries, 
a comprehensive approach needs to be adopted to expedite harmonization. JECFA 
evaluation of substances may be constrained by lack of sponsors. FAO/WHO (2004b) 
recommended that, with the assistance of JECFA and based on national/regional MRLs, 
an initial list of temporary/operative MRLs could be adopted by the CCRVDF. This 
list could be made permanent by the CAC, if the national/regional risk assessments 
are not questioned or if JECFA could establish an ADI using the data used by the  
country/region to propose a MRL. Substances that do not fulfil these requirements 
could then be moved to the list of compounds not to be used in food animals.



For veterinary drugs without ADIs/MRLs, regulatory authorities generally adopt 
a zero tolerance approach. In this situation, as the analytical capability improves, 
levels that were not detectable by earlier technology become detectable and, hence, 
reportable. Therefore, independent of any toxicological risk posed by the food product, 
the residues would attract regulatory action. The countries taking a zero tolerance 
approach argue that the products are not acceptable because they have evidence of 
use of a banned drug in animal production and, therefore, represent violation of 
regulations. For example, in the European Union (Member Organization), the misuse 
of banned antimicrobials is monitored using an analytical method that has a prescribed 
minimum required performance limit (MRPL). Liquid chromatography and tandem 
mass spectrometer (LC-MS/MS) are used to detect residues, and the MRPL for 
chloramphenicol is 0.3  ppb, and 1.0  ppb for metabolites of nitrofurans (EC, 2003). 
A national residue control programme needs to be in place as per Council Directive 
93/26/EC, and third countries wanting to export to the European Union (Member 
Organization) need to follow sampling frequencies based on the volume of production. 



Table  41 shows the Rapid Alerts due to residues of antibiotics in fish and 
fishery products that have appeared in the market of the European Union (Member 
Organization). The major veterinary drugs involved are chloramphenicol, nitrofuran 
metabolites and malachite green. 



Table 41
rapid alerts due to detection of residues of veterinary drugs in the european union (Member organization)



Veterinary drug 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 Total



Chloramphenicol 44 102 9 8 1 1 4 2 3 4 178



nitrofuran 
(including all 
metabolites)



0 89 51 27 30 41 31 48 89 11 417



Malachite green 0 2 11 18 50 17 9 2 5 4 118



Following the trade disruptions caused by detection of residues, a Joint  
FAO/WHO Technical Workshop on Residues of Veterinary Drugs without  
ADI/MRL was held in 2004. This technical meeting recommended that, for residues 
of drugs without an ADI/MRL, the CCRVDF should request JECFA to perform and 
report, if possible, an estimate of the risks associated with the exposure to residues, 
as such risk estimates would be useful in risk management, and that the CAC should 
include consideration of cost–benefit and risk comparisons in their risk analysis 
process (FAO, 2004b). Use of alternate risk management approaches that reflect the 
toxicological risk of the residue for regulatory analytical methods such as recommended 
performance level (RPL) or a control strategy chosen by the competent authority were 
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also recommended (FAO/WHO, 2004b). The meeting further emphasized that the 
illegal use of veterinary drugs cannot be condoned. A Joint FAO/OIE/WHO Expert 
Consultation on Antimicrobial Use in Aquaculture and Antimicrobial Resistance was 
held in Seoul, the Republic of Korea, in 2006 (FAO/OIE/WHO, 2006). This expert 
consultation used a risk assessment approach to address the public health impacts of 
antimicrobial use in aquaculture. The hazards recognized were: (i) development and 
spread of antimicrobial resistance; and (ii) antimicrobial residues in fish.



3.3.1.1 Antimicrobials of concern in aquaculture products
Chloramphenicol: Chloramphenicol was evaluated by JECFA at its twelfth,  
thirty-second and forty-second meetings and further commented upon at its  
sixty-second meeting. Dose-related bone marrow depression is the most common 
outcome in humans, when the daily dose of chloramphenicol is > 4 g (WHO, 2004a). 
A more serious and unpredictable reaction is aplastic anaemia (with >  50  percent 
mortality) that can occur at a frequency of 1 in 24 000 to 40 000 courses of treatment 
with chloramphenicol, but the incidence has been reported to be associated with certain 
risk factors (WHO, 2004a). Chloramphenicol has ophthalmic use in human medicine, 
and JECFA evaluation concluded that such use is unlikely to be associated with aplastic 
anaemia (WHO, 2004b). JECFA also considered the human health risk associated with 
low levels of chloramphenicol detected in chicken and aquaculture products in the 
period 2001–03. Based on levels reported by the Food Standards Agency of Ireland, 
the median concentration in aquaculture products was estimated to be 0.5 ppb. The 
committee noted that, for preferential eaters of fish and shellfish containing a median 
of 0.5  ppb chloramphenicol, the exposure would be one order of magnitude lower 
than exposure from a daily ophthalmic formulation used in human medicine (WHO, 
2004b). There are no reported cases of aplastic anaemia associated with ophthalmic use 
of chloramphenicol. Eckert (2006) carried out a survey of chloramphenicol residues in 
imported crabmeat in South Australia, Australia, in 2006. Six of 17 samples tested had 
residues at levels ranging from 0.1 to 0.3 ppb. After reviewing chloramphenicol toxicity 
data and JECFA review data, the report concluded that the levels found in crab meat 
were unlikely to cause human health problems. There are no epidemiological records 
of aplastic anaemia in any country attributable to the residues of chloramphenicol 
in foods. The levels of chloramphenicol residues found in fish and crustaceans in 
international trade are generally low (Table  42). The highest number of rapid alerts 
in the European Union (Member Organization) for chloramphenicol residues was 
in 2002 (Table  41). In early periods of residue testing, a positive reaction triggered 
rapid alerts irrespective of the levels detected. To harmonize the reporting by member 
countries, the European Commission established MRPLs for the assay used for the 
analytical methods in the detection of residues of banned antimicrobials (EC, 2003). 
As seen from Table 42, in 2002, about one-third of the alerts were for levels < 0.3 ppb, 
which was adopted by the European Union (Member Organization) as the MRPL for 
the assay used for detection of chloramphenicol residues. Rapid alerts in recent years 
have been triggered by levels exceeding the MRPL.



Table 42
levels of chloramphenicol reported under the rapid alert system for food and feed for 
crustaceans in the european union (Member organization) in 2002 (n = 92)



range (ppb) number of cases Comments



< 0.3 32 lowest level for which alert was issued was 0.07 ppb. In 18 cases, levels 
were not indicated, but reported as “positive”



0.3–1.0 39



> 1.0–5.0 13



> 5.0 8 Highest level detected was 297 ppb
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Nitrofurans: Nitrofurans are synthetic antimicrobials that are rapidly metabolized 
in animals. The four nitrofuran groups of antimicrobials and their metabolites are 
shown in Table  43. Furazolidone and nitrofurazone were evaluated by JECFA in 
1993 (WHO, 1993). Based on the positive effects of furazolidone in genotoxicity tests 
in vitro and the increased incidence of malignant tumours in rats and mice, JECFA 
concluded that furazolidone is a genotoxic carcinogen and did not establish an ADI. 
Nitrofurazone was also evaluated by JECFA in the same meeting, which noted that 
although this compound is tumourogenic in rats and mice, the tumours produced 
were benign and restricted to endocrine organs and the mammary gland (WHO, 
1993). Mutagenicity studies suggest that nitrofurazone is mutagenic in vitro but not 
in vivo. However, JECFA did not establish an ADI, as no-effect levels have not 
been established for tumourogenic effects. Consequent to JECFA evaluation, use of 
nitrofurans in animals raised for food was banned in many countries.



Table 43
nitrofurans and their metabolites



nitrofuran antimicrobials Metabolites



Furazolidone 3-amino-2-oxazolidinone (aOZ)



Furaltadone 3-amino-5-morpholinomethyl-1,3-oxazolidin (aMOZ)



nitrofurantoin 1-aminohydantoin (aHd)



nitrofurazone semicarbazide (seM)



Following detection of residues of nitrofurans in prawns, Food Standards Australia 
New Zealand (FSANZ) performed a toxicological review and risk assessment (FSANZ, 
2005). Data from the Australian Quarantine and Inspection Service (AQIS) and 
Queensland Health Department showed levels of 3-amino-2-oxazolidinone (AOZ) in 
the range of 1.1–40 ppb, one sample with 2.2 ppb 3-amino-5-morpholinomethyl-1,3-
oxazolidin (AMOZ) and one sample with 8.9 ppb semicarbazide (SEM). FSANZ noted 
that there are no long-term dietary studies on AOZ that would enable comparison 
between levels at which AOZ would produce tumours in animals and the level of 
human dietary exposure to AOZ. Nevertheless, the risk associated with exposure to 
AOZ was characterized by determining the margin of exposure between the known 
levels of AOZ residues in prawns for mean and high consumers of prawns and the 
level of the parent compound furazolidone shown to cause tumours in animal studies. 
FSANZ noted that there was an approximate 4  millionfold difference between the 
dietary exposures for high consumers of prawns as compared with the dose shown 
to cause tumours in animal studies. At mean exposure level, the margin between the 
dietary exposure and the dose causing tumours in animals was 12  million. FSANZ 
concluded that, even with a worst-case scenario, the public health and safety risk from 
nitrofuran residues in prawns was very low.



Data in Table 41 show that rapid alerts for chloramphenicol in the European Union 
(Member Organization) dropped sharply after 2002. This could be because many 
fish-exporting countries took measures to control the use of banned antimicrobials 
in aquaculture and instituted residue control programmes and monitoring of residues 
in aquaculture products as required by regulations of the European Union (Member 
Organization). However, the problem with nitrofurans seems to have continued or 
even to have increased (Table  41). Examination of the data presented in Table  44 
suggests that alerts related to the metabolite AOZ, which were highest in 2002, have 
been declining, while alerts due to SEM have been increasing. Studies conducted in 
Belgium and the United Kingdom of Great Britain and Northern Ireland revealed 
that SEM can occur naturally in the shell of crustaceans (Van Poucke et al., 2010) and 
that the high detection in 2009 could have been due to testing whole animals including 
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shells. Following these studies, the methodology of testing was changed in the testing 
laboratories and the SEM alerts came down sharply in 2010 (Table 44). 



Table 44
Trends in the detection of nitrofuran metabolites in the european union (Member 
organization) in recent years as compared with 2002



nitrofuran 
metabolite1



number of cases



2002 2007 2008 2009 2010



aOZ 50 21 18 11 2



aMOZ 0 1 0 0 0



aHd 0 0 0 0 0



seM 0 12 32 76 8



unspecified 13 0 2 1 1



1 Metabolites: aZO = 3-amino-oxazolidinone; aMOZ = 3-amino-5-morpholinomethyl-1,3-oxazolidin;  
aHd = 1-aminohydantoin; seM = semicarbazide.



Malachite green: Malachite green was evaluated by the Seventeenth Report of 
JECFA (WHO, 2009). The committee noted that although the available short- and 
long-term studies point to a NOAEL on the order of 10 mg/kg body weight per day, 
the study on teratogenicity in rabbits, albeit of low quality, raises concern regarding 
the potential developmental toxicity of malachite green. It further noted that, as 
a NOAEL could not be identified, additional studies would be needed to address 
properly the potential reproductive and developmental hazards of malachite green. 
Scientific studies indicate that, following ingestion, malachite green is expected to be 
reduced extensively to leucomalachite green (LMG), primarily by the gastrointestinal 
microflora, before absorption, and it cannot be ruled out that LMG, the major 
metabolite of malachite green, induces hepatocellular adenomas and carcinomas 
in female mice via a mutagenic mode of action. Based on these considerations, the 
committee considered it inappropriate to establish an ADI for malachite green and did 
not support the use of malachite green in food-producing animals. 



3.3.1.2 Risk management strategy for residues of antimicrobials
The current risk management strategy for antimicrobial residues in aquaculture 
products is based on the precautionary principle, and there are no epidemiological 
records of illnesses in fish consumers due to residues. The FAO/OIE/WHO 
consultation on scientific issues related to non-human usage of antimicrobials held in 
Geneva, in December 2003, concluded that residues of antimicrobials in foods, under 
present regulatory regimes, represent a significantly less important human health risk 
than the risk related to antimicrobial-resistant bacteria in food. 



3.3.1.3 Risks associated with selection and spread of antimicrobial resistance
Resistance of bacteria to antimicrobial agents is a complex issue. Some bacteria have 
intrinsic resistance to certain antibiotics, e.g. most Gram-negative bacteria have 
intrinsic resistance against penicillin G, all strains of this species being resistant to this 
antibiotic. This is because of the double membrane structure of the cell wall in these 
bacteria. There are also situations where bacteria that are normally susceptible to an 
antimicrobial agent are not adversely affected. For example, microbial cells in biofilms 
show resistance compared with planktonic cells owing to protection provided by the 
extracellular matrix composed of polysaccharides or proteins.



Initially susceptible populations of bacteria may become resistant by mutation or 
by acquiring from other bacteria genetic elements that encode resistance, and the latter 
might occur through one of the modes of gene transfer, viz. transformation, conjugation 
or transduction. There are a number of mechanisms by which bacteria may resist an 
antimicrobial agent including enzymatic degradation (β-lactamases, chloramphenicol 
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acetyl transferase), alteration of specific drug receptors (e.g. ribosomal proteins, 
gyrase A or gyrase B proteins), change in membrane permeability (e.g. alterations in 
porins), increased pumping out of drugs (e.g. efflux pumps), or changes in metabolic 
pathway (e.g. bypassing folic acid synthesis). 



Recent molecular biological studies provide insights into the evolution and ecology 
of antibiotic resistance genes. Tetracycline resistance is mediated by ribosomal 
protection protein (RPP) in Gram-positive and Gram-negative bacteria. Two recent 
publications (Kobayashi et al., 2007; Aminov and Machie, 2007) provide evidence to 
show that at least some antibiotic resistance genes have a long evolutionary history of 
diversification that began well before the antibiotic era. Kobayashi et al. (2007) note 
that RPPs were derived through duplication and divergence of GTPase, before the 
divergence of the three superkingdoms: Bacteria, Archaea and Eukarya. This suggests 
that the extant function of RPPs occurred even before evolution of Streptomyces that 
produce tetracyclines. They suggest that RPPs evolved independently of tetracyclines 
and that they possibly serve a function other than antibiotic resistance. β-lactamases 
are enzymes involved in resistance to the penicillin group of antibiotics. Fevre et al. 
(2005) provided evidence to show that β-lactamase genes in Klebsiella oxytoca had been 
evolving for more than 100 million years in this host, without concomitant evolution 
of an antimicrobial resistance phenotype. In addition to being involved in hydrolysis of 
the β-lactam ring, metallo-β-lactamases are involved in various basic cellular processes 
such as hydrolysis, DNA repair, RNA processing, and these enzymes can be found 
in all three domains of life, i.e. Bacteria, Archaea and Eukarya (Garau, Di Guilmi and 
Hall, 2005). The ancient evolution of antibiotic resistance genes is further supported 
by observation of antibiotic resistance in bacteria trapped in deep Greenland glacier ice 
cores at least 120 000 years ago (Miteva, Sheridan and Brenchley, 2004).



Although antibiotic resistance genes may emerge as a process of natural genetic 
changes occurring in bacteria, the presence of antibiotics would exert selective 
pressure favouring resistant bacteria and their spread. Multiple antibiotic resistance 
in bacteria causing human infections is a great public health concern. The widespread 
use of antibiotics in different sectors such as animal husbandry, agriculture and 
human medicine has contributed to the selection and spread of antibiotic-resistant 
bacteria in the environment. Antibiotic resistance genes can spread among unrelated 
bacteria without any phylogenetic, ecological or geographical barriers. The Joint  
FAO/OIE/WHO Expert Consultation on Antimicrobial Use in Aquaculture and 
Antimicrobial Resistance held in 2006 identified two types of hazard in respect of 
antimicrobial resistance:



•	 Development of acquired resistance in bacteria in aquatic environments that 
can infect humans. This can be regarded as a direct spread of resistance from 
aquatic environments to humans.



•	 Development of acquired resistance in bacteria in aquatic environments 
whereby such resistant bacteria can act as a reservoir of resistance genes from 
which the genes can be further disseminated and ultimately end up in human 
pathogens. This can be viewed as an indirect spread of resistance from aquatic 
environments to humans caused by horizontal gene transfer. 



The consequences of antimicrobial resistance in bacteria causing human infections 
could include increased severity of infection and increased frequency of treatment 
failures (FAO/OIE/WHO, 2006). However, there are no recorded cases of human 
infections caused by antibiotic-resistant bacteria from aquaculture products. 



There are few human pathogenic bacteria that are commonly found in the 
aquatic environment (e.g. Vibrio parahaemolyticus, V. vulnificus, V.  cholerae, motile 
Aeromonas spp., and Edwardsiella tarda). Antibiotic resistance that cannot be linked 
to the use of antimicrobials in aquaculture may be found in these aquatic bacteria. 
Baker-Austin et al. (2008) found antibiotic resistance in V. parahaemolyticus isolated 
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from water and sediment along the coasts of Georgia and South Carolina, the United 
States of America, and resistance frequency was slightly reduced among virulent strains 
compared with non-virulent strains. Baker-Austin et al. (2009) examined antibiotic 
resistance in V. vulnifucus from different sites and found no difference in antibiotic 
resistance frequency in isolates from pristine and anthropologically impacted areas. 
They suggested that the resistance traits were naturally derived rather than from 
human-derived sources. A recent FAO/WHO risk assessment has shown that the risk 
of transmission of cholera through warmwater shrimp in international trade is very 
low (FAO/WHO, 2005b). Motile Aeromonas spp. and non-O1 V. cholerae are rarely 
involved in gastrointestinal infections that are mostly self-limiting, and such infections 
do not require antibiotic therapy. 



The indirect spread of antibiotic resistance from aquatic bacteria and human 
pathogens has been considered a possible hazard. A number of investigators have 
reported increased prevalence of bacteria carrying antibiotic resistance genes in  
fish/shrimp ponds and in water and sediments surrounding aquaculture sites in Japan 
(Kim, Nonaka and Suzuki, 2004), Europe (Kerry et al., 1996; Schmidt et al., 2000), the 
United States of America (Herwig, Gray and Weston, 1997), South America (Miranda 
and Zemelman, 2002), China (Dang et al., 2009) and Southeast Asia (Karunasagar, 
Venugopal and Karunasagar, 1984; Le, Munekage and Kato, 2005). Although 
experimental transfer of antibiotic resistance from bacteria from fish-pathogenic 
bacteria to human-gut-associated E.  coli has been demonstrated (Kruse and Sorum, 
1994), a link between antibiotic resistance in aquatic bacteria and human pathogens 
in nature is yet to be clearly established. Often, similarity in genetic elements is taken 
as evidence of transfer, but one cannot be sure in which direction the gene flow has 
occurred, considering that hospital effluents also discharge antibiotic-resistant bacteria 
to the aquatic environment. Some authors (e.g. Cabello, 2006) have tried to link the 
antibiotic resistance seen in V.  cholerae involved in the cholera outbreak in Latin 
America in 1991 with bacteria present in shrimp farms in Ecuador. However, Smith 
(2007) presented evidence that resistance plasmids found in these bacteria were earlier 
reported from pandemic V. cholerae strains in other countries and concluded that no 
link to the pool of resistance genes in the aquaculture environment could be established. 
Conclusions based on similarity of genetic determinants found in aquatic bacteria and 
human pathogens need to be evaluated carefully owing to the fact that the aquatic 
environment receives effluents from various sectors of antimicrobial use, e.g. human 
medicine (hospital effluents), agricultural use, animal husbandry and aquaculture 
(fish-farm effluents). Thus, the water source used in aquaculture may be contaminated 
with antibiotic residues or antibiotic-resistant bacteria derived from different sectors 
(Figure 22). FAO (2008a) noted that a risk analysis of the release of human and animal 
effluents into aquatic environments serving as water sources for aquaculture needs to 
be performed, particularly with respect to the antimicrobials identified as critically 
important by WHO and OIE. Such a risk analysis would determine the appropriate 
management options through which improved effluent management measures should 
be implemented (e.g. measures dealing with hospital effluents). Thus, the issue of 
antimicrobial resistance cannot be addressed for one sector (e.g. aquaculture) alone, but 
requires a comprehensive approach involving all sectors of antimicrobial usage.
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3.3.2 industrial (organic) contaminants (Horst Karl and Jörg 
Oehlenschläger)
Industrial contaminants in the aquatic environment and biota include a wide range of 
compounds that have entered the sea mainly by anthropogenic activities.
Most of these compounds are organic chemicals produced for a variety of different 
applications. The majority of these substances were considered useful products before 
their negative impact on the environment and biota was noticed.



The range of products that later turned out to be hazardous to humans and to the 
biota includes herbicides and pesticides for agriculture, such as toxaphene, chlordane 
or 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (DDT). Between 1950 and 1963, 
DDT was the most important pesticide for malaria vector control caused by Anopheles 
mosquitoes, and it is still applied effectively in some areas of the world for this purpose. 
In 2001, DDT was included in Annex B of the Stockholm Convention on Persistent 
Organic Pollutants with the aim that the production and use of DDT should be 
eliminated worldwide, except for restricted and controlled use as disease control vector 
where alternatives were not available.



Compounds such as polychlorinated biphenyls (PCBs) and polybrominated 
diphenyl ethers (PBDEs) have been used in large quantities as additives and fire 
retardants in a range of consumer and commercial products, including plastics, 
electronics, textiles, car seats, polyurethane foams, and fire extinguishers.



Furthermore, breakdown products such as dichlorodiphenyldichloroethane and 
dichlorodiphenyldichloroethylene from DDT or by-products generated during 
production, such as hexachlorocyclohexane from lindane production, have found their 
way into the aquatic system. 



Some other compounds such as dioxins that have never been produced for any 
industrial purpose are formed as unwanted by-products from certain industrial 
processes (e.g. metallurgical industry) and combustion processes such as waste 
incineration. Dioxins can also be formed during natural processes such as forest fires 
or volcanic eruptions.



The list of industrial contaminants has to be extended by industrially produced 
household chemicals (e.g. musk fragrances, and nonylphenol) or, most recently, by 



FIgure 22
Pathways for spread of antimicrobial residues and resistant bacteria in the aquatic environment
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the class of perfluorinated alkylated substances, which have found a widespread use as 
protective coatings for carpets, papers and fabrics.



Organic chemicals can have a direct toxic effect on fish or negatively influence their 
reproduction ability. Other compounds, especially the group of persistent organic 
pollutants (POPs), accumulate in fish tissue and result in human exposure to these 
compounds when fish is used as a foodstuff.



3.3.2.1 Entry of industrial contaminants into the aquatic system
The input of industrial contaminants into the aquatic system occurs via the atmosphere, 
rivers, by direct dumping, from leakages of drilling rigs, from ships and from draining 
of contaminated areas (Figure 23).



Organic contaminants enter the marine environment via direct input from ships 
and drilling rigs, by dumping of sludge from sewage plants, by draining into the 
sea of chemical used in agriculture, via rivers from large urban populations and via 
atmospheric input from emissions through thermal processes.



Long-range transport via the atmosphere results in a global distribution of organic 
contaminants. The global distribution of chemicals depends on various factors such as 
mobility and persistence of the substance, area of release and environmental conditions 
including temperature, light and precipitation.



Generally, most of the worldwide industrial production facilities are established in 
the Northern Hemisphere, resulting in a higher emission of industrial contaminants 
in this part of the world compared with the Southern Hemisphere. Several studies 
have shown that the higher releasing rate of organic contaminants leads to higher 
concentrations in fishes of the Northern Hemisphere. Within the Northern Hemisphere, 
emitted chemicals are often transported via the atmosphere from the industrial belt to 
the polar region, where they condense in the cold climate and finally reach the fish, 
birds and mammals of remote and clean areas such as the Barents Sea or waters around 
Greenland. The same situation also occurs in the Southern Hemisphere and explains 
the regular detection of organic contaminants in Antarctic fishes and mammals.  
Long-range atmospheric transport together with their persistence is responsible for the 
ubiquitous occurrence of organic contaminants such as PCBs, dioxins and PBDEs in 
waters, sediments and biota. 



FIgure 23
Ways contaminants enter the aquatic system
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FIgure 24
accumulation of marker PCbs in pooled cod samples and cod livers 



in relation to the size of the fish



Figure 24 demonstrates the age/size-dependent increase in PCBs in the fat tissue of 
cod muscle and cod liver. As a result of bioaccumulation, the concentrations in the liver 
are 3–4 times higher than in the fat phase of the fillets. Generally, older fish are larger 
and will eat larger prey species, which results in an accumulation of higher amounts of 
contaminants over a longer period of their life span. The liver acts as a detoxification 
organ and can be considered as an organ accumulating lipophilic contaminants.



The presence of chemical contaminants in seafood is also highly influenced by 
geographic locations (fishing grounds). Fish from rivers, lakes or coastal ocean areas 
with a high input of wastewater and/or effluents from industrial processes are often 
more contaminated than fish from the open oceans and may exceed legal maximum 
limits set for certain pollutants. 



For seafood from aquaculture, a correlation exists between contaminant level of the 
feed and concentrations found in the edible part. While it is not possible to control the 
diet of wild fish, contaminant concentrations in farmed fish can be influenced by the 
composition of the feed.



3.3.2.2 Uptake by fish
The uptake of contaminants by fish occurs via diet and from the water via gills and 
skin. In farmed fish, whose lifespan is short compared with wild-living fish, the uptake 
occurs mainly via feed.



Most of the organic contaminants detected in fish are lipophilic and stored in the 
fat tissue of muscle (in fatty-fish species) and liver (in lean-fish species). Inorganic 
contaminants are mainly stored in the intestines, liver and kidneys but are also found in 
the muscle often bound to proteins. Bottom-dwelling fish species and bottom feeders 
are more exposed to contaminated sediments than are pelagic fish species. However, 
levels of contaminants in bottom-dwelling fish are not always higher than those in 
pelagic fish. The concentrations depend on the size or age, on the fishing ground and 
on physiological characteristics (biological cycle) of the fish. The deposition within the 
fish is of vital interest concerning the possible exposure of the edible part.



Note: * sum PCb = PCb 52 +101 +138 +153 +180.
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An important part of feed for carnivorous species such as trout and salmon is 
fishmeal and fish oil. Fishmeal and fish oil are known to be the major source of  
dioxin-like compounds in fish feed. By modifying the composition of the feed, a 
significant reduction in the uptake of dioxin-like compounds via feed is possible. 



The fat tissue is the main deposit for lipophilic contaminants in fish. The fat content 
varies widely with the biological cycle and the species. All species increase their lipid 
content during the feeding seasons prior to maturation as an energy reservoir for the 
development of gonads.



Fatty species such as salmon, herring and mackerel store the lipids in the edible 
muscle tissue, whereas lean species such as Atlantic cod, Alaska pollock and saithe 
store lipids in the liver. Consequently, the edible part of fatty-fish species contains 
more lipophilic contaminants compared with lean species. Moreover, the contaminant 
level can depend on the time of the year a fish is caught (as a function of the state of 
maturity).



3.3.2.3 Current situation
A modest concentration of industrial contaminants is ubiquitous in the environment 
and the aquatic system but risks from chemical contaminants in commercially harvested 
fish and shellfish are low and not a principal problem, with a few exceptions. Large 
specimens of predator fish such as shark or tuna and swordfish can reach elevated levels 
of some heavy metals (mercury) owing to life-long bioaccumulation via the food chain 
from geogenic sources. This problem is not related to industrial and human activities. 



The levels of organochlorines in most fish intended for human consumption are 
low and probably below levels likely to affect human health adversely. However, 
some coastal areas, lakes and rivers can be polluted, and consumption of substantial 
quantities of oily fish from these areas can be a cause of health concern, especially for 
infants, young children and pregnant women. 



At the request of the European Commission, the Scientific Panel on Contaminants 
in the Food Chain4 evaluated the risks and benefits of human consumption of fish and 
concluded that fish consumption, especially of fatty fishes as a source of LCn3PUFAs, 
benefits the cardiovascular system, foetal development and is suitable for secondary 
prevention in coronary heart disease. It also concluded that fish contributes to the 
dietary exposure to contaminants such as methylmercury, persistent organochlorine 
compounds, brominated flame retardants and organotin compounds, but only 
methylmercury and the dioxin-like compounds are of health significance because  
high-level consumers of certain fish species may exceed the provisional tolerable weekly 
intake (PTWI) established by Scientific Committee of the European Community. In 
its opinion, intakes of the other contaminants are not a health concern as they do not 
contribute significantly to total dietary exposure. 



When discussing human dietary exposure to contaminants via fish, it has to be taken 
into account that considerable differences can exist between PTWI values derived by 
the European Food Safety Authority (EFSA) and the United States Environmental 
Protection Agency (EPA) reference doses. 



3.3.2.4 Dioxins and dioxin-like polychlorinated biphenyls
A recent FAO Fact Sheet5 provides an overview about dioxins in the food chain. 
Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans 
(PCDFs), collectively referred as to dioxins, are unwanted and often unavoidable 
by-products from a number of industrial and thermal processes. They are very 
persistent chemicals that are ubiquitous in the environment, but they are also present 



4  www.efsa.europa.eu/en/efsajournal/pub/2985.htm
5  Available at: www.fao.org/ag/againfo/home/en/news_archive/2009_IN_dioxin.html
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in low concentrations in food. They are lipophilic compounds and accumulate in the 
food chain. 



Dioxin-like polychlorinated biphenyls belong to the group of PCBs that were 
manufactured between the 1930s and the late 1970s for use in electrical equipment 
and other purposes. There are 209 PCB congeners, 12 of which exhibit similar toxic 
properties to those of the toxic dioxins and are, therefore, called “dioxin-like PCBs” 
(dl-PCBs). Of the identified 419  dioxins and dl-PCB compounds, which have a  
dioxin-like chemical structure, only about 29 are considered to have significant toxicity, 
with 2,3,7,8-tetrachloro-dibenzo-p-dioxin (TCDD) being the most toxic. The highest 
levels of these compounds are found in soils, sediments and food, especially in dairy 
products, meat, fish and shellfish. Very low levels are found in plants, water and air.



Dietary intake is the major route of dioxin exposure of humans, contributing more 
than 90  percent of the daily intake of these compounds. The toxicity of PCDDs, 
PCDFs and dl-PCBs is expressed using toxic equivalence factors (TEFs), representing 
the relative toxicity of the congener in relation to the most toxic dioxin congener, 
TCDD with a TEF of 1.0. Today, the most common toxicity factors applied are the 
WHO-TEFs, proposed in 1998. Recently, WHO experts have re-evaluated the toxicity 
of the single dioxin and dl-PCB congeners and slightly modified the TEFs for some 
congeners. 



Multiplying the measured concentration of each congener in a sample by its 
corresponding WHO-TEF, the individual toxicity equivalents (WHO-TEQ) are 
obtained. The sum of all WHO-TEQs gives the total WHO-TEQ value of a sample. 



The available toxicity data allowed WHO to establish a toxicity equivalents value of 
1–4 pg WHO-TEQ per kilogram of body weight. The European Scientific Committee 
for Food fixed a tolerable weekly intake (TWI) of 14 pg WHO-TEQ per kilogram of 
body weight for dioxins and dl-PCBs. 



To reduce human exposure to dioxins and dl-PCBs, maximum levels have been 
set for various foodstuffs and animal feed. The maximum levels are set to 4  pg  
WHO-PCDD/F-TEQ/g wet weight (w.w.) for fish (including eel) and 8 pg/g w.w. for 
the sum of WHO-PCDD/F-TEQ and WHO-PCB-TEQ (WHO-TEQ) for fish and 
12 pg WHO-TEQ/g w.w. for eel, respectively.



Results from a large number of surveys have shown that the actual contaminant 
levels of most fish and fishery products are below these limits. 



Total WHO-TEQ concentrations (PCDD/F+dl-PCB) of lean-fish species such as 
Atlantic cod, Alaska pollock or haddock are typically below 0.5 pg/g w.w. Fish with 
a moderate fat content (< 5 percent) such as hake, plaice or sea bream range between 
0.5  and 2  pg/g w.w., and levels in fish with a higher fat content such as mackerel, 
herring or farmed salmon vary between 1 and 3 pg/g w.w. High concentrations have 
been reported in eels from rivers with industrial activities and in old fatty-fish from 
the eastern Baltic Sea. On the other hand, very low concentrations have been found in 
farmed shrimps from Asia and wild Pacific salmon species from Northern America.



3.3.2.5 “New” contaminants
Brominated flame retardants: Brominated flame retardants (BFRs) have been widely 
added to a variety of commercial and household products (plastics, polyurethane 
foam, textiles and electronic items) in order to improve their fire resistance and they 
are now appearing as contaminants in food (De Boer, 2008). The BFRs can be divided 
into three major types depending on their use: tetrabromobisphenol A (TBBP-A), 
hexabromocyclododecane (HBCD) and polybrominated diphenyl ethers (PBDEs). 
The total world market demand for BFRs was more than 200 000 tonnes in 2001. Both 
HBCD and PBDEs have shown potential for biomagnification in fish via the food 
chain owing to their lipophilicity and persistence. 
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An increasing trend in PBDEs has been detected in human breast milk, human 
adipose tissue and in fish over the last 20 years, which is in contrast to the observed 
decline of other chlorinated pesticides. 



Dominating congeners are the lower brominated tetra-, penta- and hexa-BDEs. 
Typical concentrations in wild marine fish species range between 10  and 300  ng 
∑PBDEs per gram of fat, but results are difficult to compare, often because different 
single congeners have been measured. 



Farmed salmon contains higher levels of PBDEs compared with wild salmon.
First studies indicate that the HBCD content in fish ranges between < 1 and 200 ng/g 



fat and that the concentrations depend on the fishing ground and on the species. 
However, data on HBCD are still too limited to give an overview on contaminant 
levels in fish. To reduce the impact of PBDEs to the environment, the use of penta- 
and octa-mix PBDE formulations has been recently prohibited in the European Union 
(Member Organization). 



Perfluorinated alkylated substances: Perfluorinated alkylated substances (PFASs) 
have recently been found to be distributed in the environment all over the world. Major 
applications of PFASs include coating of paper and food packaging, and impregnation 
of textiles and carpets and as surfactants in the paint and spray industry. They are 
persistent, have a tendency to bioaccumulate and are of health concern. They are heat 
resistant and water and oil repellent. In the marine biota, primarily perfluorooctane 
sulphonate, long-chain perfluorcarboxlic acids (PFCAs) with carbon atoms between 
7 and 14, but also other fluorinated compounds have been detected. The behaviour of 
this class of chemicals is different to the lipophilic halogenated organic pollutants and, 
therefore, exposure routes are difficult to assess.



Data on concentrations in fish vary considerably owing to analytical uncertainties, 
and additional work is needed to improve the reliability of analytical techniques. 



Several time-trend studies have shown that contaminant levels of most of the 
organic contaminants in fish and fishery products have declined in the last 20 years. 
However, more time is necessary to further reduce the contamination of seafood. 
Measures should be directed to eliminating existing sources, to minimizing releases, 
and to ensuring improved control disposals and prevention of the release of new 
contaminants into the environment. 



3.3.3 environmental inorganic contaminants (Jörg Oehlenschläger and 
Horst Karl)
3.3.3.1 Introduction
Many elements, such as selenium, iodine, fluoride, iron and phosphorous, which are 
present in fish, crustaceans and molluscan shellfish, are essential for humans at low 
concentrations (Reilly, 2004; Oehlenschläger, 2010). However, some of them can be toxic 
at elevated levels. Other elements, such as mercury, cadmium and lead, have no known 
essential biological function and are toxic even at low concentrations when ingested 
over a long period. As a result, many consumers regard any presence of inorganic 
elements in fish as a hazard to health. However, the presence of these elements in the 
aquatic environment predates human evolution. In contrast to the inorganic elements, 
organic contaminants, which are industrially produced anthropogenic xenobiotics, 
have only recently been introduced into the environment by planned human activity. 
The only exception is the dioxins, which are produced as a result of combustion, 
industrial accidents and natural processes. 



The presence and concentration of heavy metals in the environment, more 
specifically in the aquatic environment and in its biota, namely in animals and plants 
that are used as human food, are based on both natural and anthropogenic sources. 
Natural (background) concentrations of these elements are present in the world’s 
oceans and freshwater reservoirs owing to volcanoes, geological anomalies and 
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geothermal events, but considerable anthropogenic pollution started with the period of 
the industrial revolution. Later, acidic rain, as a result of industrial pollution, mobilized 
heavy metals from minerals and contributed more to the overall concentration. 



As mentioned above, fish and other seafood have always contained certain amounts 
of heavy metals as a consequence of living in an aquatic environment. The distribution 
between the natural background concentration of heavy metals and anthropogenic 
heavy metals in fish varies depending on the element, the species and the area of 
capture. In the open seas, which are still almost unaffected by pollution, fish mostly 
carry just the natural burden of heavy metals. In moderate or heavily polluted areas, 
such as those seas that do not have sufficient exchange with the world oceans (e.g. the 
Baltic Sea and the Mediterranean Sea), in estuaries, in rivers, in lakes and especially in 
places with close vicinity to industrial activities, the heavy metal concentrations found 
in seafood exceed the natural concentrations (Celik and Oehlenschläger, 2007).



There is a vast literature on the content of toxic heavy metals in fish, crustaceans, 
molluscs and seaweed (e.g. Alfonso et al., 2007; Besada et al., 2009; Burger et al., 2007; 
Fabris, Turoczy and Stagnitti, 2006; Julshamn et al., 2004; Kaneko and Ralson, 2007; 
Kikuchi et al., 2002; Knowles, Farrington and Kestin, 2003; Llobet et al., 2003; Plessi, 
Bertelli and Monzani, 2001; Rasmussen, Nettleton and Morrissey, 2005; Sidoumou et 
al., 2005; Storelli, Storelli and Marcotrigiano, 2001; Ysart et al., 2000). Some of these 
papers deal with concentrations of heavy metals that are unusually high owing to 
anthropogenic activities and are found in areas where an accumulation is favoured by 
the natural conditions (insufficient water exchange, shallow waters, estuaries, rivers, 
inshore waters, etc). 



Other publications investigate organs and components of the body that accumulate 
and store heavy metals, while the muscle tissue (the fillet), which is generally the only 
part of the fish that is actually eaten by humans, has been of lesser interest because of 
its generally low burden. Only a small amount of information is available about the 
heavy metal content in the edible part of the food fish that are caught in the open ocean 
and commonly consumed by humans but which contain only natural background 
concentrations in their muscles (Oehlenschläger, 2002). A short review of the analytical 
methods in use for toxic elements has recently been published (Capar, Mindak and 
Cheng, 2007). Useful information about the analysis of contaminants in edible aquatic 
resources can also be found in Kiceniuk and Ray (1994), and information about the 
speciation of element traces is provided in Ebdon et al. (2001).



Aluminium, arsenic, tin, cadmium, lead and mercury are addressed in this chapter, 
which also gives information on the current situation. Some recent papers about risk 
assessment and seafood consumption are also be reviewed.



The FDA (2009) has distributed information about a quantitative risk and benefit 
assessment of consumption of commercial fish.



3.3.3.2 Aluminium
Aluminium is present in seafood as a result of its high concentration in nature. Acid 
rain decreases the pH of the soil, increasing the transportation of aluminium in 
subterranean water. Information about the possible toxic effects of aluminium has 
increased in recent years. There is a possible correlation between high aluminium 
concentrations in human tissues and the appearance of certain neurodegenerative 
disorders, such as Alzheimer’s disease. The aluminium content in food, including 
seafood, consumed in Spain (Lopez et al., 2000) and the aluminium content in 
seafood from the North East Atlantic (Ranau, Oehlenschläger and Steinhart, 2001) 
has been investigated. In the Spanish study on aluminium in fish from coastal 
Mediterranean waters, the aluminium concentrations ranged from 1.36  mg/kg to 
6.6 mg/kg w.w.. The mean concentration in fish amounted to 3.3 mg/kg, in crustaceans to  
4.3  mg/kg and in molluscs to 2.8  mg/kg. The study on North Atlantic fish species 
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showed much lower aluminium concentrations. In species caught in the North Sea, the 
range was from 0.05 mg/kg to 0.27 mg/kg; while in species from the North East Atlantic 
Ocean; the range was from 0.03 mg/kg to 0.14 mg/kg. The aluminium concentrations 
in fish from the Barents Sea, Greenland waters and Baltic Sea were in the same range. 
Elevated aluminium concentrations were only detected in cod (0.29 mg/kg), pollock 
(0.28 mg/kg), haddock (0.94 mg/kg) and ling (0.29 mg/kg) caught in coastal Norwegian 
waters in the vicinity of an aluminium smelter. It seems that the aluminium content in 
fish from coastal Mediterranean waters is about 10 times higher than that in fish from 
the North Atlantic. 



3.3.3.3 Arsenic
The environmental origin, occurrence and impact of arsenic on human health have 
been reviewed by Mandal and Suzuki (2002). A critical review of the methods and 
applications for the determination of arsenic species has been presented by Francesconi 
and Kuehnelt (2004). The risk assessment of arsenic in seafood for human beings  
and/or the toxicity of arsenic for humans have been described in review papers  
(De Gieter and Baeyens, 2005; Borak and Hosgood, 2007; Lorenzana et al., 2009). The 
fact that high concentrations of inorganic arsenic can lead to intoxication was described 
by Amster, Tiwary and Schenker (2007), who reported a case of potential arsenic 
toxicity resulting from a herbal kelp supplement. The major proportion of arsenic in 
seafood is in the organic form, e.g. as arsenobetain, arsenocholine or arsenosugars. A 
minor fraction is inorganic arsenic, which is the toxic form of this element. Table 45 
shows total arsenic concentrations and concentrations of inorganic arsenic as well as 
the proportion of inorganic arsenic based on some recently published papers (Baeyens  
et al., 2009; De Gieter et al., 2002; Sloth, Julshamn and Lundbye, 2005; Schoof and 
Yager, 2007; Schoof et al., 1999; Greene and Crecelius, 2006; Peshut, Morrison and 
Brooks, 2008; Fabris, Turoczy and Stagnitti, 2006).



Table 45 shows that the proportion of inorganic arsenic rarely exceeds 1 percent 
of total arsenic concentration, and that the total arsenic concentration in marine 
animals varies considerably among species. Flatfish species have a higher concentration 
of arsenic compared with other finfish species. De Gieter et al. (2002) found that 
the highest total arsenic concentrations in North Sea fish were found in lemon 
sole, dogfish, ray and witch, with average total arsenic concentrations exceeding  
20  mg/kg w.w. These species also contained the highest amount of toxic inorganic 
arsenic (> 0.1 mg/kg w.w.). More than 2 percent of inorganic arsenic has been found in 
sea bass, ling, John Dory, pouting, dab and brill.



Sloth, Julshamn and Lundbye et al. (2005) demonstrated that, in feed used for 
aquaculture total, an average arsenic concentration of 6  mg/kg on a product weight 
basis was found. The feeds contained an average of 40  µg/kg inorganic arsenic, 
which amounted to 0.5 percent of total arsenic. The authors recommend that further 
legislation should be based on the toxic inorganic arsenic content rather than on total 
arsenic concentration. 



Inorganic arsenic in concentrations of up to 69.5 mg/kg dry weight (Besada et al., 
2009) have been found in the edible seaweed Hizikia fusiforme (commercial name 
Hiziki), making it the marine food item with the highest concentration of inorganic 
arsenic. In 2004, the United Kingdom Food Standards Agency advised consumers not 
to eat Hizikia fusiforme because of its high level of inorganic arsenic (Anon, 2004).
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3.3.3.4 Tin
In the last four decades, the extensive use of organometallic tributyltin compounds 
in antifouling paints for ships, slime control in paper mills, disinfection of circulating 
industrial cooling water and the preservation of wood has created a global pollution 
problem. Organotins for agricultural, industrial and biomedical applications are 
produced at an estimated rate of approximately 60  000  tonnes per year. It is now 
well established that at very low concentrations tributyltin causes reproductive and 
developmental effects on a wide diversity of aquatic organisms, especially on molluscs. 
The United States EPA has set the saltwater chronic criterion for tributyltin at a value as 
low as 1 ng/litre (US EPA, 2002). The widespread application of organotin compounds 
has increased the possibility of their intake by human beings even in regions where this 
was not expected (Sheikh et al., 2007). Triorganotin compounds are the most toxic and 
affect a variety of biochemical and physiological systems. Trialkyltin and triphenyltin 
compounds interfere with haem metabolism as well as the cardiovascular system, 
cause a fall in blood pressure, alter blood composition and result in a decrease in 
organ–heart ratios in rats and mice (Guerin et al., 2007; Nath, 2008; Antizar-Ladislao, 
2008). Table 46 gives a short overview of organotin concentrations in aquatic animals 
in different parts of the world (Guerin et al., 2007; Barroso, Mendo and Moreira, 2004; 
Keithly, Cardwell and Henderson, 1999).



Guerin et al. (2007) found that marine fish contained an average of 1.6  µg of 
tributyltin per kilogram (range: 0–11  µg), bivalves and molluscs 3.1  µg (0.6–6.7  µg), 
cephalopods 4.5 µg (0.7–10 µg) and crustaceans 3.0 µg (0–10 µg), respectively. 



Table 45
Total arsenic, inorganic arsenic and proportion of inorganic arsenic in marine species 



location species Total as range or mean      inorganic as range or mean
(mg/kg wet weight)



inorganic as (%), 
range or mean



american samoa Panulirus sp. 19.8–97.4 0.009–0.03 0.02–0.2



american samoa Mugilidae sp. 0.32–0.94 0.09–0.18 10–37



Mid-atlantic region, 
united states of 
america



Paralicthys dentatus 0.95–3.33 0.0005–0.03



Mid-atlantic region, 
united states of 
america



Micropogonias 
undulates



0.48–0.80 0.0006–0.03



Mid-atlantic region, 
united states of 
america



Morone saxatilis 0.36–2.19 0.002–0.03



north sea Squalus acanthias 40.7 0.24 0.59



north sea Conger conger 2.37 0.028 1.18



north sea Gadus morhua 5.1 0.068 1.33



north sea Lophius piscatorius 8.5 0.079 0.93



north sea Limanda limanda 10.2 0.19 1.86



north sea Pleuronectes platessa 13.8 0.18 1.3



north sea Microstomus kitt 39.7 0.23 0.58



north sea Solea solea 14.5 0.23 1.45



north sea Cancer pagurus 38.7 0.29 0.75



australia abalone 7.7 0.01–0.06 0.3–0.9



australia snapper 4.7 0.01–0.03 0.2–0.3



australia lobster 50.7 0.01–0.1 < 0.1–0.2











131Characterization of hazards in seafoods



Table 46
organotin and tributyltin concentrations in marine species from different parts of the world



species or group region Σ organotin compounds 
(µg/kg wet weight)



TbT
(µg/kg wet weight)



Cod France 3.4 0.7



Hake France 4.5 1.2



Mackerel France 8.8 2.4



sardine France 6.4 1.5



Halibut France 23.2 10.5



sea bass France 11.0 4.3



swordfish France 19.2 7.7



Tuna France 7.3 1.9



Mytilus galloprovincialis Portugal 11–789 (dry weight)



Mytilus galloprovincialis republic of Korea 115



Scomber japonicus republic of Korea 12



Loligo vulgaris France 655



Thunnus thynnus France 56



Crassostrea gigas united states of america 72



Loligo chinensis singapore 12



Clupea harengus sweden 36



Scomber australasicus australia 13



Mytilus edulis Canada 5.6



Clupea harengus united Kingdom 11



Pleuronectes platessa united Kingdom 1.9



3.3.3.5 Cadmium 
Cadmium is one of the most toxic heavy metals for human beings. It is widely 
distributed in the aquatic environment, and bioaccumulation of cadmium up the 
food chain by some aquatic organisms is widely recognized. Cadmium content in the 
edible part of fish is generally very low, while fish deposit cadmium in organs such 
as the kidney and liver. These organs can be heavily contaminated and should not be 
consumed. 



The situation in invertebrates, such as molluscs and crustaceans, is different. 
Molluscs, especially cephalopods, are active cadmium accumulators. Cephalopods 
can store huge amounts of cadmium in their intestines while the muscle is still low in 
cadmium (Storelli, Barone and Marcotrigiano, 2005; and Table 47). To prevent ingestion 
of cadmium-contaminated seafood, cephalopods have to be gutted immediately after 
catch or harvest. Mussels show a similar affect, however, on a low level. For this 
reason, they also have to be checked regularly for their cadmium content. Cadmium 
concentrations for different marine species are given in Table 47. Table 47 shows that 
the cadmium concentration in the edible part of fish species (fillet) is low, but molluscs 
have a high potential to accumulate cadmium, especially in their digestive glands.



Llobet et al. (2003) reported an average cadmium concentration in fish and shellfish 
from Catalonia, Spain, of 0.037 mg/kg w.w. in a study about heavy metal intake by 
children, adolescents, adults and seniors. Storelli, Storelli and Marcotrigiano (2001) 
analysed cadmium in three species of algae from the Apulian coast (Italy) and found 
concentrations ranging between 0.20 and 0.72 mg/kg on a dry weight basis. Recently, 
Storelli (2008) noted that the cadmium level in edible marine species from the Adriatic 
Sea was highest in cephalopods (0.18–0.59  mg/kg dry weight), followed by the 
concentration in crustaceans (0.02–0.04  mg/kg w.w.) and in fish (0.01–0.05  mg/kg 
w.w.). A comparison of the cadmium concentrations in fish from different parts in 
the world is presented by Castro-Gonzalez and Mendez-Armenta (2008). The 1997 
UK Total Diet Study (Ysart et al., 2000) mentioned an average cadmium content of 
0.013 mg/kg fresh weight for fish. 
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Table 47
Cadmium concentrations as measured in different marine species 



species location Cadmium
edible part



Cadmium 
hepatopancreas reference



(mg/kg wet weight)



Illex coindeti Mediterranean sea 0.13 2.48 storelli, barone & 
Marcotrigiano, 2005



Octopus salutii Mediterranean sea 0.77 9.65 storelli, barone & 
Marcotrigiano, 2005



Eledone cirrhosa Mediterranean sea 0.23 6.05 storelli, barone & 
Marcotrigiano, 2005



Eledone moschata Mediterranean sea 0.20 5.46 storelli, barone & 
Marcotrigiano, 2005



Sepia elegans Mediterranean sea 0.30 4.08 storelli, barone & 
Marcotrigiano, 2005



Sepia orbignyana Mediterranean sea 0.87 18.03 storelli, barone & 
Marcotrigiano, 2005



Gadus morhua northeast atlantic < 0.001 Julshamn et al., 2004



Reinhardtius 
hippoglossoides



northeast atlantic 0.0012 Julshamn et al., 2004



Scomber scombrus northeast atlantic 0.003 Julshamn et al., 2004



Clupea harengus northeast atlantic 0.0025 Julshamn et al., 2004



Sebastes marinus northeast atlantic < 0.001 Julshamn et al., 2004



Pollachius virens northeast atlantic 0.001 Julshamn et al., 2004



Sprattus sprattus northeast atlantic 0.023 Julshamn et al., 2004



Melanogrammus 
aeglefinus



northeast atlantic 0.008 Celik, Cakli & 
Oehlenschläger, 2004



Gadus morhua northeast atlantic 0.008 Celik, Cakli & 
Oehlenschläger, 2004



Pollachius virens northeast atlantic 0.009 Celik, Cakli & 
Oehlenschläger, 2004



Merluccius merluccius northeast atlantic 0.017 Celik, Cakli & 
Oehlenschläger, 2004



Merlangius merlangus northeast atlantic 0.004 Celik, Cakli & 
Oehlenschläger, 2004



Scomber scombrus northeast atlantic 0.023 Celik, Cakli & 
Oehlenschläger, 2004



Trachurus trachurus eastern Mediterranean 
sea



0.027 Celik, Cakli & 
Oehlenschläger, 2004



Sardina pilchardus eastern Mediterranean 
sea



0.020 Celik, Cakli & 
Oehlenschläger, 2004



Engraulis encrasicolus eastern Mediterranean 
sea



0.058 Celik, Cakli & 
Oehlenschläger, 2004



Dicentrarchus labrax eastern Mediterranean 
sea



0.046 Celik, Cakli & 
Oehlenschläger, 2004



Mugil cephalus Western africa 0.11 (dry weight) sidoumou et al., 2005



Argyrosomus regius Western africa 0.005 (dry weight) sidoumou et al., 2005



Pegusa lascaris Western africa 0.273 (dry weight) sidoumou et al., 2005



Pagrus auriga Western africa 0.04 (dry weight) sidoumou et al., 2005



Buccinum undulatum France 1.7 amiard et al., 2008



Chlamys nobilis China 4.2 amiard et al., 2008



abalone australia 0.12 Fabris, Turoczy & 
stagnitti, 2006



snapper australia 0.02 Fabris, Turoczy & 
stagnitti, 2006



lobster australia 0.02 Fabris, Turoczy & 
stagnitti, 2006



black scabbardfish Madeira 0.01 alfonso et al., 2007



black scabbardfish azores 0.03 alfonso et al., 2007



Pacific cod aleutian Chain



alaska



0.009 burger et al. 2007



Celik and Oehlenschläger (2007) showed that, in Turkish supermarkets, fishery 
products from the region exhibited high cadmium contents (0.025  mg/kg w.w. in 
canned anchovy fillets, and 0.18 mg/kg in canned tuna).
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3.3.3.6 Lead
Lead is one of the most ubiquitous metals known to humans, and it is detectable in 
practically all phases of the environment and in all biological systems. Environmental 
levels of lead have increased more than a thousandfold in the past three centuries 
as a result of human activity. The greatest increase occurred between the years 1950 
and 2000 (Castro-Gonzalez and Mendez-Armenta, 2008). The situation with lead in 
fish is similar to that of cadmium. The lead concentration in the edible parts of fish 
is generally low. During the Norwegian monitoring programme in the Barents Sea, 
Norwegian Sea and North Sea, Julshamn et al. (2004) found lead concentration ranging 
from < 0.0005 to 0.01 mg/kg w.w.. Figures in the same range have also been published 
by Celik, Cakli and Oehlenschläger (2004) for Northeast Atlantic fish species  
(0.002–0.015  mg/kg w.w.). In the dietary study for the United Kingdom of Great 
Britain and Northern Ireland (above) an average lead content of fish of 0.02  mg/kg 
was reported. Higher concentrations of lead have been reported from areas with high 
industrial activity and from waters with no or little exchange with the world oceans 
(e.g. Baltic Sea). 



3.3.3.7 Mercury
Mercury is an important pollutant and one of the most studied because it is very 
toxic and accumulates in organisms, particularly in fish. Mercury is released into 
the environment from both natural and anthropogenic sources. It is estimated that 
annual natural emissions from continental sources are approximately 1 000 tonnes. In  
pre-industrial times, input to the oceans is thought to have been about 600  tonnes. 
Today, however, this has increased to approximately 2  000  tonnes owing to the 
re-emission of mercury deposited as a result of human activities.6 Methylmercury rather 
than inorganic mercury is bioconcentrated because it is better retained by organisms 
at various levels in the food chain. The key factor determining the concentration of 
mercury in the biota is the methylmercury concentration in water, which is controlled 
by the relative efficiency of the methylation and demethylation processes. Anoxic 
waters and sediments are an important source of methylmercury, apparently as the 
result of the methylating activity of sulphate-reducing bacteria (Morel, Kreapiel and 
Amyot, 1998). 



Mercury is of great interest to consumers, who are concerned as to whether it can 
cause neurological effects at low dose levels. The effects of organic mercury exposure at 
high levels have been demonstrated in several large-scale poisonings, particularly those 
in Japan and Iraq in the 1950s, 1960s and 1970s (for a review, see Rasmussen, Nettleton 
and Morrissey, 2005). These epidemics showed that organic mercury, in sufficient 
concentrations, is a potent neurotoxin that is especially harmful to the developing 
nervous system. As the most common form of human exposure to organic mercury 
is through seafood consumption, several epidemiological studies have examined the 
relationship between maternal fish intake and health effects in humans, especially in 
the foetus (Myers et al., 2003; Myers, Davidson and Strain, 2007; Hibbeln et al., 2007; 
Oken et al., 2005; Spurgeon, 2006; Mergler et al., 2007; Hightower and Moore, 2003; 
Khaniki et al., 2005; Chen et al., 2008; Choi and Grandjean, 2008; Choi et al., 2008a; 
Levenson and Axelrad, 2006; Hughner, Maher and Childs, 2008; Koren and Bend, 
2010; Oken et al., 2008; Guldner et al., 2007). 



Recreational anglers who consume high amounts of fish are another group that can 
accumulate high amounts of mercury, e.g. in hair and blood (Lincoln et al., 2011).



A protective effect of selenium against mercury toxicity has been demonstrated in 
animal models. As interactions between selenium and mercury and their molar ratios 
in seafood are essential factors in evaluating risks associated with dietary mercury 



6  www.ec.gc.ca/mercure-mercury/default.asp?lang=En&n=A177A336-1
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exposure, it has been argued that mercury content alone is inadequate (Kaneko and 
Ralston, 2007). However, there are also other reports that are less convincing about 
the role of selenium as a potential protective factor against mercury developmental 
neurotoxicity (Choi et al., 2008b). Kaneko and Ralston (2007) found molar  
selenium/mercury ratios of 17.6 in striped marlin, 14.1 in yellowfin tuna, 13.1 in mahi 
mahi, 12.8  in skipjack tuna, 11.4  in spearfish, 10.8  in wahoo, 6.7  in sickle pomfret, 
5.3 in albacore tuna, 5.2 in bigeye tuna, and 4.1 in blue marlin. In all fish investigated, 
the molar selenium/mercury ratio was higher than one, with the exception of mako 
shark, where it was 0.5. Plessi, Bertelli and Monzani (2001) found high molar  
selenium/mercury ratios in 25  marine fish species from saltwater and freshwater, 
ranging from 14.3 in hake to 1.25 in dogfish. In edible portions of 14 shellfish species, 
the molar selenium/mercury ratios were much higher, ranging from 4.2 in spiny spider 
crab to 33.3 in blue mussel. 



Table  48 demonstrates some mercury and organic mercury concentrations in 
the edible parts (muscles) of seafood from different locations in the world based on 
Sahuquillo et al. (2007) (Spain) and Yamashita, Omura and Okazaki (2005) (Japan). 
The table shows that methylmercury is always a high proportion of total mercury, 
ranging up to 80  percent. The table also shows that predatory species show higher 
mercury contents compared with pelagic species and demersal species. 



Bustamante et al. (2006) measured the total and organic mercury concentrations 
in cephalopods from Northeast Atlantic waters. High mercury concentrations were 
found in whole cephalopods ranging from 0.04 mg/kg to 3.56 mg/kg w.w.. The authors 
concluded that mercury is present in cephalopods mainly in the organic form in which 
the metal is likely to be bound to muscle proteins. Because organic mercury is highly 
bioavailable, cephalopods should be considered a significant source of mercury for 
consumers. 



In edible parts (flesh) of the horned octopus (Eledone moschata), Storelli and 
Marcotrigiano (2004) reported a total mercury content of 0.36  mg/kg w.w., and 
Storelli et al. (2006) found total mercury concentrations in the flesh of six cephalopod 
species from the Mediterranean Sea ranging from 0.11 mg/kg w.w. in Loligo vulgaris 
to 0.87 mg/kg in Octopus vulgaris. 



Knowles, Farrington and Kestin (2003) found the highest levels of total mercury 
in swordfish, marlin and shark (1.0–2.2  mg/kg fresh weight) in fish and shellfish 
imported into the United Kingdom of Great Britain and Northern Ireland and in 
farmed fish of the United Kingdom of Great Britain and Northern Ireland. All other 
samples of captured fish and the farmed salmon and trout of the United Kingdom of 
Great Britain and Northern Ireland were found to be below the legal limits in Europe 
(0.5 mg/kg w.w.). Julshamn et al. (2006) demonstrated that low levels of mercury were 
detected in fillets of Greenland halibut from the Barents Sea, with an average content of  
0.15 mg/kg w.w. in 29 specimens and 0.39 mg/kg w.w. in 40 specimens.



The highest mercury concentrations have been reported for red-meat products from 
cetaceans in the Republic of Korea (Endo et al., 2007) and on the Japanese market 
(Endo et al., 2004). The total mercury concentrations in red-meat products in the 
Republic of Korea were highest in the false killer whale (9.66 mg/kg w.w.), bottlenose 
dolphin (10.6 mg/kg w.w.), and killer whale (13.3 mg/kg w.w.). In Japan, the levels of 
total mercury and methylmercury in toothed whale red meat, the most popular whale 
product, were 8.94 mg/kg w.w. and 5.44 mg/kg w.w., respectively. The total mercury 
concentrations in the boiled liver have been found to be high enough (388 mg/kg w.w.) 
to cause acute intoxication even from a single ingestion. 



An in-depth discussion about seafood intake, contaminants and human health can 
be found in the following reviews: Mozaffarian and Rimm, 2006; Mozaffarian, 2009; 
Genius, 2008; Budtz-Jørgensen, Grandjean and Weihe, 2007; Smith and Sahyoun, 2005; 
Marti-Cid et al., 2007.
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Table 48
Mercury and methylmercury concentrations in edible part of some fish species 



location species Total mercury                          Methyl mercury
(mg/kg wet weight)



spain Thunnus thynnus 0.6



spain Scomber scombrus 0.064



spain Xiphias gladius 0.48



spain Solea vulgaris 0.028



spain Mytilus edulis below detection limit



spain Merluccius merluccius 0.14



spain Mora moro 0.2



Japan Beryx splendens 0.78 0.52



atlantic Ocean Thunnus thynnus 0.42 0.29



Pacific Ocean Thunnus thynnus 0.59 0.49



Pacific Ocean Thunnus obesus 0.98 0.69



atlantic Ocean Xiphias gladius 0.47 0.34



Indian Ocean Thunnus maccoyii 0.27 0.19



Japan Trachurus japonicus 0.02 0.02



Mediterranean sea Thunnus alalunga 0.88



In order to reduce the content of mercury in predatory fish such as tuna for the 
market, first experiments have been conducted to look for the possibility of decreasing 
the mercury content in bluefin tuna (Thunnus orientalis) held in aquaculture by 
dietary modification (selecting dietary fish species according to their mercury content)  
(Nakao et al., 2007).



Kraepiel et al. (2003) analysed the sources and variations of mercury content in 
yellowfin tuna off Hawaii. Based on the fact that mercury concentration in this fish 
species has not increased in the last 30 years, they hypothesized that methylmercury is 
formed in the deep seas or in sediments, where mercury concentrations have been little 
affected by human activities. 



Recently, the Zero Mercury Working Group and the Mercury Policy Project, both 
non-governmental organizations (NGOs), have published the report Mercury in fish – 
A global health hazard (Anon., 2009). In this report, some new data on mercury in fish 
(especially predatory fish known as mercury accumulators owing to their long life span 
and the fact that they are at the end of the marine food web) from India, the Philippines 
and Europe are presented. In addition, information is provided about methylmercury 
in marine mammals and the implication for arctic populations. There are also chapters 
about consumer exposure and health risks. The report ends with general and specific 
recommendations for particular countries and populations.



3.3.3.8 Seaweed (algae)
About 15.8  million tonnes of aquatic plants (FAO, 2010b) were cultivated in 2008. 
These aquatic plants are used predominantly in Asian countries, mostly for direct 
consumption and in Western countries for the extraction of agar, carrageenans and 
alginates used as food ingredients. However, in European countries direct consumption 
of algae is steadily growing (e.g. as a part of sushi). 



Algae accumulate heavy metals and have been used as biomonitors for metal 
pollution and to evaluate the quality of the environment. Green algae have a lower 
metal-binding capacity than brown algae. Limits for edible seaweed exist only in 
French legislation: lead <  0.1  mg/kg dry weight, cadmium <  0.5  mg/kg dry weight, 
mercury < 0.1 mg/kg dry weight, and inorganic arsenic < 3 mg/kg dry weight. Results 
of algae samples from the Atlantic and the Pacific Ocean obtained from specialist 
shops throughout Spain (Besada et al., 2009) showed that the cadmium concentration 
of most algae species investigated exceeded 0.5 mg/kg dry weight. Concerning lead, 
several samples had concentrations below the detection limit (< 0.008 mg/kg), and the 
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maximum values found were about 1 mg/kg. Values for mercury were low in all algae 
species (0.001–0.057 mg/kg dry weight). The authors found that metal concentrations 
for the algae from the two production areas (Atlantic and Pacific) analysed in the study 
were very similar and could not be differentiated by multivariate analysis.



3.3.3.9 Bioaccessibility
Amiard et al. (2008) make a statement that for elements that are considered the most 
toxic, e.g. cadmium, bioaccessible concentrations are generally consistently lower 
than total concentrations. Therefore, it may be relevant to take this into account for a 
more accurate assessment of seafood quality in order to meet the needs of both human 
health security and the economic interests of the fishery industry, e.g. shellfish farmers. 
They also note that the way of cooking also influences metal bioaccessibility and, thus, 
recommend that bioaccessibility is considered when estimating the dietary intake of 
metals by human consumers.



The bioaccessibility of mercury and methylmercury in swordfish has been 
determined by Torres-Escribano, Vélez and Montoro (2010). Bioaccessible mercury 
concentrations were 38–83 percent (average 64 percent +/–14 percent) of total mercury.



3.3.4 emerging hazards – allergies (andrea lopata)
3.3.4.1 Allergy and adverse reactions to seafood – an overview
Seafood plays an important role in human nutrition and health. The growing 
international trade in seafood species and products has added to the popularity and 
frequency of consumption of a variety of seafood products across many countries. 
However, increased production and consumption of seafood has resulted in more 
frequent reports of health problems among consumers as well as processors of seafood. 



Adverse reactions to seafood can generate reactions mediated by the immune system 
(allergies) as well as non-immunological reactions (Lehrer, Ayuso and Reese, 2003; 
Lopata and Potter, 2000). These reactions can result from exposure to the seafood itself 
or various non-seafood components in the product. Non-immunological reactions to 
seafood can be triggered by contaminants such as parasites, bacteria, viruses, marine 
toxins and biogenic amines. Biogenic amines are mostly found in “spoiled” fish 
(scombroid poisoning) whereas marine biotoxins, generated by algae, can be detected 
in certain fish (ciguatera toxin) as well as in filter feeders such as mussels. Ingredients 
added during the processing and canning of seafood can also cause adverse reactions 
(see below). Importantly, all these substances can trigger symptoms that are similar 
to true allergic reactions, which are mediated by antibodies produced by the immune 
system against specific allergens (Table 49). 



Because of the similarity in clinical reactions of affected consumers and workers, 
it is of fundamental importance to differentiate adverse reactions from true seafood 
allergies and understand the underlying mechanisms of allergic reactions and molecular 
nature of these allergens. The implicated allergens, epidemiology and prevalence are 
discussed below. 
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Table 49
adverse reactions to seafood produced by various substances



aetiology seafood implicated Clinical symptoms Time of symptom onset



bacterial



Salmonella, Vibrio, 
Aeromonas, Listeria, etc.



Fish, crustaceans, 
molluscs



dermatological



gastrointestinal



neurological



respiratory



From a few minutes 
to several hours



Viral



Hepatitis a, rota-, 
astrovirus, small round 
viruses, etc.



Crustaceans 
Molluscs



Parasites



anisakis



diphyllobothrium, etc.



all fish and cephalopods 
(e.g. squid)



Toxins



scombrotoxin



Ciguatera toxin



algal toxins



scombroid fish



reef fish



all mollusc species



allergens Fish 
Crustaceans 



Molluscs



3.3.4.2 Classification of seafood groups
Patients with an allergy to seafood may fail to identify the offending seafood species, 
often as a result of confusion regarding the diversity of seafood consumed and the 
different common names used to describe seafood. The three most important seafood 
groupings include the arthropods, molluscs and fish. The two invertebrate phyla 
of arthropods and molluscs are generally referred to as “shellfish” in the context of 
seafood consumption (Table 50). Most seafood species are edible, and more exotic ones, 
such as sea cucumber, jellyfish and sea urchins, are consumed in small amounts around 
the world.



Table 50
Classification of seafood groups causing allergies, representative species, common symptoms 
experienced and main allergens implicated



group Class Common name allergens Molecular weight 
(kda)



arthropoda Crustaceans Crab, rock lobster, 
prawn, shrimp, krill, 



barnacle



Tropomyosin 
arginine kinase 



Myosin light chain



34–39 
40 
20



Molluscs gastropods abalone, snail, whelk Tropomyosin 34–39



bivalves Clam, oyster, mussel, 
cockle



Tropomyosin 34–39



Cephalopods squid (cuttlefish), 
octopus



Tropomyosin 34–39



Fish bony fish salmon, hake, tuna, 
herring, sardine, 
mackerel, carp



Parvalbumin 
Collagen 



Vitellogenin 
roe 



anisakis parasite



12  
110–210 



205 
9–154



Cartilaginous fish sharks, rays ? 37–50



Note: allergens indicated with “?” are not well characterized.



Crustaceans are classified as arthropods together with spiders and insects. More than 
30 000 living crustacean species are found worldwide, and a large number of varieties 
are consumed raw or cooked. The Mollusca is a large and diverse group, subdivided 
into the classes bivalves, gastropods and cephalopods (Table  50). It comprises more 
than 100  000  different species, including several economically important seafood 
groups such as mussels, oysters, abalones, snails and squid. 
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The last of the seafood groups are the fish, which can be divided into bony fish and 
cartilaginous fish. Most edible fish belong to the bony fish, whereas sharks and rays are 
cartilaginous and belong to a different order (Table 50). Most studies on fish allergens 
have focused on cod and carp. Although there are more than 20 000 different species 
of fish, consumption depends on regional availability.



3.3.4.3 Disease and epidemiology
Allergic reactions to seafood are generated by otherwise harmless proteins that react 
as allergens in very few individuals. The immune system of sensitized individuals 
produces specific antibodies, which are responsible for the allergic reaction. Symptoms 
range from mild urticaria and oral allergy syndrome to life-threatening anaphylactic 
reactions (Lopata and Potter, 2000; Sicherer, Munoz-Furlong and Sampson, 2004; Wild 
and Lehrer, 2005). The pattern of allergic symptoms after ingestion of seafood appears 
similar to the symptoms experienced with other foods. Reactions are immediate, 
reported mostly within 2  h; however, late-phase reactions have been reported up 
to 8  h after ingestion, particularly in relation to snow crab, cuttlefish, limpet and 
abalone (Lopata, Zinn and Potter, 1997; Villacis et al., 2006). Patients may have a 
single symptom but there is often a multiorgan involvement. Importantly, respiratory  
and/or anaphylactic reactions are often seen after ingestion of allergenic seafood. The 
“oral allergy syndrome” seems to be very often experienced by crustacean-allergic 
subjects. Symptoms occur within minutes of ingestion of crustaceans and include 
itching and angiodema of the lips, mouth and pharynx. Shrimp has also been implicated 
in food-dependent exercise-induced anaphylaxis. It seems that atopic individuals are at 
greater risk of developing anaphylactic reactions.



The appearance of allergic symptoms results not only from ingestion of seafood but 
can also be triggered by inhaling cooking vapours and handling seafood in the domestic 
as well as in the working environment (see below) (Goetz and Whisman, 2000; Jeebhay 
et al., 2001; Taylor et al., 2000). Symptoms manifest mainly as upper- and lower-airway 
respiratory symptoms and dermatitis, while anaphylaxis is rarely seen with this type 
of exposure. 



Importantly, there are a number of individuals who have reacted to seafood and wish 
to continue to eat seafood. Therefore, it is crucial to establish that any adverse reaction 
was indeed IgE-mediated (allergic) and correctly identify the specific seafood species 
implicated. While a detailed history is essential, the identification of the implicated 
seafood species, using specific diagnostic procedures, is of importance, particularly if 
the seafood product is not properly identified. Sensitized individuals need to be advised 
about the potential dangerous consequences of continued exposure.



Diagnostic methods of establishing a true seafood allergy include skin-prick testing 
and the quantification of specific IgE antibodies using assays such as the ImmunoCAP 
or allergen-microarray. However, positive test results do not necessarily confirm 
clinical sensitivity, nor do negative results exclude possible clinical reactivity. Moreover, 
possible cross-reactivity between tropomyosin from crustaceans and molluscs with 
tropomyosin from insects and mites may be important for some individuals. 



Several studies have attempted to establish how much seafood is needed to trigger 
an allergic reaction by challenging the individuals with the offending food. So-called 
double-blind controlled food challenges (DBPCFCs) have indicated that as little as 
32  mg of shrimp-protein extract, about four medium-sized shrimps, caused allergic 
reactions. 
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3.3.4.4 Prevalence
The prevalence of seafood allergy is usually higher when seafood consumption plays 
a greater part in the diet of the observed community. It is generally considered that 
crustaceans and fish are among the four foods that most commonly cause severe food 
anaphylaxis. It is estimated that about 30  000  food-induced anaphylactic events are 
seen annually in the United States of America alone, of which about 200  are fatal. 
A recent study established that seafood allergies are a significant health concern  – 
affecting approximately 6.5 million people in the United States of America (more than 
twice as common as peanut allergy). From a telephone survey of 14 948 individuals, 
2  percent reported a shellfish allergy that was almost five times more common 
among adults compared with children (Sicherer, Munoz-Furlong and Sampson, 2004) 
(Table  51). Of the subjects with allergies to crustaceans and molluscs, 38  percent 
and 49  percent, respectively, reported reactions to multiple species, and 14  percent 
reacted to both shellfish groups, suggesting less cross-reactivity between crustaceans 
and molluscs. In a study conducted in France among 580  patients with adverse 
reactions to food, 34 percent demonstrated specific IgE to crab. A study from Spain 
among 355 children established that 6.8 percent of patients reacted to crustaceans by  
skin-prick testing. A study from South Africa on 105  individuals with perceived 
adverse reactions to seafood confirmed sensitization to prawns and rock lobster in 
47 percent and 44 percent, respectively. Of the 131 positive reactions by ImmunoCAP, 
50 percent reacted to four different crustacean species. 



Seafood allergy is common in Western countries such as the United States of 
America, Europe and Australia. However, also in Asian countries, allergic reactions 
to seafood, particularly shellfish, are significant among children and adults (Table 51) 
(Hill et al., 1997). Moreover, more seafood is readily available to a wider range of 
populations and countries owing to improved transportation, shipping and the general 
globalization of food supply, as well as increasing socio-economic standards in regions 
such as Southern Europe. The likelihood of becoming sensitized to a particular food 
allergen seems to correlate with geographical eating habits, so a seafood allergy to a 
particular seafood species is more prevalent in countries where this seafood is part of 
the stable diet.



Table 51
Prevalence of sensitization to shellfish in various countries among individuals (adults and 
children) with food allergy



Country number of individuals 
investigated



Prevalence (%)



shellfish fish



Thailand 202 22 nd



Philippines 38 58 63



singapore 334 15 nd



singapore 227 39 nd



Taiwan Province of China 392 21 nd



Indonesia 600 24 18



China, Hong Kong sar 80 nd 17.5



Japan 97 nd 9.3



France 580 34 nd



spain 355 6.8 17.8



south africa 105 55 20



australia* 620 nd 0.07



united states of america* 14 948 2 0.4



Notes: a survey among the general population is indicated by an asterisk. sensitization established by skin-prick-
testing and/or quantification of specific Ige antibody to shellfish and fish. nd = not determined.
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3.3.4.5 Allergens in seafood
Fish: The most comprehensive study on a seafood allergen was the analysis of the 
allergen from codfish, Gad  c  1 (originally named “Allergen M”), conducted in the 
early 1970s (Elsayed and Bennich, 1975).. Gad c 1 belongs to a group of muscle tissue 
proteins known as parvalbumins (Table 50). These control the flow of Ca2+ in and out 
of cells and are only found in the muscles of amphibians and fish (Van Do et al., 2005). 
The molecular weight of this protein can vary between 10  and 13  kDa in different 
fish species and is divided into two distinct phylogenetic lineages. These include the 
α-isoform with an isoelectric point above pH 5 and a β-isoform with an isoelectric point 
below pH 5. The majority of allergenic parvalbumin sequences that have been deduced 
belong to the β lineage. This phenomenon is attributed to conserved structural features 
and amino-acid similarities of parvalbumin among fish species. The 12 kDa allergen 
from cod shares about 60–80  percent amino-acid homology with similar proteins 
from hake, carp, pike and whiting, and may explain some of the cross-reactivity in  
fish-allergic patients. While parvalbumin is the main allergen identified in most studies, 
it displays variable IgE cross-reactivity, reflected in differential clinical reactivity, 
where some patients can consume one but not the other fish species.



However, additional allergens have been identified, such as collagen (from the skin 
and tissue), as well as the hormone vitellogenin, found particularly in fish roe (caviar) 
(Table 50). 



In addition to these allergens derived from the fish themselves, contaminants such 
as the parasite Anisakis can cause allergic reactions (Audicana and Kennedy, 2008). 
The eight allergens characterized are tropomyosin, cross-reacting to shellfish allergens, 
as well as paramyosin and protease inhibitors. A recent study has demonstrated that 
these parasites can also cause allergic sensitization among fish processing workers 
(Nieuwenhuizen et al., 2006).



Shellfish: The major allergens responsible for ingestion-related allergic reactions 
due to crustaceans are tropomyosins, while molluscs seem to contain, in addition to 
tropomyosin, other less well-characterized allergens (Table 50). It is noteworthy that 
crustacean and mollusc allergens do not cross-react with fish allergens, as these are 
mostly parvalbumins.



In the early 1980s, Hoffman and coworkers identified a heat-stable IgE-antibody-
binding allergen in shrimps, which was later demonstrated to be tropomyosin. 
Shrimp tropomyosin has a slightly acidic isoelectric point and seems to have minor 
glycan modifications and lacks cysteine residues. Tropomyosin is a water-soluble and  
heat-stable protein with molecular weights ranging from 34 to 39 kDa (Reese, Ayuso and 
Lehrer, 1999). While tropomyosin migrates in sodium dodecyl sulphate polyacrylamide 
gel electrophoresis (SDS-PAGE) as a single band, the protein is, in its native state, a 
coiled-coil homodimer with a much higher molecular weight. Tropomyosin has a 
highly conserved amino-acid sequence among different invertebrate organisms and 
is present in muscle as well as in non-muscle cells. It is present in all eukaryotic cells, 
where they are associated with the thin filament in muscle, and microfilaments in 
many non-muscle cells. Tropomyosin, together with actin and myosin, plays a role 
in the contractile activities and morphology of these cells. IgE-binding studies with 
various species and sensitized individuals have demonstrated a variety of tropomyosin 
epitopes. This suggests the existence of species-specific epitopes (in addition to 
common epitopes) in crustaceans, but also in other invertebrates, such as molluscs and 
insects. 



Furthermore, it has been shown that there are three different isoforms of 
tropomyosin relating to different functional needs (fast, slow-twitch and slow-tonic), 
identified by amino-acid sequence analysis. The fast isoform is mostly found in the 
abdominal muscle (tail), while the slow isoform is mainly associated with muscle 
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obtained from the legs. However, both forms can be found in abdominal and leg 
muscle, with amino-acid homology of up to 100 percent.



In addition to tropomyosin, other allergens have been identified and characterized 
in crustaceans such as arginine kinase. A number of proteins with molecular masses 
ranging from 8 kDa to 89 kDa that bind serum IgE antibodies of allergic individuals 
have also been demonstrated, although not immunochemically identified. 



Importantly, tropomyosin is not only a crustacean allergen. It has been confirmed 
in a number of mollusc species (Taylor, 2008). Mollusc allergens have not been as well 
studied as those of fish or crustaceans. However, it has become apparent that molluscs, 
such as mussel, oyster, squid, limpet and abalone, are significant food allergens to 
exposed populations. However, in addition, molluscs contain other non-tropomyosin 
allergens such as heavy-chain myosin, haemocyanin and amylase (Taylor, 2008). As 
mentioned above, arginine kinase in molluscs also seems to be allergenic, accounting 
for an additional degree of cross-reactivity among these two seafood groups. 



3.3.4.6 Detection and control
The labelling of foods containing material derived from fish and crustaceans has 
already become mandatory in some countries such as in the United States of America, 
Europe, and Japan. For labelling purposes, fish and crustaceans have been recognized 
as important food allergens for some time. However, only recently has the European 
Union (Member Organization) adapted its guidelines to include molluscs as a separate 
food allergen, based on the limited cross-reactivity to crustacean allergens.7 A recent 
comparative study of two newly developed ELISA systems has demonstrated high 
sensitivity (1  µg/g food) as well as reasonable recovery and reproducibility rates  
(Sakai et al., 2008). Nevertheless, a certain degree of cross-reactivity to cockroach and 
mollusc tropomyosin has also been noted. This cross-reactivity might be of greater 
importance considering the large variety of tropomyosins identified in crustaceans 
and also molluscs (see below). Moreover, the detection of processed crustacean, rather 
than raw crustacean, is dependent on the recognition of tropomyosin not only in the 
monomeric form but also possible oligomers and fragments of tropomyosin, which 
might still have allergenic activity. 



Additional problems might arise not only with the different processed crustacean 
and mollusc species but also with the increasing number of food, medical and health 
products derived from shellfish. Chitin and chitosan are among the emerging materials 
that are being developed and applied widely in the food, biotechnology, pharmaceutical 
and medical fields. The main obstacle for the future use of chitosan is the residual 
amount of about 1  percent protein in industrially produced chitosan. Allergic 
reactions after consuming chitosan-containing food have been reported. However, the 
contribution of the thermostable tropomyosin or other yet unidentified crustacean 
allergens has not been demonstrated. Other pharmaceutical products derived from 
crustaceans are glucosamine, a natural aminomonosaccaride, which is frequently used 
as a therapeutic supplement for joint inflammation. It was previously indicated as a 
potential risk for shellfish-sensitive individuals because it was derived from shellfish 
chitosan. However, it has been demonstrated not to be allergenic using DBPCFC 
in 15  shrimp-allergic patients. In addition, food products can also unexpectedly be 
derived from crustaceans. Surimi (seafood paste) is usually produced from fish, but in 
some countries it can contain a variety of crustacean species. 



7 Opinion of the EFSA Scientific Panel available at: www.efsa.europa.eu/EFSA/efsa_loca
le-1178620753812_1178623594074.htm
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3.3.4.7 Processing and changes in allergenicity
Food is subjected to a large variety of processing conditions to prolong storage or 
improve sensory qualities. Many different processes are used, often in combination, 
but they can be generally categorized into thermal and non-thermal procedures. A 
workshop evaluated the effects of food processing on the allergenicity of food allergens 
(Thomas et al., 2007). Various food processes have been implemented to reduce the 
allergenicity of certain foods, but few studies have focused on seafood. 



As invertebrate tropomyosin is typically a lysine-rich protein (up to 12 percent in 
scallops) it reacts easily with reducing sugars through the Maillard reaction during 
food processing such as grilling, steaming and roasting. The brown colour of dried 
seafood is caused by the Maillard reaction. Studies on the effect of sugar residues on 
two different mollusc species showed opposite effects. Heating of scallops (a bivalve) in 
the presence of sugar residues increased IgE binding, as demonstrated by competitive 
ELISA, while a decrease in allergenicity was observed for squid (calamari) in the 
presence of the reducing sugar ribose (Nakamura et al., 2006). The interpretations of 
these contradicting results are difficult as IgE-binding activity is not always correlated 
with clinical reactivity. 



Non-thermal processes have been also investigated, such as gamma radiation 
of crustaceans and molluscs, which resulted in reduced IgE-binding capacity of 
the allergens as well as high-intensity ultrasound treatment of shrimp (Table  52).  
Meyer-Pittroff, Behrendt and Ring (2007) suggest that pressure of more than 600 MPa 
causes reversible and irreversible changes to the secondary, quaternary and tertiary 
structure, particularly in helical proteins, and they demonstrated reduced allergenicity. 
Nevertheless, complete loss of allergenicity or allergen concentrations has not been 
demonstrated, which is probably due to the fact that even small protein fragments of 
about 3.5 kDa can still cross-link mast cell IgE and elicit an allergic reaction (Thomas 
et al., 2007). Moreover, the solubility and extractability of treated tropomyosin might 
be affected and result in underdetection, as has been demonstrated for radiation-treated 
crustaceans and molluscs. In addition, it cannot be ruled out that processing has 
different affects on the less well-characterized seafood allergens. Most of the processes 
investigated to reduce allergenicity are purely experimental, but this is an important 
area of research into seafood allergy that should be further explored. Furthermore, the 
challenge of maintaining the flavour and texture of seafood during these processes will 
be of importance.



The allergenicity of seafood allergens also seems to vary with storage procedures. 
Codfish stored for several days (at 4  °C) displayed a much higher IgE reactivity 
than very fresh fish. These biochemical changes of allergens, even during longer 
freezing periods, may be attributed to the natural development of components such 
as formaldehyde in fish tissue, which might affect the allergenicity of some proteins.



3.3.4.8 Occupational allergy to seafood 
Disease, epidemiology and prevalence: The fishing and fish processing industry has 
experienced tremendous growth in recent years. FAO (2012) estimated that the number 
of people engaged in fishing, aquaculture and related activities worldwide increased 
from 13 million in 1977 to about 55 million in 2010. Among these workers, Of these, 
an estimated 7  million people were occasional fishers and fish farmers (of whom 
2.5  million in India, 1.4  million in China, 0.9  million in Myanmar, and 0.4  million 
each in Bangladesh and Indonesia). More than 87 percent of all people employed in 
the fisheries sector in 2010 were in Asia, followed by Africa (more than 7 percent), 
and Latin America and the Caribbean (3.6  percent). Increased levels of production 
and processing of seafood continue to lead to more frequent reporting of occupational 
health problems such as asthma and other allergic reactions (Jeebhay et al., 2001). These 
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occupational health problems result in increased incapacity and absenteeism among 
affected workers.



Table 52
Processing techniques evaluated to reduce allergenicity in seafood



species Type of processing Type of analysis results



shrimp (Penaeus 
vannamei)



gamma radiation + heat sds-Page* + 
Immunoblotting



decrease in allergenicity with 
increased dose



shrimp (Penaeus 
vannamei)



gamma radiation Immunoblotting + 
competitive elIsa*



Increased allergenicity at 
(< 10 kgy), but decreased at 
(> 10 kgy)



shrimp (Penaeus 
vannamei)



High-intensity ultrasound Immunoblotting + 
competitive elIsa



decrease in allergenicity



brown shrimp 
(Penaeus aztecus) 



gamma radiation sds-Page + competitive 
elIsa



decrease in allergenicity



Tuna  
(albacore and 
yellowfin)



Heat treatment sds-Page, immunoblot and 
histamine release assay



Mixed results (i.e. some 
patients reacted and others 
did not)



Tuna and salmon Heat treatment sds-Page and immunoblot strong decrease in Ige-binding 
to allergens; however, in vitro 
tests often did not correlate 
with the clinical relevance of 
fish hypersensitivity



Workers in the fishing and seafood processing industries are commonly exposed 
to seafood, especially those involved in either manual or automated processing of 
crabs, prawns, mussels, fish and fishmeal. Other workers associated with potential 
high-risk exposure to seafood include: oyster shuckers, laboratory technicians and 
researchers, jewellery polishers, restaurant chefs and waiters, fishmongers and fishers. 
Occupational seafood allergy was documented for the first time in 1937, when a fisher 
was reported to have developed asthma, angioedema and conjunctivitis after handling 
codfish. Since then, coinciding with the significant growth in the seafood industry, 
seafood allergy symptoms ranging from rhinitis to conjunctivitis, asthma, urticaria, 
protein-contact dermatitis and occasional systemic anaphylactic reactions have been 
reported in seafood processing workers. The respiratory tract is often the primary 
route of occupational exposure as a result of inhalation of aerosols generated during 
seafood processing. However, reactions can also occur via the dermal route as a result 
of direct handling of the seafood itself. 



The prevalence of occupational asthma in seafood processing workers is estimated 
to be between 2 and 36 percent, and that of occupational protein-contact dermatitis 
is 3–11  percent (Jeebhay et al., 2001). From the limited scientific data available for 
all seafood groups, it seems that crustaceans produce a particularly strong allergic 
response in the workplace with sensitization rates of up to 26  percent (skin-prick 
testing) for king crab, rock crab and snow crab (Hefle et al., 1995). The differences in 
prevalence observed can be due to differential exposure to seafood constituents and the 
allergenic potentials of the seafood proteins involved.



3.3.4.9 Occupational seafood allergens and exposure
Allergic reactions to seafood in the workplace are the result of exposure to seafood itself 
or to various non-seafood components present in the product. The aerosols generated 
by snow-crab and king-crab processing have been found to contain not only allergenic 
muscle proteins, but also crab exoskeleton, gills, kanimiso (internal organs) as well 
as background material such as sodium chloride crystals, cellulose, synthetic fibres, 
silicate, pigment constituent particles, and inorganic particles (silicon, aluminium and 
iron) (Desjardins et al., 1995). Most of the airborne particles are irregular, and at least 
30 percent are within the respirable range (< 5 μm), which can reach the deeper areas 



* elIsa = enzyme-linked immunosorbent assay; sds-Page = sodium dodecyl sulphate polyacrylamide gel electrophoresis.
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of the lung. Environmental monitoring of seafood processing plants has also identified 
contaminated processing water (Klebsiella pneumoniae and Pseudomonas) as well as 
elevated levels of endotoxin (> 50 EU/m3) thought to be responsible for respiratory 
symptoms. 



The constituents of fish juice, often associated with skin symptoms, comprise: traces 
of biogenic amines, histamine, and cadaverine; degradation compounds associated with 
post-mortem changes; digestive enzymes such as pepsin and trypsin; and proteins. 
Thus, storage conditions can influence the allergenic nature of seafood. In addition, 
biochemical sensitizers such as garlic, spices and preservatives added to seafood can 
also cause delayed allergic-contact dermatitis and general sensitization.



Limited evidence from dose–response relation studies indicates that the development 
of symptoms is related to the duration and intensity of exposure (Jeebhay et al., 2005; 
Lopata et al., 2005).



3.3.4.10   Prevention and control
Seafood processing plants vary in technology levels and processing procedures, with 
some smaller workplaces relying entirely on manual handling of seafood, and larger 
companies using highly automated processes. Common processing techniques and 
sources of potential high-risk exposure to seafood products are outlined in Table 53. 



The lack of standardized methods to collect environmental samples and conduct 
analyses makes comparisons between various studies difficult. It is notable that, 
generally, much higher allergen concentrations have been obtained using personal 
sampling compared with area sampling. There is great variability of exposure within 
and among various jobs involved in seafood processing, with reported allergen 
concentrations ranging from 2  ng/m3 in a fish market to 1  000  ng/m3 in a salmon 
processing plant (Table 54). Aerosolization of seafood components during processing 
has been identified as a potentially high-risk activity for sensitization through the 
respiratory route. The processes with high potential for aerosol exposure include: 
butchering/grinding, degilling, cracking and boiling of crabs; tailing of lobsters; 
“blowing” of prawns; scrubbing of shellfish; degutting, heading and cooking/boiling 
of fish; mincing of seafood; and cleaning of the processing line and storage tanks with 
high-pressure water. 



Despite high levels of automation in larger workplaces, inadequate and poorly 
designed exhaust ventilation systems can pose high risks for workers. In addition, 
processes that generate dry aerosols, such as prawn blowing using compressed air, 
appear to generate higher particulate levels than wet processes using water jets.



Preventive measures are key to minimizing exposure to occupational diseases. 
Control measures that reduce the emission of bioaerosols in seafood processing plants 
include process separation or enclosure and the use of local extraction ventilation 
systems for processes and equipment. These changes can reduce aerosol concentrations 
by more than 100  times and prevent new asthma cases. Exposure monitoring for 
bioaerosols can evaluate the effectiveness of control measures in decreasing the risk of 
infection and allergic sensitization. In the case of skin exposure, the application of hand 
moisturizers in combination with appropriate cotton-lined gloves and plastic sleeves 
can protect workers. 
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Table 53
Causative agents and possible health effects 



Causative agents health effects



seafood proteins (muscle, blood, enzymes)



seafood toxins



Vegetable dust additives (garlic, onion, spices)



Parasites (Anisakis)



Micro-organisms (Vibrio, Hepatitis a)



bacterial toxins (endotoxin, histamine)



 
Mould in humid environments



rhinoconjunctivitis, asthma, urticaria, dermatitis



Toxic reactions



rhinoconjunctivitis, asthma, urticaria, dermatitis



Infection, rhinoconjunctivitis, asthma, urticaria



Wound infection, sepsis



Organic dust toxic syndrome, mucous membrane 
irritation, rhinoconjunctivitis, asthma, urticaria



Infection, rhinoconjunctivitis, asthma, urticaria, 
hypersensitivity pneumonitis



Table 54
Common processing techniques, allergen concentrations and asthma prevalence determined by 
high-risk exposure to seafood products



seafood category Processing techniques
allergen 



concentrations 
(μg/m3)



asthma 
prevalence source of potential exposure



Crustaceans



Crabs, lobsters,



Cooking (boiling or steaming); 
tailing lobsters, cracking 
butchering and degilling crabs; 
cutting, grinding mincing, 
washing, cooling, heading, 
peeling; deveining; manual 
picking of meat; “blowing” 
shrimp (water jets or compressed 
air)



0.003–0.115 2–36 Inhalation of wet aerosols, 
dermal contact from 
unprotected handling of 
shrimp immersion in water 
containing



Molluscs



Oysters, mussels



Washing, oyster shucking, 
shellfish, chopping, dicing, slicing



– 1–23 Inhalation of wet aerosols, 
dermal contact from 
unprotected handling



Finfish



Various species



Heading, degutting, skinning, 
mincing, filleting, trimming



0.002–1.00 2–8 Inhalation of wet aerosols, 
inhalation of dry aerosols 
from fishmeal bagging and 
milling, dermal contact from 
unprotected handling



3.4 PhYsiCal hazards (Jörg OeHlensCHläger)
The physical hazards and physical defects include foreign objects that are capable of 
injuring the consumer and which are not normally found in aquatic products. These 
originate primarily from processing machinery, packaging or transportation/storage, 
but also objects that are intrinsic to the fish such as bones or shell fragments in bivalve 
molluscs. Another class includes aesthetically unpleasant but non-hazardous objects 
such as sand, insect fragments, filth and hair. It is not always simple to differentiate 
between the two classes of hazards. 



The adverse health effects of physical hazards may be choking and injury, including 
laceration and perforation of tissues in the mouth, throat, stomach and intestines. 
Broken teeth and damage to gums may also result.



Although physical hazards rarely cause serious injury, they are among the most 
commonly reported cause of consumer complaints, because the injury occurs 
immediately or soon after eating and the source of the hazard is often easy to identify.



Many physical defects or physical hazards are mentioned and described in detail for 
a number of fishery products (fish-, crustacean- and mollusc-based) in the respective 
chapters of the first edition of the Code of Practice for Fish and Fishery Products, 
edited by FAO/WHO in 2009 (CAC, 2009c) in three languages (English, French, and 
Spanish).



Table  55 lists examples for physical hazards that are capable of injuring the 
consumer, the kind of injury and possible sources for the hazard.
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Table 55
Physical hazards that may occur in seafood products



hazard injury Possible source



Hook Trauma raw material 



Machinery part dental Processing



Jewellery, button, coin dental Personal effects



bone Trauma raw material, processing



Wood splinter Trauma Processing, packaging material (boxes)



glass Trauma Processing, packaging material (jars)



Hard plastic Trauma Processing, packaging material, personal effects



Hard shell fragments Trauma/dental raw materials (molluscs, crustaceans)



stone dental raw materials (mussels)



3.4.1 bones
A hazard that is intrinsic to all fishery products is bones. Because bones are a natural 
part of the fish skeleton, any improper and/or insufficient removal of bones, especially 
in products designated as “practically boneless”, leads to complaints by consumers. 
Only bones of certain dimensions in length and width can be found by mouth feel, 
but if chewed or swallowed can be a hazard and cause lesions. Bones exceeding these 
dimensions are called defect bones.



In some of the fish standards of the CAC, a definition of a defect bone is given:
A bone in a package designated as boneless is a defect if it is “greater or equal to 



10 mm in length, or greater or equal to 1 mm in diameter; a bone less than or equal to 
5 mm in length, is not considered a defect if its diameter is not more than 2 mm. The 
foot of a bone (where it has been attached to the vertebra) shall be disregarded if its 
width is less than or equal to 2 mm, or if it can easily be stripped off with a fingernail” 
(CAC, 1995).



3.4.2 Metal inclusion
The FDA (2011f) has described metal inclusion as one of the two most common 
physical hazards. Metal fragments can cause injury to the consumer. Metal-to-metal 
contact, especially in mechanical cutting or blending operations, other equipment with 
metal parts that can break loose (such as moving wire mesh belts, injection needles, 
screens, portion control equipment, metal ties, sawing devices and can openers) are the 
most likely sources of metal that may enter food during processing.



3.4.3 glass inclusion
The FDA (2011g) has described glass inclusion as the other of the two most common 
physical hazards. Glass fragments can cause injury to the consumer. Glass inclusion 
can occur whenever processing involves the use of glass containers. Normal handling 
and packaging methods, especially mechanized methods, can result in breakage. Most 
products packed in glass containers are intended as a RTE commodity.



3.4.4 struvite crystals
Canned shrimp, tuna, salmon and other seafood products are sometimes found to 
contain small fragments of a substance that, at first glance, resembles glass.



These crystals are harmless and are known as “struvite” crystals or, chemically, as 
magnesium ammonium phosphate hexahydrate. They are formed from natural, normal 
constituents of the flesh of all seafoods after they are sterilized in the can.



While magnesium ammonium phosphate crystals bear a superficial resemblance to 
particles of broken glass, a close examination with a magnifying glass usually shows the 
difference. Struvite crystals occur most often in the form of regularly shaped prisms, 
with the edges tending to form straight lines. Glass particles are more likely to be 
irregular in shape.
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3.4.5 Control of physical hazards
To determine whether particles are struvite or glass, the particles can be placed in warm 
household vinegar for 5–10 min. If the particles are struvite, they will dissolve fairly 
quickly.



Possible control measures may include: visual inspection, the use of filters and 
sieves, metal detectors, magnets, x-rays, separation by density and personal precautions 
of the personnel.



Control measures for “metal inclusion” can include: periodic checking of cutting or 
blending equipment or wire-mesh belts for damage or missing parts, and the passing of 
the product through metal detection or separation equipment.



Control measures for “glass inclusion” can include: visual examination of empty 
glass containers; cleaning (by water or compressed air) and inverting of empty glass 
containers; periodic monitoring of processing lines for evidence of glass breakage; 
proper adjustment of capping equipment; visual examination of glass containers 
containing transparent liquid fishery products; and the passing of the product through 
x-ray equipment or other defect rejection.



X-rays can also be used to detect other non-metallic objects.
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4. Characterization of seafood 
spoilage and other quality issues



While the concepts of farm-to-fork in risk assessments have been developed to ensure 
food safety, the same approach and thinking process can also be applied to cover 
other quality aspects (where public health is not in question), such as sensory or 
nutritional quality, composition or labelling. Instead of identifying the hazards of the  
process/product, potential defects are considered. 



A defect is defined as a condition found in a product that fails to meet essential 
quality, composition and/or labelling provisions of the appropriate product standard. 
These may be national regulations or commercial specifications or international Codex 
standards.



End-product specifications outlined in Appendixes  II–XI of the Codex Code 
of Practice for Fish and Fishery Products describe optional requirements that are 
intended to assist buyers and sellers in describing those provisions that are often used 
in commercial transactions or in designing specifications for final products. These 
requirements are intended for voluntary application by commercial partners and not 
for systematic application by governments.



Similarly to the hazard analysis carried out to ensure food safety using HACCP, 
biological, chemical or physical agents capable of causing quality loss in a particular 
seafood or a seafood category need to be identified, and the qualitative and/or 
quantitative evaluation of the nature of the quality loss associated with those agents 
needs to be characterized. This assists in assessing the significance of the defect, namely 
its probability of occurrence and the adverse effect the defect will have on the product. 
The concept of a critical control point (CCP) is replaced by the concept of a defect 
action point (DAP).



Spoilage is responsible for important and costly post-harvest losses in fisheries and 
aquaculture. It has been estimated that the economic cost of losses in selected fisheries 
in selected countries in Africa ranges from US$20 000 to US$60 million – with quality 
issues accounting for up to 70  percent of the total losses (Akande and Diei-Ouadi, 
2010). Consequently, implementing food quality management systems along the value 
chain to reduce post-harvest losses will not only increase fish and seafood supply for 
human consumption but also reduce the pressure on the wild-capture fish stocks and 
improve their sustainability. Likewise, the substitution of one (low-value) fish species 
for another (high-value) species is an example of a biological defect and an economic 
fraud. Abnormal water addition that brings about excessive fluid loss and shrinkage of 
frozen seafood products when thawed and/or cooked is another example of a physical 
defect resulting in economic fraud and loss of nutrients.



4.1 Fish spoilage
Fresh fish is highly perishable and can have a short storage life. Several factors may 
affect the quality of fish as a raw material for the processing industry or as food for 
human consumption. Spoilage of fresh fish is predominantly the result of microbial 
activity, although not always, depending on the species. Physical damage due to rough 
handling may affect the fish integrity and may result in quality loss or total fish loss; 
it also predisposes fresh fish to accelerated water loss as well as autolytic activities, 
opportunistic infection and oxidation reactions during subsequent operations. 
Reactions in fish lipids can lead to quality deterioration, especially in frozen and dried 
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fish. Regardless of the cause, spoilage results in sensory changes that largely determine 
the perception of product quality by consumers.



4.1.1 autolytic changes (Henri Loreal)
It has been known for many years that there are at least two types of fish spoilage: 
bacterial and enzymatic. Enzymatic activities are responsible for autolytic changes that 
occur in the first days after the death of the fish.



Autolysis means “self-digestion”. Uchiyama and Ehira (1974) showed that, for 
cod and yellowfin tuna, enzymatic changes affecting fish freshness preceded and were 
unrelated to changes caused by bacteria. In other species (squid and herring), the 
enzymatic changes precede and predominate in the spoilage pattern of chilled fish. In 
yet other fish species, autolysis contributes in varying degrees to the overall quality 
loss, in addition to microbially mediated processes.



4.1.1.1 Glycolysis – degradation of adenosine triphosphate
Post-mortem glycolysis results in the accumulation of lactic acid, which in turn lowers 
the pH of the muscle. This leads to a reduction in the net surface charge on the muscle 
proteins, causing them to denature partially and lose some of their waterholding 
capacity. 



After death, rigor mortis sets in and the muscle adenosine triphosphate (ATP) level 
drops to about 1.0 µmoles/g. This ultimately results in the shortening of the muscle, 
making it stiff and inextensible. A fish in rigor mortis cannot normally be filleted or 
processed because the carcass is too stiff to be manipulated and it is often contorted, 
making mechanical handling impossible.



The resolution of rigor mortis results in the subsequent softening (relaxation) of 
the muscle tissue, which is coincidental with the autolytic changes. One of the first 
autolytic changes to be studied after fish death was the degradation of ATP-related 
compounds. 



K value (%) =    [Ino] + [Hx] × 100  
  [ATP] + [ADP] + [AMP] + [IMP] + [Ino] + [Hx]



Where [ATP], [ADP], [AMP], [IMP], [Ino] and [Hx] represent the relative 
concentrations of ATP, adenosine diphosphate, adenosine monophosphate, inosine 
monophosphate, inosine and hypoxanthine in fish muscle measured at various times 
during chilled storage. 



The K value, or “freshness” index, gives a relative freshness rating based primarily 
on the autolytic changes that take place in the muscle during fish storage. However, 
some fish species such as Atlantic cod reach a maximum K value well in advance of the 
end of shelf-life as determined by trained judges using sensory assessment techniques. 
Therefore, the K value is not considered reliable as a freshness index for all marine 
finfish. 



Experiments on Japanese common squid (Todarodes pacificus) suggest that the 
increase in the content of ribose derived from post-mortem degradation of ATP and its 
related compounds is responsible for the browning of boiled, dried and seasoned squid 
products (sakiika or ikakun in Japanese). Thus, it is important to maintain freshness of 
squid as raw material for products to avoid browning during subsequent preservation 
of the product (Omura et al., 2007).



4.1.1.2 Autolytic changes involving proteolytic enzymes 
Many proteases have been isolated from fish muscle, and the effects of proteolytic 
breakdown are often related to extensive softening of the tissue. Perhaps one of the 
most notable examples of autolytic proteolysis is the incidence of belly-bursting in 
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pelagic (fatty-fish) species such as herring and capelin. This type of tissue softening is 
most predominant in summer months when pelagics are feeding heavily, particularly 
on “red feed” consisting of copepods and euphausiids.



4.1.1.3 Cathepsins 
The cathepsins are “acid” proteases usually found packaged in tiny, submicroscopic 
organelles called lysozomes. Cathepsin  L causes muscle softening, mainly in  
frozen/thawed tissue.



4.1.1.4 Calpains 
The calpains are intracellular endopeptidases. Calpains have been found primarily 
responsible for the post-mortem autolysis of meat through digestion of the z-line 
proteins of the myofibril. Most calpains are active at physiological pH, making it 
reasonable to suspect their importance in muscle softening during chilled storage. Fish 
species adapted to colder environmental temperatures are more susceptible to calpain 
autolysis than those from tropical waters.



4.1.1.5 Collagenases
Instrumental measurements of texture of chilled trout muscle showed a texture 
deterioration as the amount of type V collagen was solubilized, presumably due to the 
action of autolytic collagenase enzymes (Sato et al., 1991). These enzymes are likely to 
be the cause of “gaping” or breakdown of the myotome during long-term fish storage 
on ice or short-term storage at high temperature.



The relatively short shelf-life of chilled prawns, due to softening of the tissue, has 
also been shown to result from the presence of collagenase enzymes (Nip, Lan and 
May, 1985). The source of the collagenase enzymes in prawn is thought to be the 
hepatopancreas (digestive organ).



4.1.1.6 Autolytic changes during frozen storage
The reduction of trimethylamine oxide (TMAO), an osmoregulatory compound in 
many marine teleost fish, is usually due to bacterial action. However, in some species, 
an enzyme is present in the muscle tissue that is able to break TMAO down into 
dimethylamine (DMA) and formaldehyde. Formaldehyde induces cross-linking of the 
muscle proteins, which makes the muscle tough and reduces its waterholding capacity. 
The enzyme responsible for formaldehyde-induced toughening is called TMAO-ase or 
TMAO demethylase and is most commonly found in the gadoid fishes (cod family).



Most of the TMAO demethylase enzymes reported to date have been  
membrane-bound. They become most active when the tissue membranes are disrupted 
by freezing or artificially by detergent solubilization. Dark (red) muscle has a higher 
rate of activity than white muscle, whereas other tissues such as fish kidney, spleen and 
gall bladder are extremely rich in the enzyme. Thus, it is important that minced fish is 
completely free of organ tissue, such as kidney from gadoid species, if toughening in 
frozen storage is to be avoided.



The most practical means of preventing the autolytic production of formaldehyde in 
frozen fish is to store fish at temperatures of less than –30 °C, to minimize temperature 
fluctuations in the cold store and to avoid rough handling or the application of physical 
pressure on the fish prior to freezing.



The autolytic changes affecting the edibility of fresh and frozen fish are summarized 
in Table 56. Generally, the most important single factor leading to autolysis is physical 
disruption of the muscle cells. Many of the autolytic enzymes have been shown to 
be compartmentalized in discrete membrane-bound packages, which become broken 
when subjected to physical abuse and result in the intimate mixing of enzyme and 
substrate. Crushing of the fish by ice or other means can seriously affect the edibility 
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and filleting yields even for fish that have a relatively low bacterial load, demonstrating 
the importance of autolytic processes.



TabLe 56
summary of autolytic changes in chilled fish



enzyme substrate Changes encountered prevention/inhibition



Glycolytic enzymes Glycogen Production of lactic acid, pH of 
tissue drops, loss of waterholding 



capacity in muscle 



High-temperature rigor may 
result in gaping



Fish should be allowed to pass through 
rigor at temperatures as close to 0 °C as 



practically possible 



Pre-rigor stress must be avoided



autolytic enzymes, 
involved in nucleotide 
breakdown



aTP, aDP, 
aMP, IMP



Loss of fresh fish flavour, gradual 
production of bitterness with Hx 



(later stages)



Same as above 



Rough handling or crushing accelerates 
breakdown



Cathepsins Proteins, 
peptides



Softening of tissue, making 
processing difficult or impossible



Rough handling during storage and 
discharge



Chymotrypsin, trypsin, 
carboxy-peptidases



Proteins, 
peptides



autolysis of visceral cavity in 
pelagics (belly-bursting)



Problem increased with freezing/thawing 
or long-term chill storage



Calpain Myofibrillar 
proteins



Softening, moult-induced 
softening in crustaceans



Removal of calcium thus preventing 
activation?



Collagenases Connective 
tissue



“Gaping” of fillets, softening Connective tissue degradation related to 
time and temperature of chilled storage



TMaO demethylase TMaO Formaldehyde-induced 
toughening of frozen gadoid fish



Store fish at temperature ≤ –30 °C 



Physical abuse and freezing/thawing 
accelerate formaldehyde-induced 



toughening



4.1.2 Microbiological changes (Paw Dalgaard)
The presence, growth and activity of micro-organisms in raw material and products 
of finfish, crustaceans and molluscan shellfish influence spoilage and shelf-life. 
Assessment and management of relevant micro-organisms are important to avoid 
defects and problems with shelf-life. Only some of the numerous species of  
micro-organisms in aquatic muscle food are important for spoilage, and, during storage, 
a pattern of microbial growth and activity, called the specific spoilage organism (SSO) 
concept, is frequently observed. In newly processed, fresh or lightly preserved fish 
muscle, the SSOs are usually present in very low concentrations and constitute only 
a minor part of the total microflora. Then, during storage, the SSOs grow faster than 
the remaining microflora, produce metabolites responsible for off-flavours, and finally 
cause sensory product rejection (Figure 25). The SSOs often consist of a single or a 
few microbial species, whereas the microflora found in a product at the time sensory 
assessments indicate spoilage typically include several groups of micro-organisms. The 
SSOs are typically present in concentrations of about 107 cells/g or colony forming 
units per gram when sensory spoilage becomes apparent. 



This section briefly describes the occurrence, growth and activity of  
micro-organisms in fish and seafood muscle, and illustrates how information about 
SSOs can be used to determine, predict and extend the shelf-life of products. 



4.1.2.1 Microflora of aquatic animals from different habitats
The microflora of aquatic animals at capture or harvest depends to a large extend on 
the microflora of the water in which they live. Micro-organisms are found on outer 
surfaces (e.g. skin, gills and intestine), whereas the muscle tissue of healthy aquatic 
animals is sterile. The concentration of culturable micro-organisms is variable and, in 
general, 102–105 cfu/cm2 are found on skin, 103–107 cfu/g in gills and 10 –> 108 cfu/g in 
the intestines. The variable concentrations of intestinal micro-organisms are related to 
the aquatic animal’s intake of food. Higher temperatures typically correspond to higher 
concentrations of culturable micro-organisms in water and on aquatic animals, whereas 
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water salinity has little effect on the total concentration of micro-organisms (Horsley, 
1977; Liston, 1980; Cahill, 1990; Yoshimizu and Kimura, 1976; Okuzumi and Awano, 
1983; Yoguchi, Okuzumi and Fujii, 1990). Regarding the effect of catching methods, 
trawled finfish may have 10–100 times higher concentrations of micro-organisms on 
skin and gills than similar fish caught by longline (Shewan, 1961).



The genera or groups of micro-organisms found on skin, on the outer shell and in 
gills of newly caught or harvested finfish, crustaceans and shellfish have been extensively 
studied. The dominating groups of Gram-negative bacteria are: (i) Acinetobacter and 
Moraxella/Psychrobacter; (ii) Pseudomonas and Shewanella; (iii) Flavobacterium and 
Cytophaga; (iv) Vibrio and Photobacterium; (v) Aeromonas; and (vi) Enterobacteriaceae. 
The dominating groups of Gram-positive bacteria are cocci, primarily Micrococcus, 
coryneforms and rods including Bacillus, Clostridium and lactic-acid bacteria. When 
data from many studies are compared, little can be concluded about the effect of water 
temperature and salinity or about the type of animal, for example dermersal or pelagic, 
on the percentage distribution of genera and/or groups of micro-organisms. However, 
for animals in freshwater, the sodium-requiring species of Vibrio and Photobacterium 
are very rarely present, whereas Aeromonas and Enterobacteriaceae are relatively more 
important in those habitats. Moreover, the Flavobacterium-Cytophaga group seems 
less dominant in marine animals. Furthermore, the percentages of Bacillus, Micrococcus 
and Enterobacteriaceae tend to be higher in tropical than in temperate regions. The 
apparent lack of difference between groups of micro-organisms on aquatic animals 
from various habitats may result from the use of simple identification schemes relying 
on relatively few phenotypic characteristics (Horsley, 1977; Shewan, 1962; Liston, 
1980; Cahill, 1990; Karunasagar and Karunasagar, 1991; Gram and Huss, 2000).



Owing to the high concentration of intestinal micro-organisms in aquatic animals, 
contamination of products during processing is important and difficult to avoid. 
Marine fish with a developed digestive tract have a specific gut microflora consisting 
of marine vibrios including Photobacterium phosphoreum. Fish with a simple digestive 
tract, e.g. immature individuals, have more complex intestinal flora that reflect the 
microflora in water and feed (Sera and Ishida, 1972; Yoshimizu and Kimura, 1976). 



FIGuRe 25
specific spoilage organism (sso) concept – typical changes in aerobic viable counts,  



ssos and metabolites produced by ssos during storage of fresh fish



Source: Modified from Dalgaard (2000).
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Data from several studies have shown that Vibrio/Photobacterium, Pseudomonas and 
Enterobacteriaceae dominate the intestinal microflora of marine fish species, whereas 
Enterobacteriaceae, Aeromonas and Pseudomonas dominate in the intestinal content of 
freshwater species. However, Acinetobacter/Moraxella, lactic-acid bacteria, yeasts and 
strictly anaerobic micro-organisms, including Bacterioides and Clostridium, can occur 
in high concentrations. In addition, a Mycoplasma phenotype has been determined in 
salmon by a culture-independent approach relying on extraction and amplification of 
16S rDNA (Horsley, 1977; Cahill, 1990; Ringø, Strøm and Tabachek, 1995; Ringø and 
Gatesoupe, 1998; Spanggaard et al., 2001; Holben et al., 2002; Hovda et al., 2007). 



4.1.2.2 Microbial spoilage of aquatic muscle food
Newly caught fish and shellfish typically have a species-specific flavour that 
disappears after a few days of chilled storage. Further storage results in development 
of off-flavours, which are often ammonia-like, sulphurous, malt-like or rancid. The 
importance of microbial activity in seafood spoilage has been established by comparing 
off-flavour development in muscle pieces that were: (i) sterile, (ii) inoculated with 
specific micro-organisms, or (iii) naturally contaminated. These studies showed that 
the short shelf-life of many products is explained by their microflora and chemical 
characteristics.



Numerous fish and other aquatic animals of technological importance live in 
cold waters, and their natural microflora include psychrotolerant species able to 
grow readily in chilled products at temperatures above –2 °C to 0 °C. This explains 
the relatively short shelf-life of 12–18 days for many coldwater fish when stored in 
ice whereas the corresponding shelf-life for tropical white-fleshed fish is typically 
18–35  days at 0  °C (Gram, 1989; Dalgaard and Huss, 1997). In addition, the flesh 
of some fishes, crustaceans and molluscs contains trimethylamine oxide (TMAO), 
which stimulates microbial growth and activity. In general, animals from freshwater 
contain less TMAO than those from seawater, but considerable variation exists 
between species in both habitats (Hebard, Flick and Martin, 1982). Aeromonas, 
Alteromonas, most Enterobacteriaceae, Shewanella and Vibrio and Photobacterium, 
including all marine luminous bacteria, reduce TMAO to trimethylamine (TMA). This 
anaerobic respiration facilitates their growth under oxygen-limiting conditions, e.g. in  
vacuum-packed or modified-atmosphere packed products (Barret and Kwan, 1985; 
Proctor and Gunaslus, 2000). Trimethylamine contributes to the typical ammonia-
like and fishy off-odours in spoiled seafoods, particularly in products with pH above 
~6.5 (Castell and Triggs, 1955). Moreover, the post-rigor pH of finfish, crustaceans 
and molluscs is high compared with beef and pork. Again, this contributes to a short 
shelf-life. White-fleshed demersal finfish and crustaceans have a pH of ~6.5 to above 7, 
whereas pelagic, dark-fleshed fish such as tuna, mahi-mahi, mackerel and garfish, have a 
pH as low as ~5.8. Molluscs have pHs similar to white-fleshed finfish, but they contain 
much more carbohydrate (2.5–5.0  percent) as compared with the <  0.5  percent for 
finfish and crustaceans. Consequently, a fermentative type of spoilage with decreasing 
pH is typical for molluscs but most unusual in other seafoods unless carbohydrates 
are added (Bremner and Statham, 1983; ICMSF, 1998; López-Caballero et al., 2000; 
He et al., 2002; Vasakou, Vareltzis and Bloukas, 2003). Finally, high concentrations of 
free amino acids are present in seafoods and metabolized by spoilage micro-organisms, 
e.g. arginine in shrimps, and histidine in dark-fleshed pelagic finfish (Abe, 1983; 
Chinivasagam et al., 1998).



It is well established that many micro-organisms from seafoods produce extracellular 
proteolytic enzymes (Venugopal, 1990; Kobatake et al., 1992). Nevertheless,  
seafood-spoilage micro-organisms typically produce off-flavours from substrates 
in muscle extractives, and proteolytic activity is not important for spoilage of fresh 
seafoods (Lerke, Farber and Adams, 1967; Karnop, 1982). The importance of microbial 
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proteolytic enzymes has primarily been evaluated for fresh fish, and further research, 
including on lightly preserved and semi-preserved seafoods, seems justified.



4.1.2.3 Specific spoilage organisms in groups of aquatic muscle food 
Spoilage of fresh chilled and aerobically stored seafood is primarily caused by  
H2S-producing Shewanella bacteria and Pseudomonas spp. This is well established 
(Table  57), but the taxonomy of these Gram-negative and non-fermentative rods 
has been changing. In fish products, H2S-producing Shewanella bacteria have often 
been isolated as black colonies using pour plating in iron agar, and then identified as 
Shewanella putrefaciens by a limited number of phenotypic tests. It has been shown 
more recently that these H2S-producing bacteria consist of a number of Shewanella 
species and that S. baltica is common in several types of fish products (Ziemke, 1998; 
Stenström and Molin, 1990; Fonnesbech Vogel et al., 2005; Satomi et al., 2006).



Frequently, Pseudomonas have not been identified at the species level, but strains 
similar to Ps.  fragi, Ps.  fluorescens and Ps.  putida seem common in seafood, and 
P.  lundensis dominates the spoilage microflora of chilled aerobically stored marine 
fish from Greece (Gillespie, 1981; Tryfinopoulou, Tsakalidou and Nychas, 2002; 
Stenström and Molin, 1990). Pseudomonas  spp. are unable to reduce TMAO, and 
growth is considerably reduced under oxygen-limited conditions. Other bacteria 
may also influence spoilage of fresh chilled and aerobically stored seafood. Thus, 
P. phosphoreum can be responsible for TMA production and contribute to spoilage of 
various chilled fish stored aerobically. See Dalgaard (1998) for a review and also more 
recent studies of different fish species (Dalgaard et al., 2006; Olafsdottir et al., 2006a; 
Olafsdottir et al., 2006b). In addition, lipolytic Psychrobacter immobilis can dominate 
the spoilage microflora in both marine and freshwater fish and, despite a low spoilage 
potential, they may increase the rancid spoilage of sardines (Gennari, Tomaselli and 
Cotrona, 1999; González et al., 2000).



For fresh seafood in MAP with high concentrations of CO2, luminous and 
non-luminous variants of P.  phosphoreum are important spoilage micro-organisms 
(Table  57). The P.  phosphoreum species group is heterogeneous and isolates from 
seafood are likely to belong to several species, including P.  iliopiscarium (Dalgaard, 
Manfio and Goodfellow, 1997; Ast and Dunlap, 2005; Olofsson, Ahrné and Molin, 
2007). The relative importance of P.  phosphoreum and H2S-producing Shewanella 
species in vacuum-packed fresh chilled seafoods probably depends on the initial 
concentration of the two spoilage bacteria. For shucked bivalve molluscs, i.e. mollusc 
meat removed from the shells, spoilage is fermentative when the product is stored 
under vacuum or otherwise with reduced access to oxygen, but the micro-organisms 
responsible, remain to be identified (Bremner and Statham, 1983; Kim, Paik and 
Lee, 2002; Vasakou, Vareltzis and Bloukas, 2003). Spoilage of chilled MAP seafood 
from freshwater or products without TMAO need further study, for example, with 
respect to identification of lactic-acid bacteria and the importance of Aeromonas spp. 
(Table 57). High concentrations of Aeromonas spp. have been found in chilled MAP 
seafood from tropical regions and they are likely to be the SSO (Table 57).



For chilled lightly preserved seafood, lactic-acid bacteria seem to be the most 
important groups of spoilage micro-organisms (Table  57). However, identification 
of the SSO responsible for spoilage has been complicated, and variation in product 
characteristics, including the initial microflora, NaCl, pH, smoke components, chemical 
preservatives and packaging, is probably responsible for the various spoilage patterns 
observed (Table  57). Staphylococcus xylosus, Halobacterium salinarium and moulds 
have been suggested as spoilage organisms for sun-dried tropical fish depending on 
storage temperature and water activity (Doe and Heruwati, 1988). 



Micro-organisms in seafoods can interact in several ways, including substrate 
competition and metabolite inhibition (Jørgensen, Huss and Dalgaard, 2000;  











Assessment and management of seafood safety and quality - current practices and emerging issues156



Gram et al., 2002). This may influence their spoilage activity and Joffraud et al. (2001) 
found mixtures of different spoilage bacteria form stronger off-odours and higher 
concentrations of specific metabolites than mixtures of strains from individual species. 
The importance of such interactions on spoilage and shelf-life of seafood warrants 
further study. 



TabLe 57
specific spoilage organisms in groups of fresh and lightly preserved seafood 



seafood Typical specific spoilage organisms Metabolites produced



Fresh chilled products stored in air



Various species, particularly 
those containing TMaO* and 



with pH above 6



H2S-producing Shewanellaa TMa*, hydrogen sulphide and 
other sulphur compounds, 



hypoxanthine



Various species, including some 
with little or no TMaO and low 



pH of about 6 



Pseudomonas spp. ammonia, esters, sulphur 
compounds but not hydrogen 



sulphide



Fresh, chilled products in modified atmosphere packaging



TMaO containing species from 
seawater at temperatures below 



~15 °C



Photobacterium phosphoreum TMa, hypoxanthine, alcohols, 
ketones and biogenic amines



Species from warmer waters, 
particularly species with little or 



no TMaO 



Lactic-acid bacteria and 
Brochothrix thermosphactab



acetic acid, ammonia, tyramine, 
acetoin, diacetyl, hydrogen 



sulphide



Species from tropical freshwater Aeromonas spp. ?



Fresh and lightly preserved 
products stored at ambient 



temperature



Aeromonas spp.



Vibrio spp. / Photobacterium spp.



enterobacteriaceae



Enterococcus faecalis



TMa, sulphur compounds, 
biogenic amines



NH3, acetic acid, acetoin, 
diacetyl, tyramine



Lightly preserved and chilled 
products



brined, spiced/gravad and 
smoked products, including  



fish roe 



Lactic-acid bacteriac and 
Brochothrix thermosphacta 



P. phosphoreum, Vibrio and 
enterobacteriaceaed



acetic acid, ammonia, tyramine, 
acetoin, diacetyl, sulphur 



compounds



TMa, biogenic amines, alcohols, 
aldehydes, sulphur compounds



a Shewanella putrefaciens, Shewanella baltica and other closely related H2S-producing Gram-negative bacteria.
b brochothric thermosphacta is important for products in oxygen-containing modified atmospheres. 
c Include Lactobacillus curvatus, Lactobacillus sake and Leuconostoc spp. 
d Include enterobacter agglomerans, Hafnia alvei and Serratia liquefaciens.
* TMa = trimethylamine; TMaO = trimethylamine oxide.
Source: Modified from Dalgaard (2006).



4.1.3 Determination, prediction and extension of shelf-life (Paw Dalgaard)
Indices of freshness or spoilage of seafood have been extensively studied, and it is 
generally accepted that there is a poor correlation between remaining shelf-life, as 
determined by sensory methods, and aerobic viable counts (Ólafsdóttir et al., 1998). 
Nevertheless, the aerobic viable count is used to evaluate the hygienic status of aquatic 
muscle foods. Heat-labile and sodium-requiring micro-organisms are common in 
products from seawater and brackish waters (Dalgaard, 2006). For enumeration 
of these micro-organisms, pour plating with ~45  °C warm agar must be avoided 
as this procedure may kill a major part of the microflora. The concentration of  
micro-organisms in deep-water pink shrimp (Parapenaeus longirostris) is, for example, 
about 20  times higher when determined by spread plating as compared with pour 
plating. Moreover, micro-organisms on seafood frequently require sodium for 
growth and, although standard plate count agar without NaCl is recommended for 
many foods, this medium is inappropriate for seafood. For various fresh and lightly 
preserved seafoods, spread plating on pre-chilled plates of Long and Hammer’s agar 
with 1 percent NaCl, aerobically incubated for 5–7 days at 15 °C, has been appropriate 
for enumeration of the dominating microflora (van Spreekens, 1974; Dalgaard, 2000; 
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NMKL, 2006; López-Caballero, Goncalves and Nunes, 2002). Microbiological criteria 
relying on mesophilic aerobic bacteria in concentrations between 105 and 106  cfu/g 
are included in regulatory frameworks. However, owing to the frequent dominance 
of heat-labile spoilage bacteria in seafood, it must not be expected that such criteria 
correspond to sensory spoilage.



In contrast to the situation for aerobic viable counts, close correlations (correlation 
coefficients between –0.929 and –0.975) have been observed between remaining  
shelf-life and concentrations of SSOs in different chilled fish products (Capell,  
Vaz-Pires and Kirby, 1998; Dalgaard, 1998; Koutsoumanis et al., 1998). Thus, as shown 
in Figure 26 for P. phosphoreum in cod fillets, the concentration of an SSO can be used 
to estimate the remaining shelf-life at different chill storage temperatures.



For lightly preserved seafood, including cold-smoked and marinated products, 
simple correlations have not typically been observed between the remaining shelf-life 
and concentrations of any specific group of micro-organisms or any specific metabolite. 
However, the remaining shelf-life or sensory quality of some of these products can be 
related with so-called multiple-compound quality indices to concentrations of several 
microbial metabolites and/or specific micro-organisms (Jørgensen, Dalgaard and Huss, 
2000; Leroi et al., 2001).



Specific spoilage organisms often grow without a lag phase in fresh fish products, 
and this facilitates shelf-life prediction (Figure 26). In fact, kinetic models have been 
developed to predict growth of B.  thermosphacta, P.  phosphoreum, psychrotolerant 
Pseudomonas spp. and H2S-producing Shewanella as a function of storage conditions 
(atmosphere and/or temperature). In addition, the models have been incorporated in 
user-friendly application software. This makes it convenient to evaluate the effect on 
shelf-life of product temperature profiles recorded by data-loggers. See Dalgaard (2002)8 



8 The Seafood Spoilage and Safety Predictor (SSSP) software is available free of charge at:  
http://sssp.dtuaqua.dk



FIGuRe 26
Remaining shelf-life of modified atmosphere packaged (40–60% Co2) cod fillets 



depending on chill storage temperature and concentration of the specific 
spoilage organism P. hosphoreum



Source: Dalgaard (1998).
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and specific studies (Koutsoumanis and Nychas, 2000; Nuin et al., 2008). Increased 
transportation of seafood nationally and internationally makes this type of  
time–temperature integration important to preventing disappointed consumers and 
rejections of products. Other micro-organisms, including species of Aeromonas, 
Enterobacteriaceae, lactic-acid bacteria and Vibrio, are also important in seafood 
spoilage (Table  57). For these SSOs, shelf-life models remain to be developed  
and/or validated in relevant seafoods. Another and more challenging future task is to 
predict the species of micro-organisms that become SSOs when: (i) new products are 
formulated; (ii) seafoods are processed by a new technology; or (iii) seafoods are stored 
under conditions not previously evaluated. 



Extension of shelf-life is important for various aquatic-muscle foods, and both 
classical technologies (e.g. reduced temperature, MAP, salting, smoking and addition of 
antimicrobials) and newer methods (e.g. biopreservation, high-pressure processing and 
pulsed light) are interesting for different types of products. Inhibiting or preventing 
growth of an SSO results in increased shelf-life, and the extension is proportional to the 
growth delay. However, when growth of an SSO is markedly reduced, another SSO or 
another spoilage reaction (biochemical, chemical or physical) will determine shelf-life. 
The targeted inhibition of SSOs is interesting as product shelf-life may be extended 
by mild preservation methods, selected depending on properties of a particular SSO. 
However, the effect on shelf-life of inhibiting growth of a particular SSO must be 
determined using storage trials and sensory evaluation. As one example, the chilled 
shelf-life of frozen and thawed MAP cod, salmon and garfish is extended, compared 
with the fresh products, when the SSO (P.   phosphoreum) is inactivated by frozen 
storage (Guldager et al., 1998; Emborg et al., 2002; Bøknæs et al., 2002; Dalgaard et 
al., 2006). For Nile perch at ambient temperature, spoilage is due to mesophilic motile 
Aeromonas  spp. and inhibiting this SSO, using combinations of NaCl, sorbate and 
smoke components, resulted in a lightly preserved fish product with a marked shelf-life 
extension (Gram, 1991). 



4.1.4 lipid oxidation and hydrolysis (Henri Loreal)
Two important reactions can take place in fish lipids, and both lead to quality 
deterioration. They are oxidation and hydrolysis, and they result in the production of 
a range of substances, some of which have an unpleasant (rancid) taste and smell, while 
others contribute to texture changes by binding covalently to fish-muscle proteins. 
The various reactions are either non-enzymatic or catalyzed by microbial, intracellular 
or digestive enzymes from the fish tissues. The relative significance of these reactions 
depends mainly on the fish species and storage temperature. 



Fatty fish are particularly susceptible to lipid degradation, which can create severe 
quality problems even for storage at temperatures below zero. 



4.1.4.1 Lipid oxidation
The large amount of polyunsaturated fatty acid moieties found in fish lipids makes 
them highly susceptible to oxidation by an autocatalytic mechanism (Figure  27). 
The process is initiated as described below by abstraction of a hydrogen atom from 
the central carbon of the pentadiene structure found in most fatty acid acyl chains 
containing more than one double bond:



–CH=CH–CH2–CH=CH–        –CH=CH–CH–CH=CH– + H·



Contrary to the native molecule, the lipid radical (L) reacts very quickly with 
atmospheric oxygen making a peroxy-radical (LOO), which again may abstract a 
hydrogen from another acyl chain resulting in a lipid hydroperoxide (LOOH) and 
a new radical L. This propagation continues until one of the radicals is removed by 
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reaction with another radical or with an antioxidant (AH) resulting in a radical (A) that 
is much less reactive. 



FIGuRe 27
autoxidation of polyunsaturated lipid 



The hydroperoxides are readily broken down to secondary autoxidation products 
of shorter carbon chain-length. This reaction is catalyzed by heavy metal ions. The 
resulting secondary products – mostly aldehydes, ketones, alcohols, small carboxylic 
acids and alkanes – give rise to a very broad odour spectrum and in some cases to a 
yellowish discoloration. Several of the aldehydes can be determined as “thiobarbituric 
acid-reactive substances”. 



Lipid oxidation of the dark muscle has been shown to be closely related to meat 
darkening and development of the rancid off-odour during the early stage of ice storage 
of cultured yellowtail, Seriola quinqueradiata (Sohn et al., 2005).



4.1.4.2 Hydrolysis
During storage, a considerable amount of free fatty acids develop. The phenomenon is 
more profound in ungutted than in gutted fish, probably because of the involvement 
of digestive enzymes. Triglyceride in the depot fat is cleaved by triglyceride lipase 
originating from the digestive tract or excreted by certain micro-organisms. Cellular 
lipases may also play a minor role.



In lean fish, for example, Atlantic cod, production of free fatty acids also occurs 
even at low temperatures. The fatty acids give a “soapy” off-flavour to the fish.



4.1.5 sensory changes (Henri Loreal)
All these microscopic changes, caused by bacteria, autolytic enzymes or other chemical 
reactions, are translated into changes in the sensory attributes of fish or seafood. 
Sensory changes are those perceived with the senses, i.e. appearance, odour, texture 
and taste. 



4.1.5.1 Changes in raw fresh fish
The first sensory changes in fish during storage in ice are concerned with appearance 
and texture. The most dramatic change is onset of rigor mortis. Immediately after 
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death, the muscle is totally relaxed and the limp elastic texture usually persists for some 
hours, whereafter the muscle contracts. When it becomes hard and stiff, the whole 
body becomes inflexible and the fish is in rigor mortis. This condition usually lasts for 
a day or more in ice, and then rigor resolves. The resolution of rigor mortis makes the 
muscle relax again and it becomes limp, but no longer as elastic as before rigor. The rate 
in terms of onset and resolution of rigor varies from species to species and is affected 
by temperature, handling, size and physical condition of the fish.



Abe and Okuma (1991) have shown that the onset of rigor mortis in carp (Cyprinus 
carpio) depends on the difference in sea temperature and storage temperature. When 
the difference is large, the time from death to onset of rigor is short and vice versa. 



Rigor mortis starts immediately or shortly after death if the fish is starved and 
the glycogen reserves are depleted, or if the fish is stressed. The method used for 
stunning and killing the fish also influences the onset of rigor. Stunning and killing 
by hypothermia (the fish is killed in iced water) give the fastest onset of rigor, while a 
blow on the head gives a delay of up to 18 h (Azam, Mackie and Smith, 1990; Proctor, 
Ryan and McLoughlin, 1992). 



The technological significance of rigor mortis is of major importance when the fish 
is filleted before or in rigor. In rigor, the fish body will be completely stiff, the filleting 
yield will be very poor, and rough handling can cause gaping. If the fillets are removed 
from the bone pre-rigor the muscle can contract freely and the fillets will shorten 
following the onset of rigor. Dark muscle may shrink by up to 52 percent and white 
muscle by up to 15 percent of the original length (Buttkus, 1963). If the fish is cooked 
pre-rigor, the texture will be very soft and pasty. In contrast, the texture is tough 
but not dry when the fish is cooked in rigor. Post-rigor, the flesh will become firm, 
succulent and elastic. Whole fish and fillets frozen pre-rigor can give good products 
if they are carefully thawed at a low temperature in order to give rigor mortis time to 
pass while the muscle is still frozen. 



Freshness is the key element in the determination of the quality of fish by consumers. 
The sensory evaluation of raw fish in markets and landing sites is done by assessing the 
appearance, texture and odour. Most scoring systems are based upon changes taking 
place during storage in melting ice. It should be remembered that the characteristic 
changes vary depending on the storage method. The appearance of fish stored under 
chilled condition without ice does not change as much as for iced fish, but the fish spoil 
more rapidly and an evaluation of cooked flavour will be necessary. Knowledge of the 
time and temperature history of the fish should therefore be essential at landing. 



The characteristic sensory changes in fish post-mortem vary considerably depending 
on fish species and storage method. The ratings established in regulations of the 
European Union (Member Organization) apply to the following products or groups 
of products, by reference to appraisal criteria specific to each of them:



A. Whitefish: haddock, cod, saithe, pollock, redfish, whiting, ling, hake, Ray’s 
bream, anglerfish, pouting and poor cod, bogue, picarel, conger, gurnard, 
mullet, plaice, megrim, sole, dab, lemon sole, flounder, scabbard fish.



B. Bluefish: albacore or longfinned tuna, bluefin tuna, bigeye tuna, blue whiting, 
herring, sardines, mackerel, horse mackerel, anchovy, sprat.



C. Selachii: dogfish, skate.
D. Cephalopods: cuttlefish.
E. Crustaceans: shrimps, Norway lobster.



The scale is numbered from 0 to 3, where 3 is the best quality. 
However, this kind of scheme is limited when classifying the quality of some 



species. It does not take into account differences between species, and it only uses 
general parameters to describe the changes for iced fish 



These generally recognized limitations of the European Commission scheme and 
other previous schemes have necessitated the development of improved freshness 
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quality grading systems. One example is the quality index method (QIM), which is 
based upon objective evaluation of certain attributes of raw fish (skin, eyes, gills, etc.) 
using a demerit points scoring system (from 0 to 3). The scores are summarized to give 
the quality index, which increases linearly with the storage time in ice.



Publications on new or modified QIM schemes in peer-viewed journals or books 
cover at least 34 seafood species or products. For example, a QIM has been developed 
for gilthead seabream, Sparus aurata (Huidobro, Pastor and Tejada, 2000); more 
recently, Vaz-Pires and Seixas (2006) have developed sensory schemes for freshness 
grading of cuttlefish (Sepia officinalis) and broadtail shortfin squid (Illex coindetii). 
The shelf-life, as measured by sensory attributes, is considered to be 10 days in ice for 
cuttlefish and 9 days in ice for squid. For both species, a high correlation between the 
quality index and the storage time in ice was obtained. 



A QIM has also been used to study the effects of short-time temperature abuse in 
the shelf-life of freshwater arctic char (Salvelinus alpinus) in relation to estimating the 
remaining storage time until sensory rejection (Cyprian et al., 2008).



Most QIM schemes have been developed for whole raw fish, but several schemes 
have been developed for other types of seafood and products, such as raw,  
frozen/thawed fillets and cooked fillets. Multilingual guidelines and reference manuals 
for end users have been translated and published in 11 languages.9



4.1.5.2 Changes in eating quality
If knowledge on the eating quality of chilled fish during storage is required, a 



sensory assessment of the fish, cooked under controlled conditions, can be conducted. 
A characteristic pattern of the changes found in cooked fish has been elucidated and 
can be divided into the following four phases: 



•	 Phase	1. The fish is very fresh and has a sweet, seaweedy and delicate taste. The 
taste can be very slightly metallic. In cod, haddock, whiting and flounder, the 
sweet taste is maximized 2–3 days after catching.



•	 Phase	2.	There is a loss of the characteristic odour and taste. The flesh becomes 
neutral but has no off-flavours. The texture is still pleasant.



•	 Phase	3. There are signs of spoilage and a range of volatile, unpleasant-smelling 
substances is produced depending on the fish species and type of spoilage 
(aerobic, anaerobic). One of the volatile compounds may be TMA (derived 
from the bacterial reduction of TMAO), which has a characteristic “fishy” 
smell. At the beginning of this phase, the off-flavour may be slightly sour, 
fruity and slightly bitter, especially in fatty fish. In the later stages, sickly 
sweet, cabbage-like, ammoniacal, sulphurous and rancid smells develop. The 
texture becomes either soft and watery or tough and dry.



•	 Phase	4.	The fish can be characterized as spoiled and putrid.
A numbered scale may be used for the sensory evaluation of cooked fish, as shown 



in Figure 28. The scale is numbered from 0 to 10, with 10 indicating absolute freshness, 
8 good quality and 6 a neutral tasteless fish. The rejection level is 4. Using the scale 
in this way, the graph becomes S-shaped, indicating a rapid degradation of the fish 
Phase 1, a slower rate in Phases 2 and 3, and finally a high rate when the fish is spoiled.
Other scales can be used and can change the shape of the graph. However, it is 
important to understand the kind of results desired from the sensory analysis in order 
to ask the right questions to the sensory assessors.



Although most sensory characteristics can only be measured meaningfully by 
humans, advances are being made in the development of instruments that can measure 
changes in individual quality attributes.



9  Available at: www.qim-eurofish.com
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Such instruments include the Instron and Bohlin Rheometer for measuring texture 
and other rheological properties. Microscopic methods combined with image analysis 
are used to assess structural changes, and “the artificial nose” is used to evaluate the 
odour profile (Nanto, Sokooshim and Kawai, 1993). A European project “Multi-sensor 
techniques for monitoring the quality of fish” has evaluated various physicochemical 
techniques: visible light spectrometry, electrical properties, image analysis, colour, 
electronic nose and texture (Nesvabda, 2003). Combining the outputs of the last 
three and calibrating with QIM sensory scores for appearance, smell and texture gives 
an artificial quality index, which is expected to provide accurate evaluation of fish 
freshness.



4.2 ResulTing posT-haRvesT losses (HeNRI LOReaL)
Post-harvest losses of fish occur in various forms. Physical fish loss is caused by poor 
handling and preservation, or the discarding of bycatch. Economic loss occurs when 
spoilage of wet fish results in a value decrease or when there is a need to reprocess cured 
fish, raising the cost of this operation. In addition, inadequate handling and processing 
methods can lead to nutritional loss. Similarly, the processing of large quantities of fish 
into animal feeds can be considered, under certain conditions, as a “loss” for human 
food security.



Although there are few verifiable estimates, post-harvest losses in small-scale 
fisheries can be very significant. As mentioned above, it has been estimated that the 
economic cost of losses in selected fisheries in selected countries in Africa ranges from 
US$20 000 to US$60 million – with quality issues accounting for up to 70 percent of 
the total losses (Akande and Diei-Ouadi, 2010). In Oman, a high incidence of post-
harvest losses has been recognized as an economic problem affecting the development 
of the fisheries sector. The annual loss due to downgrading of fish has been estimated at 
nearly US$65 million. The loss in quantity is about 10 percent for the entire traditional 
sector, which means a loss in potential revenue ranging from 12.5  to 20  percent  
(Linus, Al-Jufaili and Rahman, 2007). 



Appropriate preservation methods can significantly reduce this loss, including from 
glut catches when the processing, distribution and marketing system cannot cope with 



FIGuRe 28
Changes in the eating quality of iced (0 °C) cod 



Source: Huss (1976).
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the large quantities of fish that are landed owing to seasonal or interannual variations 
in availability or abundance (Ababouch, 2003). Table 58 provides some examples from 
work in Africa of the causes of losses and potential interventions that can mitigate or 
reduce losses. As can be seen, in many cases, the interventions are simple (Akande and 
Diei-Ouadi, 2010).



TabLe 58
existing and potential loss reduction intervention initiatives



physical loss Causes or nature of 
losses



existing intervention 
strategies



Where in use and by 
whom



potential intervention 
strategies



Physical Discarded trampled 
fish



use of separation 
board on board 
canoes



united Republic of 
Tanzania, by lake 
sardine fishers



Redesigning of canoes



bird predation and 
pilferage



use of camouflage to 
scare away the birds, 
and watchperson 
during sun-drying of 
the fish



united Republic of 
Tanzania, by sun-dried 
fish processors



Solar tent driers



Fragmentation use of boxes instead 
of baskets



Ghana, by sardinella 
fish smokers



Packaging in sturdy 
wooden container



Net entanglement in 
rocky areas



Indigenous knowledge 
of fishing area



Ghanaian fishers use echo sounder



Quality Deterioration use of ice Ghana and Kenya, by 
fishers and fish traders



Introduction of 
customized insulated 
boxes



Insect infestation brining of fish before 
drying or smoking



Ghana, Mali and 
united Republic 
of Tanzania, by 
processors of smoked 
fish



use of pirimiphosmethyl 
(actellic ND) and other 
recognized natural and 
synthetic insecticides



Rancidity and colour 
change



Reduce storage period united Republic of 
Tanzania, in lake 
sardine sun-drying



Immersion in antioxidants



Poor drying Drying on bare floor 
or in some cases racks



uganda and united 
Republic of Tanzania, 
by lake sardine 
processors



use of mechanical driers. 
Smoke drying option or 
brazilian salt-pressing 
technology



Light and carbide 
fishing



Regulations on 
obnoxious methods of 
fishing



Ghana, by some fishers enforcement of fishing 
regulations against 
obnoxious methods of 
fishing



4.3 pRoDuCT auThenTiCiTy (HeNRI LOReaL)
Seafood companies and exporting countries are increasingly seeking to sell their 
products using commercial names of established international repute in order to derive 
maximum value and recognition. Although value-enhancing denominations are being 
sought for many species, they remain relatively rare.



The matter is exacerbated by the fact that different species may have the same 
common name in different countries (or even regions of the same country). On the 
other hand, the same species sometimes has different names in the same language 
in different locations within the same country. This may be a source of misleading 
information.



Market names such as “seabass” or “catfish” are frequently used in international 
trade, but they refer to very different species from various families. 



In France, D.  labrax is a high-value fish commercialized as “loup” or “bar”. 
Anarhicas lupus is a lower-value fish commercialized as “loup de l’Atlantique”. Other 
countries have different names for these species (Figure 29). Whole products cannot 
be confused but it may happen that an A. lupus fillet or fillet portion is sold as “filet 
de loup”.



The same observation applies to the name “catfish”, which is used for numerous 
species from very different fish families in international trade. The Pangasius bocourti 



Source: akande and Diei-Ouadi (2010).
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farmed in Viet  Nam competes with other siluriforme species on the international 
catfish market. 



Therefore, labelling provisions need to be sufficiently clear to prevent consumers 
from being misled and to prevent the creation of conditions of unfair competition in 
international trade. There is currently much interest in the issue as studies have shown 
that some 25–30 percent of fish on the market may be mislabelled (Jaquet and Pauly, 
2008). Molecular genetic analysis has shown that some three-quarters of the fish sold in 
the United States of America as “red snapper” – the FDA’s legally designated common 
name for Lutjanus campechanus – are in fact another species, most commonly, rockfish 
(Sebastes  spp.) (Marko et al., 2004). Mislabelling to this extent not only defrauds 
consumers but could also adversely affect estimates of stock size if it influences the 
reporting of catch data that are used in fisheries management. 



Since the mid-1960s, FAO has developed a programme to clarify and improve, 
on a national, regional and global scale, the identification of species of actual or 
potential interest to fisheries. This programme has produced world catalogues, 
regional identification sheets and national field guides, used for decades by many fish 
trading companies as the authoritative source of scientific and vernacular names and 
characteristics. In the last decade, information regarding bony fish and cartilaginous 
fish has progressively been included in FishBase. This work supports the deliberations 
of the Codex Committee on Fish and Fishery Products (CCFFP) on the identification 
of fish species for the standardization of fish and fishery products and on facilitating 
fish trade, especially exports from developing countries.



It is also important that scientific criteria be developed for listing species under 
a given denomination and a reliable methodology for verifying the authenticity of 
labelling claims.



Protein and DNA analyses are the most suitable methods for species identification 
of fillets or pieces of fish (Martinez, James and Loréal, 2005).



Other authentication issues with respect to the differentiation of wild and farmed 
fish, geographic origin and production methods require different analytical methods, 
such as trace element analysis or nuclear magnetic resonance techniques.



FIGuRe 29
local names for two fish species 
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4.4 exCessive WaTeR upTake (HeNRI LOReaL)
Water is the main component of fish and seafood. Generally, consumers do not expect 
to purchase fresh or frozen fish containing artificially added water. Excessive water 
addition that brings about excessive fluid loss and shrinkage of the product when 
thawing and/or cooking is a deceptive practice that results in economic fraud and, 
often, the loss of quality and nutrients.



Water is used extensively during fish handling, preparation and processing. As a 
result, water uptake may occur. However, water is regularly found to be fraudulently 
added to seafood products, either directly or by addition of excessive amounts of 
waterholding compounds such as polyphosphates. Several studies have reported on 
the fraudulent increase of water content of scallops in Europe, and a recent report in 
the United Kingdom of Great Britain and Northern Ireland by Seafish has reviewed 
the use of polyphosphates as additives and also examined the testing methods for 
them in scallops and prawns (Seafish, 2012). At the international level, the CAC has 
initiated work on an international standard on quick-frozen scallop adductor muscle 
meat. The draft standard states that no added water is allowed, other than water that 
enters the flesh during normal processing (e.g. iced storage and washing operations). 
Consequently, it is necessary to establish the moisture content limit as a value that 
best describes the natural attribute of scallops, taking into account the variability in 
moisture content between species, and the effect of seasonality, harvest practices and 
other factors. This moisture level could be practically applied as a basis for determining 
whether excessive moisture has been added to the product. 



Parallel to the standard, in 2012, the CCFFP discussed the drafting of a specific 
section of the Code of Practice for Fish and Fishery Products on the Processing of 
Scallop Meat. This includes an example of a flow diagram, identification of hazards and 
defects, and technical guidance to control, among other issues, added water.
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5. Climate change and probable 
impact on fish safety



5.1 Climate Change and the miCrobiologiCal safety of fishery 
produCts (Mark TaMplin and iddya karunasagar)
5.5.1 introduction
Scientists express little doubt that the earth’s climate has changed since the start of 
the Anthropocene (Karl, 2007). In this period, variations have been observed for 
the cryosphere, in coastal, marine, freshwater and terrestrial systems, as well as in 
the frequency of severe weather events (IPCC, 2007a). In particular, change has 
been evident in freshwater and marine systems, where variations in surface seawater 
temperature, pH and sea level have been linked to events such as coral bleaching, 
harmful algal blooms, fish kills, and oyster disease, as well as outbreaks of human 
disease from known and emerging pathogens.



The debate about whether human activity is primarily responsible for climate 
change will continue because extended time intervals must be observed in order to 
conclude that a specific cause results in a specific effect. As such, this uncertainty delays 
implementation of risk management strategies that may need to be initiated in shorter 
time intervals. Whether anthropomorphic or natural, the earth’s climate is changing, 
and such events may influence the safety (positive and negative) of food harvested from 
marine and freshwater environments.



Seawater temperature, level, salinity and pH have changed in the past century 
(IPCC, 2007b; Karl, 2007; Levitus et al., 2000). On average, the ocean has increased 
one-third of a degree Celsius in the last 50 years (Levitus et al., 2000). In addition, the 
sea level has risen at a global average rate of 1.7–1.8 mm per year in the last century, and 
at an elevated rate of 3 mm per year in the past 10 years (IPCC, 2007c).



The average pH of the ocean, 8.4, has dropped by approximately 0.1  units since 
pre-industrial times (Kintisch and Stokstad, 2008). This has been caused, in part, by 
the conversion of carbon dioxide and other atmospheric gases to water-soluble acidic 
compounds, such as carbonic, sulphonic and nitric acids. By 2100, some estimates 
indicate that ocean pH will drop another 0.4  units at the current rate of carbon 
increase. In addition to the direct effect of pH on biota, increased temperature can 
also compound the negative effects of pH on marine life (O’Donnell, Hammond and 
Hofmann, 2009).



Ocean warming, sea-level rise, and changes in ocean chemistry are driven, in part, 
by increases in atmospheric greenhouse gases (Kite-Powell et al., 2008). Carbon 
dioxide, although relatively low in concentration compared with other gases, absorbs 
energy and contributes to global warming. Atmospheric gases can also exert a direct 
effect on microbial physiology as well as through compounds that are formed when 
gases dissolve in seawater.



It is well established in the field of microbial ecology that the environment selects 
for types and levels of bacteria that live in a particular habitat. Baas-Becking (1934) 
stated that “Everything is everywhere, but the environment selects.” Although not 
every environmental parameter exerts as strong an influence on microbial viability as 
temperature, water activity (salinity) and pH do. Importantly, these same factors are 
also markedly affected by climate change.
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Although changes in marine microbial communities do not always translate into 
changes in risk to animal and human health, it is important to understand how 
and to what degree variations in environmental parameters can influence microbial 
community structure, especially those that impact health. Such knowledge will provide 
insights into potential risk management strategies.



5.1.2 Climate change and probable impact on fisheries
Climate-mediated changes in environmental conditions cascade through an ecosystem, 
initially affecting the most susceptible species and producing a change in the balance 
of the community. An overview of the current scientific knowledge on climate 
change and its implication for fisheries and aquaculture was provided by an FAO 
Expert Workshop held in 2008 (Cochrane et al., 2009). There was agreement that 
climate change is affecting the seasonality of biological processes, altering marine and 
freshwater food webs with unpredictable consequences for fish production. 



Climate variability and human activities may change host resistance (positive or 
negative) and facilitate pathogen transmission through exposure of a new host to 
a pathogen, or vice versa. In addition to a direct effect, environmental change can 
also affect the physiology and ecology of other marine biota in the same habitat. 
This includes diseases that may affect animal health and also influence the balance in  
host–microbe interactions (e.g. mutualistic, synergistic, symbiotic, parasitic and 
commensal).



The most sensitive aquatic species are those that exist in habitats where environmental 
parameters are closer to their physiological limit, such as in tropical environments  
(e.g. corals), but which are further away from the physiological limit of pathogens. 
Such species can experience greater shifts in pathogen loads (Porter et al., 1989). Higher 
susceptibility would also be likely to occur for those species with complex tissue 
systems, followed by multicellular organisms, and then single-cell organisms.



Severe bleaching of corals caused by the loss of algal symbionts and or algal pigments 
has been reported in periods when sea surface temperatures exceed summer maxima by 
1–2 °C for a few weeks (Glynn, 1996), and bleached corals are vulnerable to pathogenic 
micro-organisms (Brandt and McManus, 2009). Studies have shown that a daily average 
increase of 1 °C during summer months results in a shift from Spongiobacteria-related 
species to predominantly Vibrio spp. (Bourne et al., 2008). This shift occurs before the 
visible bleaching event whereby coral zooxanthellae substantially decrease. It has been 
suggested that large-scale bleaching and mortality could occur in coral reefs by 2050 
(IPCC, 2007d).



Diseases in the marine environment can be caused by pollution, introduction of 
terrestrial organisms, harvesting and climate change. There is little systematic and 
conclusive evidence of a direct link between any of these factors. A detailed review 
by Lafferty, Porter and Ford (2004) describes diseases of multiple species of marine 
life, including corals, abalones and urchins. The northward spread of the MSX 
(multinucleated spore unknown) disease among Crassostrea virginica oysters, caused 
by the protozoan parasite Haplosporidium nelsoni, on the east coast of the United 
States of America has been attributed to climate warming (Hofmann et al., 2001). 



When considering transmissible diseases, different complexes may be responsible 
and potentially be affected by climate change (Shope, 1991). These include: two-factor 
complexes that involve the causative agent and host; a three-factor complex that also 
includes a vector; and a four-factor complex that involves an intermediate host. The 
latter two complexes would be likely to be more susceptible to climate change, as the 
vectors and intermediate host (or hosts) may be affected by environmental factors.



Harvell et al. (1999) provide a comprehensive review of emerging marine diseases 
reported from 1938 to 1997, and they describe possible links to climate change 
and anthropogenic factors. Examples of these mass mortalities (i.e. >  10  percent 
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mortality within populations) include seals, dolphins, pilchards, herrings, scallops, 
clams, abalones, oysters, urchins, corals, kelp, seagrasses, algae and sponges. While  
more-effective reporting may account for higher rates of mortality in recent years, 
climate change and human activity are believed to have caused physiological stresses, 
host and range shifts in pathogens, and global transport of species (Harvell et al., 1999).



Records of the El Niño Southern Oscillation (ENSO) show that it has occurred at 
a frequency of one or two episodes per decade over the past 5 000 years. However, 
episodes have occurred more frequently and for longer durations since the 1970s 
(Rodbell et al., 1998; Trenberth and Hoar, 1996). ENSO events have documented 
impacts on marine species, which include changes in bacterial communities leading to 
marine host infection (Kushmaro et al., 1996).



Elevated surface seawater temperature has also been shown to influence the 
prevalence of Dermo disease of the eastern oyster, Crassostrea virginica, caused by the 
protozoan Perkinsus marinus. During El Niña events, drier weather leads to increase 
salinity in estuarine environments, favouring the survival of P.  marinus (Kim and 
Powell, 1998). It is possible that increased oyster disease could reduce oyster host 
defences systems, potentially elevating the load (i.e. exposure levels) of pathogenic 
Vibrio spp.



More recently, large mortalities have been reported in shellfish hatcheries on the 
North American west coast; the reported cause was Vibrio tubiashii (Elston et al., 
2008). The death of larval and juvenile bivalves was associated with elevated levels of 
V. tubiashii in coastal waters. It was suggested that these mortalities were associated 
with the mixing of unusually warm surface seawater and upwelled seawater that 
was high in nutrients and Vibrio spp. (i.e. 1.6 × 105 cfu/ml). The disease occurred in 
three new hosts, Pacific (Crassostrea gigas) and Kumamoto (C. sikamea) oysters and 
geoduck clams (Panope abrupta) (Elston et al., 2008). 



5.1.3 Climate change and probable impact on fish safety
As stated by Karl “Microorganisms inhabit all marine ecosystems, from the tropics 
to the sea ice and from the well-lit surface waters to the deep abyss; they truly are 
the ‘unseen majority’” (Karl, 2007). Micro-organisms are involved in important 
transformations of nutrients, the acquisition and transduction of solar energy, the 
production and utilization of greenhouse gases (e.g. carbon dioxide, nitrous oxide and 
methane) and constitute a great pool of genetic diversity (Karl, 2007). Some species are 
also the aetiological agents of human disease.



Through the consumption of seafood, people are exposed to a variety of microbial 
species. The outcome of such exposure, depending on characteristics of the population 
and the type of exposure, can lead to negative (e.g. gastrointestinal illness and toxic 
poisoning) or positive health effects (e.g. nutritional and health benefits) (Kite-Powell 
et al., 2008). Such health outcomes can be modelled and estimated through quantitative 
microbial risk assessment (QMRA) (Ross and McMeekin, 2009).



In places where pathogens are controlled through sanitary infrastructure but 
a reservoir exists, changes in climatic conditions could result in the expansion of 
populations of pathogens to levels that may be more difficult to control through 
hygienic practices. Such a situation has been described for V. cholerae in the United 
States Gulf of Mexico (Shope, 1991; Blake et al., 1980) and in Peru (Tauxe, Mintz and 
Quick, 1995), where pathogenic strains unexpectedly reached concentrations that led 
to human outbreaks and epidemics of cholera.



Climate change is expected to accelerate the water cycle, with increased precipitation 
in the tropics and at high altitudes, drier conditions in the subtropics and increased 
frequencies of extreme droughts and floods (IPCC, 2007e). Events such as floods 
are likely to disrupt sanitary infrastructure around fish harvesting/aquaculture 
sites, affecting fish safety. Outbreaks of cholera during floods in Bangladesh have 
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been documented (Schwartz et al., 2006) and although cholera transmission may 
be mainly through water, contamination of seafood also needs to be considered. 
During the cholera outbreak in Peru, fish in domestic markets were contaminated 
with V.  cholerae  O1 (FAO/WHO, 2005b). In many parts of the world, oysters are 
consumed raw and consumer safety is managed by monitoring the growing waters 
or shellfish for the presence of faecal coliforms. Extreme weather events such as 
floods and hurricanes may lead to a breakdown in the sanitary infrastructure and 
dissemination of pathogenic micro-organisms. The presence of Salmonella in rivers and 
the marine environment has been related to torrential rains and storm-generated flows 
(Martinez-Urtaza et al., 2004a), and the pathogen could then reach aquaculture sites or 
contaminate fish in coastal waters. 



The viability of micro-organisms is strongly influenced by temperature, pH and 
water activity. These factors affect the structure of water surrounding important 
macromolecules and, thereby, affect processes involved in cellular maintenance, 
growth and death (Ratkowsky, Olley and Ross, 2005). Variations in these key 
environmental factors can have different effects, depending on the bacterial species 
and the physiological state of the cell, by increasing or decreasing bacterial growth and 
inactivation rates (Tamplin, 2009).



5.1.3.1 Effects of temperature and pH
As a general rule, for a 10  °C increase in temperature, the rate of reaction (i.e. 
bacterial growth) doubles or triples (Beavon, 2010). This rule of thumb derives from 
the Arrhenius equation. The change is more pronounced the further away from the 
optimum (for growth rate). For example, mathematical models for E. coli growth rate 
(e.g. Presser, Ratkowsky and Ross, 1997), indicate that the rate of growth increases 
approximately 12-fold from 8 °C to 18 °C.



The scientific literature and numerous predictive models describe in detail how 
temperature affects the growth of bacteria, including pathogenic and non-pathogenic 
species (Tamplin, 2009; Tamplin, Baranyi and Paoli, 2003; McMeekin, Olley and 
Ross, 1993). As such, tools are available to estimate the effects of temperature change 
on the growth of a number of seafood-borne bacterial pathogens. However, most 
of these models were developed for bacterial growth in pure culture systems under 
non-limiting nutrient conditions. Therefore, the models are likely to overestimate the 
growth of bacteria in marine and freshwater environments where nutrients are limited 
and where they exist in a complex milieu of competing micro-organisms. In the latter 
case, one would expect that competition among bacterial strains and species would 
permit faster growth of some species than others (i.e. the Jameson effect; Ross, Dalgaard 
and Tienungoon, 2000; Stephens et al., 1997). Nevertheless, predictive models provide 
a good foundation upon which to understand how bacterial species will respond to 
environmental change and resulting human exposure levels in fishery products.



The effect of temperature variation on aquatic reservoirs of bacterial pathogens has 
received little attention in comparison with effects on more complex marine biota. 
Various reports support the hypothesis that an increase in seawater temperature would 
lead to increased levels of bacterial pathogens in seafood (i.e. higher human exposure) 
(FAO/WHO, 2003b; 2005c; FDA, 2005). This assumption is also supported by a study 
of terrestrial food-borne illness in England and Wales, the United Kingdom of Great 
Britain and Northern Ireland, from 1974 to 2006, in which Lake et al. (2009) showed 
that campylobacteriosis, salmonellosis, Salmonella Typhimurium and Salmonella 
Enteritidis were associated with elevated air temperature during and prior to the 
reported cases.



Human disease caused by Vibrio  spp. shows a strong relationship to seawater 
temperature. This is reflected in the seasonality, as well as unexpected outbreaks, of 
illnesses caused by Vibrio vulnificus, Vibrio cholerae and Vibrio parahaemolyticus 
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(FAO/WHO, 2003b; FAO/WHO, 2005c; Ford et al., 2009). For example, the 1991 
epidemic of V.  cholerae in Latin America and the outbreak of shellfish-associated 
V. parahaemolyticus disease in Chile in 2004 are believed to have been influenced by 
ENSO events (Harth et al., 2009; Pascal et al., 2000). In addition, Paz et al. (2007) 
showed that Vibrio vulnificus disease (bacteremia and wound infection) among 
fish market workers in Israel appears to have paralleled marked increases in mean 
ambient air temperature. Temperature is also expected to cause a poleward expansion 
of ciguatera poisoning, by shifting the distribution of marine algae that produce 
ciguatoxins (IPCC, 2007b).



Temperature may also affect uptake of chemical contaminants from the environment 
by fish and shellfish. Fish safety managers are particularly concerned about levels of 
mercury, cadmium and lead in fish, and there are regulatory levels prescribed for these. 
Methylation of mercury has been shown to be affected by temperature, and the uptake 
of methylmercury has been found to increase by 3–5 percent for each 1 ºC rise in water 
temperature (Booth and Zeller, 2005). Gaden et al. (2009) reported that mercury levels 
in Canadian Arctic ringed seals and cod are linked to vanishing sea ice caused by global 
warming.



As with temperature, there is a wealth of information about the quantitative effect 
of pH on bacteria, but less so for those that reside in aquatic environments. In the 
environments in which humans produce fish, the pH ranges from being close to neutral 
in freshwater to being more basic in marine and brackish waters.



A change in pH can move bacteria closer to or further away from the optimum 
growth rate, depending on the species. Considering this and the complexity of microbial 
communities in aquatic environments, it will probably be difficult to accurately 
predict shifts in populations at the species level. However, pathogenic strains are a 
much smaller subset of the community, and predictive models will probably assist in 
estimating such effects.



5.1.3.2 Effects on sea level
Additional effects of climate change include spatial variation in precipitation, severe 
weather events and glacial melting. Globally, in the past ten years, these events appear 
to be elevating sea levels at a rate of 3 mm per year (IPCC, 2007c). Elevated sea levels 
and periodic floods expand habitats available for fish and shellfish (IPCC, 2007f). 
This affects marine and freshwater fisheries and aquaculture in fundamental ways. For 
example, a reduction in salinity significantly affects the physiology of fish, causing shifts 
in habitats and migration. This particularly affects aquaculture operations in marine 
and brackish environments. Conversely, some geographical areas may experience 
abnormally lower rainfall, affecting inland fisheries and freshwater aquaculture.



Excessive rainfall and elevated sea levels also introduce new and increased numbers 
of micro-organisms into estuaries and freshwaterbodies. This has effects on microbial 
ecology and on the prevalence and levels of pathogens that affect fish species and 
humans (IPCC, 2001). For example, in Canada, outbreaks of Escherichia coli O157:H7 
occurred when rainfall and flooding washed faecal material from neighbouring cattle 
operations into municipal wells (Hrudey et al., 2003).



5.1.3.3 Emergence of pathogens
There is an undiscovered diversity of micro-organisms in aquatic environments. This 
fact makes the prediction of what, where, when and how a new pathogen will emerge 
very uncertain (Venter et al., 2004). More probably, risk assessors and risk managers 
will rely on precedent and a few predictive models to forecast more accurately the 
incidence and levels of recognized pathogens (e.g. Vibrio spp.).



“Emergence” has gained a more specific definition in public health terms, signifying 
an increase in prevalence, a new species or strain variety, infections appearing in new 
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host populations and recognized infections spreading by a new transmission route 
(Woolhouse and Gaunt, 2007). It can be expected that higher water temperature will 
result in increased concentrations of bacteria, a larger pool of micro-organisms with 
mutations, and greater probability of gene transfer. This will probably be influenced 
by the movements of and shifts in populations of aquatic life and associated microbial 
communities.



The emergence of V. cholerae serotype O1 in the coastal waters of Peru, and the 
resulting epidemic in other Latin American countries over an 18-month period, is a 
more recent example. The resulting impact included 1  million cases of cholera and 
10 000 reported deaths (Tauxe, Mintz and Quick, 1995). Similarly, V. cholerae O139 
emerged as a new serotype in India (Faruque, Albert and Mekalanos, 1998). This change 
in V. cholerae capsular polysaccharide posed a great threat, as protective immunity to 
cholera is largely O-antigen specific. The factors influencing this were complex, with 
a mix of public health infrastructure, bacterial mutation, and coincidences in human 
behaviour (Ford et al., 2009; Sumilo et al., 2007).



In the Chilean V. parahaemolyticus outbreak, strains associated with human illness 
in 2004 were the pandemic serotype O3:K6. However, since 2007, other strains have 
emerged and have been associated with human disease. Evidence indicates that genes 
encoding capsular exopolysaccharide and virulence may have been horizontally 
transferred among other V.  parahaemolyticus strains, producing strains with an 
enhanced ability to survive in the environment but being less infectious to humans 
(Nair et al., 2007).



The O3:H6 serotype was first reported in Calcutta (Kolkata), India, in 1996 (Okuda 
et al., 1997). The clone spread throughout most Southeast Asian countries from 1996 to 
1997 (Martinez-Urtaza et al., 2008). In 1997, it was reported at a single location outside 
Asia, i.e. Chile (Gonzalez-Escalona et al., 2005). These authors suggest that the arrival 
of the Asian O3:K6 serotype was facilitated by warm equatorial water displaced from 
Asia to America by the most recent two El Niño episodes. In addition, through a very 
thorough analysis of sea surface temperature and multivariate ENSO index data, they 
show a strong association between these environmental parameters and the incidence 
of V.  parahaemolyticus infections. The arrival of the O3:K6 strains corresponded 
closely with the propagation of the 1997 El Niño event.



Epidemiologists normally recognize an emerging pathogen only when its incidence 
reaches some threshold among other infectious diseases in a population, produces 
very unique symptoms, or affects a unique human subpopulation. Therefore, it can 
be assumed that new pathogens are continuously emerging and that many may not 
be recognized and disappear. Whether they persist depends on their ability to survive 
in a new environment and within the susceptible population. It is also important to 
consider that, while emerging infectious diseases are undesirable for humans, the 
aetiological species may have important roles in the marine environment in promoting 
biodiversity (Lafferty, 2003).



5.1.3.4 Other considerations
Changes in atmospheric gases as a result of climate change can also affect global fisheries 
and transmission of infectious diseases. For example, oxygen levels decrease in warmer 
seawater (Lafferty, Porter and Ford, 2004). Other studies indicate that undersaturation 
of aragonite, the more soluble form of calcium carbonate, will occur in the Southern 
Ocean by 2050 when the atmospheric CO2 concentration reaches 450 ppm (McNeil 
and Matear, 2008). Among other factors, this will affect the formation of marine 
exoskeletons and potentially increase the risk of infection.



The rate of disease transfer can also be affected (positively and negatively) based on 
factors that influence densities of fish, such as through harvesting pressure (Jackson 
et al., 2001). Smaller populations of fish can reduce pathogen transmission rates and 
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thereby limit the density of the pathogen. Conversely, higher fish densities can increase 
pathogen load and the probability of exposure.



5.1.4 mitigation of the probable impact on fish safety
There is much less published research about the ecology of pathogenic bacteria in 
fishery environments compared with research on terrestrial animals and foods. As 
such, funding organizations should consider investing in research to fill key knowledge 
gaps that could identify ways to protect public health.



Risk assessment may be the best strategy for managing, or at least preparing for, 
the potential impact of climate change on fish and human safety. In this regard, a 
number of risk assessments have been conducted by FAO and WHO in separate and 
joint consultations, as well as by other public health bodies (EFSA, 2008; FAO, 2005b; 
FAO/WHO, 2003, 2004a, 2005b, 2005c, 2006b; FDA, 2005; Ivanek et al., 2004; Wong 
et al., 2006). Although significant efforts in themselves, these assessments have mostly 
focused on Vibrio spp. and Listeria monocytogenes. 



It is recognized that the full benefits of risk assessment have not been realized. Much 
more attention needs to be given to translating QMRA into tools that are simple to use 
and have practical applications at the national, regional and local levels. In this regard, 
FAO/WHO has prepared six case studies of pathogen-food combination, two of 
which are V. vulnificus in oysters and L. monocytogenes in smoked fish (FAO/WHO, 
2006b). The scenarios illustrate how QMRA can be used to identify “sensitive” points 
in the production–supply chain, where risk management strategies can significantly 
influence risk.



Likewise, QMRA could be used to identify environmental conditions that are 
sensitive to the effects of climate change, and then identify potential mitigation 
strategies to lower risk. Strategies to forecast risk also need to consider the parallel 
development of better public health measures and engineering interventions.



Such an approach could then be used to determine ways to implement remote 
monitoring of environmental parameters known to influence the viability of pathogens, 
as well as conditions that promote the emergence of new strains, such as via gene 
transfer or high mutation rates. Without such underlying models, remote sensing may 
offer far less value as an effective warning system.



5.1.5 Conclusions
More research is needed in order to understand the implications of climate variation 
on the productivity of fisheries and human health. However, based on current evidence 
and predictive models, it can be assumed that climate change will produce effects, 
although the precise outcomes remain highly uncertain. Karl (2007) has considered 
such scenarios and states that “These case studies reveal the importance of, and the 
need for, comprehensive analyses  – ranging from genomes to biomes, coupled to 
interdisciplinary physical and chemical observations of broad temporal–spatial scales – 
before a comprehensive understanding of the role of micro-organisms in oceanic 
ecosystems can be achieved.”



For commercial fisheries, climate change, especially increased temperature, will 
probably result in a higher incidence of fish mortality. For fish processors, one can 
anticipate greater costs associated with food safety and sanitation processes to control 
contamination at the processing level, and subsequent product handling at wholesale 
level, retail level and by the consumer. 
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5.2 impaCts of Climate Change on harmful algal blooms and 
seafood safety (gusTaaf Hallegraeff)
5.2.1 introduction
In a strict sense, harmful algal blooms are completely natural phenomena that have 
occurred throughout recorded history. However, even non-toxic algal blooms can 
have devastating impacts when they lead to kills of fish and invertebrates by generating 
anoxic conditions in sheltered bays. Other algal species, although non-toxic to 
humans, can produce exudates that can cause damage to the delicate gill tissues of fish 
(raphidophytes Chattonella, Heterosigma, and dinoflagellates Karenia, Karlodinium). 
Whereas wild fish stocks are free to swim away from problem areas, caged fish in 
intensive aquaculture operations are trapped and, thus, can suffer devastating mortalities. 
Of greatest concern to human society are algal species that produce potent neurotoxins 
that can find their way through shellfish and fish to human consumers where they 
evoke a variety of gastrointestinal and neurological illnesses. One of the first recorded 
fatal cases of food poisoning after eating contaminated shellfish happened in 1793, 
when Captain George Vancouver and his crew landed in British Columbia (Canada) 
in an area now known as Poison Cove. He noted that, for local Indian tribes, it was 
taboo to eat shellfish when the seawater became bioluminescent due to algal blooms 
by the local dinoflagellate Alexandrium catenella/tamarense, which is now known to 
be a causative organism of PSP. The increase in shellfish farming worldwide is leading 
to more reports of PSP, DSP (first documented in 1976 in Japan), NSP (reported from 
the Gulf of Mexico as early as 1844) and ASP (first identified in 1987 in Canada). The 
explorer Captain James Cook already suffered from the tropical illness of CFP from 
fish when visiting New Caledonia in 1774. Worldwide, almost 2  000  cases of food 
poisoning from consumption of contaminated fish or shellfish are reported each year. 
Some 15  percent of these cases prove fatal. If not controlled, the economic damage 
through the slump in local consumption and exports of seafood products can be 
considerable. Whales and porpoises can also become victims when they receive toxins 
through the food chain via contaminated zooplankton or fish. In the United States 
of America, poisonings of manatees in Florida via seagrasses and, in California, of 
pelicans and sea lions via contaminated anchovies have also been reported (Hallegraeff, 
Anderson and Cembella, 2003).



In the past three decades, harmful algal blooms seem to have become more frequent, 
more intense and more widespread. Four explanations for this apparent increase in 
algal blooms have been proposed: (i) a greater scientific awareness of toxic species; 
(ii) the growing utilization of coastal waters for aquaculture; (iii) the stimulation 
of plankton blooms by domestic, industrial and agricultural wastes and/or unusual 
climate conditions; and (iv) the transportation of algal cysts either in ships’ ballast 
water or associated with moving shellfish stocks from one area to another (Hallegraeff, 
1993). 



Few long-term records exist of algal blooms at any single locality; ideally, at least 
30 consecutive years of data would be needed. Therefore, whether or not the apparent 
global increase in harmful algal blooms represents a real increase is a question that will 
probably not be answered conclusively for some time to come. 



The growing interest in using coastal waters for aquaculture is leading to a greater 
awareness of toxic algal species. People responsible for deciding quotas for pollutant 
loadings of coastal waters, or for managing agriculture and deforestation, should be 
made aware that one probable outcome of allowing polluting chemicals to seep into 
the environment will be an increase in harmful algal blooms. In countries that pride 
themselves on having disease- and pollution-free aquaculture, every effort should be 
made to quarantine sensitive aquaculture areas against the unintentional introduction 
of non-indigenous harmful algal species. Nor can any aquaculture industry afford 
not to monitor for an increasing number of harmful algal species in water and for an 
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increasing number of algal toxins in seafood products – using increasingly sophisticated 
analytical techniques such as LC-MS (see Section 3.2.5). Last, global climate change is 
adding a new level of uncertainty to many seafood safety monitoring programmes, as 
are range extensions of harmful algal bloom species through their being transported 
in ships’ ballast water and as a consequence of increases in sea surface temperatures 
(Hallegraeff, 2010).



5.2.2 range extensions by transport in ships’ ballast water 
Ballast water is seawater that has been pumped into a ship’s hold or dedicated ballast 
tanks to steady it by making it heavier and thus less likely to roll; the water is released 
when a ship enters port. Ballast water on cargo vessels was first suggested as a means 
of dispersing marine plankton more than 100 years ago (Ostenfeld, 1908). However, 
it was only in the 1980s that the problem sparked considerable interest, after evidence 
was brought forward that non-indigenous toxic species such as the PSP dinoflagellate 
Gymnodinium catenatum had been introduced into sensitive aquaculture areas of 
Australian waters, with disastrous consequences for commercial shellfish farms 
(McMinn et al., 1997). Similarly, the PSP dinoflagellate Alexandrium catenella, 
of a diagnostic temperate Asian ribotype, has appeared on French and Spanish 
Mediterranean coasts in the past two decades (Lilly et al., 2002). Ecosystems disturbed 
by pollution or climate change are more prone to ballast water invasions (Stachowicz 
et al., 2002).



5.2.3 algal bloom range extensions and climate change
The dinoflagellate Pyrodinium bahamense is currently confined to tropical, mangrove-
fringed coastal waters of the Atlantic and Indo-West Pacific. A survey of cyst fossils 
(named Polysphaeridium zoharyii) going back to the warmer Eocene 50 million years 
ago indicates a much wider range of distribution in the past. For example, in the 
Australasian region at present, the alga is not found farther south than Papua New 
Guinea, but, some 100  000  years ago, the alga ranged as far south as what is now 
Sydney Harbour, Australia (McMinn, 1989). There is concern that, with an increased 
greenhouse effect and warming of the oceans, this species may return to Australian 
waters (Figure  30). In the tropical Atlantic, in areas such as Bahia Fosforescente in 
Puerto Rico and Oyster Bay in Jamaica, the glowing red-brown blooms of Pyrodinium 
are a major tourist attraction. At first considered harmless, Pyrodinium blooms gained 
a more sinister reputation in 1972 in Papua New Guinea after red-brown water 
discolorations coincided with the fatal food poisoning (diagnosed as PSP) of three 
children in a seaside village. Since then, these toxic blooms have apparently spread 
to Brunei Darussalam and Sabah, Malaysia, (1976), the central (1983) and northern 
Philippines (1987) and North Maluku, Indonesia. There is strong circumstantial 
evidence of a coincidence between Pyrodinium blooms and weather perturbations 
linked to the ENSO (Figure  31). Pyrodinium is thus a serious public health and 
economic problem for these tropical countries, all of which depend heavily on 
seafood for protein. In the Philippines alone, Pyrodinium has now been responsible 
for more than 2 000 human illnesses and 100 deaths resulting from the consumption 
of contaminated shellfish, sardines and anchovies (Hallegraeff and MacLean, 1989; 
Azanza and Taylor, 2001). Erickson and Nishitani (1985) reported exceptional PSP 
episodes by Alexandrium tamarense/catenella in the Pacific Northwest during 7 out 
of 9 ENSO events between 1941 and 1984.
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figure 30
global distribution of Pyrodinium bahamense in recent plankton and the fossil cyst record 



Source: Hallegraeff (1993).



Until recently, NSP by the dinoflagellate Karenia brevis was considered to be 
endemic to the Gulf of Mexico and the east coast of Florida, the United States of 
America, where red tides had been reported as early as 1844. An unusual feature of 
NSP is the formation by wave action of toxic aerosols, which can lead to respiratory 
asthma-like symptoms in humans. In 1987, a major Florida bloom was dispersed by 
the Gulf Stream northward into the waters of North Carolina, the United States of 
America, where it has since persisted (Tester et al., 1991; Tester, Geesey and Vukovich, 
1993). In early 1993, more than 180 human NSPs were reported from New Zealand. 
Most likely, this mixed bloom of Karenia mikimotoi and related species was again 
triggered by the unusual weather conditions at the time, including higher than usual 
rainfall and lower than usual temperature, which coincided with an El Niño event 
(Chang et al., 1998; Rhodes et al., 1993).
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Ciguatera caused by the benthic dinoflagellate Gambierdiscus toxicus is a tropical 
food poisoning syndrome well-known in coral reef areas in the Caribbean, Australia 
and, in particular, French Polynesia (Figure  32). Whereas, in a strict sense, this is a 
completely natural phenomenon, from being a rare disease two centuries ago, ciguatera 
has now reached epidemic proportions in French Polynesia. From 1960 to 1984, more 
than 24 000 patients were reported from this area, which is more than six times the 
average for the Pacific as a whole. Evidence is accumulating that reef disturbance by 
hurricanes, military activities and tourist developments (Bagnis, Bennett and Barsinas, 
1985), as well as coral bleaching (linked to global warming) and perhaps, in future, 
increasing coral damage due to ocean acidification (Hoegh-Guldberg, 1999) are 
increasing the risk of ciguatera (Figure 33). ). Ciguatera dinoflagellates are predicted to 
become one of the winners from climate change (Tester et al., 2010).



In the Australian region, Gambierdiscus dinoflagellates are well-known from the 
tropical Great Barrier Reef and southwards down to just north of Brisbane. However, 
in the past five years, this species has exhibited an apparent range extension into 
southeast Australian seagrass beds as far south as Melbourne, aided by a strengthening 
of the East Australian Current. In the same region, the red-tide dinoflagellate Noctiluca 
scintillans (known from the Sydney region as early as 1860) has, since 1994, expanded 
its range into southern Tasmanian waters, where it has caused problems for the 
salmonid fish farm industry (McLeod et al., 2012).. In the North Sea, an analogous 
northward shift of warm-water phytoplankton has occurred as a result of regional 
climate warming (Hays, Richardson and Robinson, 2005; Edwards and Richardson, 
2004; Richardson and Schoeman, 2004).



figure 31
relationship between enso events and major toxic Pyrodinium red tides in the western 



pacific region for the period 1950–1998



Notes: The southern Oscillation index (sOi) values are based on readings taken in Tahiti (french polynesia), Hawaii 
(the united states of america) and darwin (australia). arrows indicate years when p. bahamense red tides occurred 
in the philippines and Malaysia.
Source: azanza and Taylor (2001).
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5.2.4 predicted impact of climate change on phytoplankton abundance
Phytoplankton play a central role in several global biogeochemical cycles. Through 
the process of photosynthesis, they are also a major consumer of carbon dioxide. 
The ability of the oceans to act as a sink for anthropogenic carbon dioxide largely 
relies on the conversion of this gas by phytoplankton into particulate organic matter, 
and subsequent partial loss to the deep ocean (the so-called “biological pump”). 
Phytoplankton also have important feedback effects on climate. Some species 
(e.g. Phaeocystis) are producers of dimethylsulphonium propionate, a precursor of 
dimethylsulphoxide, which in the atmosphere is oxidized into sulphate, which forms 



figure 32
global distribution of ciguatera fish food poisoning



Source: Hallegraeff (1993).



figure 33
increase in the reported number of human illnesses of ciguatera  



in french polynesia in the period 1960–1984 



Note: increased reef damage by coral bleaching or ocean acidification is predicted to stimulate ciguatera.
Source: Bagnis, Bennett and Barsinas (1985).
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condensation nuclei for clouds (Charleson et al., 1987). Therefore, phytoplankton can 
indirectly affect albedo and precipitation and, hence, coastal runoff, salinity, water 
column stratification and nutrient supply. Increased temperature, enhanced surface 
stratification, nutrient upwelling, stimulation of photosynthesis by elevated CO2, 
changes in land runoff and nutrient availability, and altered ocean pH may produce 
contradictory species- or even strain-specific responses. Complex factor interactions 
exist, and ecophysiological experiments rarely take into account genetic strain diversity 
and physiological plasticity. 



Predicting the impact of global climate change on harmful algal blooms is fraught 
with uncertainties. However, important lessons can be learned from the dinoflagellate 
cyst fossil record (Dale, 2001) and from the few long-term data sets available (such as 
the Continuous Plankton Recorder surveys; Hays, Richardson and Robinson, 2005; 
Figures 34 and 35). The climate on our planet has been forever changing, from scales 
of millions of years (glacial to interglacial periods) to short-term oscillations of tens 
of years (ENSO, and the North Atlantic Oscillation). Even in the past 1 000 years, 
the planet has gone through episodes much warmer than present (the Medieval Warm 
Period of 550–1300 AD) or much colder than now (the Little Ice Age 1300–1900 AD). 
Because of their short generation times and longevity, many phytoplankton can 
respond to climate change with only a very small time lag. They can spread quickly 
with moving water masses into climatic conditions that match the requirements of a 
species in terms of temperature, salinity, land runoff and turbulence. 



figure 34
decadal anomaly maps (difference between long-term 1960–1989 mean and the period 1990–2002)  



for four common harmful algal bloom species (from left to right): Prorocentrum,  
Ceratium furca, Dinophysis and Noctiluca in the north atlantic



Note: note the increase in Prorocentrum, Ceratium furca and Dinophysis along the norwegian coast and increase in Noctiluca in the 
southern north sea.
Source: edwards et al. (2008).



5.2.5 impact of global warming and sea surface temperature change
Phytoplankton grow over a range of temperatures characteristic of their habitat, 
and growth rates are usually higher at higher temperature but considerably lower 
beyond an optimal temperature (Eppley, 1972). Natural populations of phytoplankton 
are often found at temperatures that are suboptimal for photosynthesis, and it is 
believed that this is designed to avoid risking abrupt declines in growth associated 
with the abrupt incidence of warmer temperatures (Li, 1980). Temperature effects on 
phytoplankton growth and composition are more important in shallow coastal waters, 
which experience larger temperature fluctuations than oceanic waters. Increasing sea 
surface temperature may shift the community composition towards species adapted 
to warmer temperatures, as observed in the temperate North Atlantic (Edwards and 
Richardson, 2004). Seasonal timing of phytoplankton blooms is now occurring up 
to 4–5  weeks earlier in the North Sea in relationship to regional climate warming 
(Figure 35). However, not all trophic levels are responding to the same extent. Where 
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figure 36
possible pathways for harmful algal bloom formation when the “top-down control”  



of the food chain is disrupted (e.g. by overfishing) 



figure 35
long-term monthly values of “phytoplankton colour” in the central north sea, 1948–2001



zooplankton or fish grazers are differentially affected by ocean warming, this may have 
cascading impacts on the structure of marine food webs (Figure 36). 



Notes: Circles denote > 2sd above the long-term monthly mean (from edwards, 2004). note an apparent shift 
towards earlier spring and autumn phytoplankton blooms.



Note: differential impacts of climate change on zooplankton or fish grazers can produce similar stimulation of 
harmful algal blooms. 
Source: Turner and graneli (2006).
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5.2.5.1 Sea-level rise, wind and mixed-layer depth
Increasing sea surface temperature and water column stratification (shallowing of 
the mixed layer) can be expected to have a strong impact on phytoplankton because 
of the resource requirements and temperature ranges to which species are adapted. 
Wind determines the incidence of upwelling and downwelling, which in turn 
strongly affect the supply of macronutrients to the surface (recognized as drivers 
of Gymnodinium catenatum blooms off Spain [Fraga and Bakun, 1990]). Broad 
changes in ocean circulation such as those comprising the deep-ocean conveyor belt 
(Figure  37) can cause displacements to existing upwelling areas and associated algal 
bloom phenomena. Wind-driven currents may also transport phytoplankton away 
from a region, and affect the size and frequency of formation of mesoscale features 
such as fronts and eddies. Locally, wind intensity strongly influences the depth and 
intensity of vertical mixing in the surface layer, thereby affecting phytoplankton 
access to nutrients, light availability for algal photosynthesis and phytoplankton 
exposure to potentially harmful UV-B radiation. Finally, winds can influence the 
supply of iron to the surface ocean through aeolian transport of dust from land to sea, 
contributing micronutrients such as iron, which can stimulate Karenia brevis blooms 
off Florida (Walsh and Steidinger, 2001). Extreme climate events such as hurricanes 
are known to expand the existing distribution of cyst-producing toxic dinoflagellates  
(e.g. Alexandrium tamarense in New England, the United States of America, after a 1972 
hurricane [Anderson, 1997]). Sea-level rise has the potential to increase the extent of  
continental-shelf areas, providing shallow, stable water columns favouring 
phytoplankton growth. The proliferation of coccolithophorids in the geological period 
the Cretaceous has been partially explained on this basis. 



figure 37
sensitivity of global ocean circulation to sea surface warming



Source: rahmstorf (2002).



5.2.5.2 Impact of heavy precipitation events and flash floods
Changes in the amount or timing of rainfall and river runoff affect the salinity of 
estuaries and coastal waters. Salinity is relatively constant throughout the year in 
most oceanic waters and in coastal areas that receive little freshwater input. Coastal 
phytoplankton is subject to more variation in salinity than phytoplankton in oceanic 
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waters. While some species grow well over a wide range of salinities, other species 
grow best only at salinities that are low (estuarine), intermediate (coastal) or high 
(oceanic species). Freshwater also modifies the stratification of the water column, 
thereby affecting nutrient resupply from below. While diatoms seem to be negatively 
affected by the decrease in nutrient concentrations associated with river discharge, 
dinoflagellates often benefit as this usually increases stratification and the availability 
of humic substances (Doblin et al., 2005). PSP dinoflagellate blooms of Gymnodinium 
catenatum (in Tasmania, Australia [Hallegraeff, McCausland and Brown, 1995]) and 
Alexandrium tamarense (off Massachusetts, the United States of America [Anderson, 
1997]) tend to be closely associated with land runoff events. In Hiroshima Bay, Japan, 
blooms of the fish-killing raphidophyte Chattonella marina followed typhoon-induced 
accretion of nutrient-rich land runoff (Kimura, Mizokami and Hashimoto, 1973).



Increased temperatures driven by climate change are predicted to lead to enhanced 
surface stratification, more rapid depletion of surface nutrients and a decrease in 
replenishment from deep nutrient-rich waters (Figure 38). This in turn will lead to a 
change in phytoplankton species, with smaller nanoplankton and picoplankton cells 
with higher surface-area:volume ratios (better able to cope with low nutrient levels) 
favoured over larger cells. Mixing depth affects sea surface temperature, the supply 
of light (from above) and nutrients (from below), and affects phytoplankton sinking 
losses within the surface layer. Climate models predict changes in the mixed-layer 
depth in response to global warming for large regions of the global ocean. In the North 
Pacific, decadal-scale climate and mixed-layer variability (Hayward, 1997), and, in 
the North Atlantic, longer-term changes in wind intensity and stratification since the 
1950s have also been related to considerable changes in the phytoplankton community 
(Richardson and Schoeman, 2004). Similarly, in high-latitude regions with relatively 
deep mixing and sufficient nutrients, decreasing mixing depth has resulted in higher 
phytoplankton biomass because of increased light availability. In contrast, in regions 
with intermediate mixing depth, increased stratification has resulted in decreased 
phytoplankton biomass owing to reductions in nutrient supply. 



figure 38
predicted phytoplankton response to increased temperature in ocean surface waters:  



(a) reduced productivity in the tropics and mid-latitudes caused by reduced nutrient supply; 
(b) increased productivity at higher latitudes where reduced mixing keeps plankton  



closer to the well-lit surface layers



Source: doney (2006).
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5.2.5.3 Ultraviolet radiation
Ultraviolet (UV) can negatively affect several physiological processes and cellular 
structures of phytoplankton, including photosynthesis, nutrient uptake, cell motility 
and orientation, algal life span, and DNA (Häder, Worrest and Kumar, 1991). 
Whereas shorter wavelengths generally cause greater damage per dose, inhibition 
of photosynthesis by ambient UV increases linearly with increasing total dose. In 
clear oceanic waters, UV-B radiation can reach depths of at least 30  m. Although 
some phytoplankton may acclimate to, compensate for, or repair damage by, UV, this 
involves metabolic costs, thereby reducing the energy available for cell growth and 
division. Raven, Finkel and Irwin (2005) suggest that UV intensity affects the size ratio 
in phytoplankton communities because small cells are more prone to damaging UV, 
and have comparatively high metabolic costs to screen it out. Many surface-dwelling 
red-tide species of raphidophytes and dinoflagellates possess UV-absorbing pigments, 
which give them a competitive advantage over species lacking such UV protection 
(Jeffrey et al., 1999).



5.2.5.4 Ocean acidification
It is widely predicted that increasing CO2 will lead to ocean acidification, which can 
potentially have an adverse impact on calcifying organisms, the most important of 
which in terms of biomass and carbon sequestration is the coccolithophorid Emiliania 
huxleyi (Riebesell et al., 2000). Calculations based on CO2 measurements of the surface 
oceans indicate that uptake by the oceans of approximately half the CO2 produced by 
fossil-fuel burning has already led to a reduction in surface pH by 0.1 units. Under 
the current scenario of continuing global CO2 emissions from human activities, 
average ocean pH is predicted to fall by 0.4 units by 2100 (Orr et al., 2005). Such a 
pH is lower than has been experienced for millennia and, critically, this rate of change 
is 100  times faster than ever experienced in the known history of the planet (Royal 
Society, 2005). Experimental manipulations of pH in Emiliania huxleyi cultures have 
both produced reduced (Riebesell et al., 2000) and enhanced calcification and growth  
(Iglesias-Rodriguez et al., 2008). This has been partially attributed to differences 
in analytical procedures as well as strain-specific responses, while increasingly the 
potential for adaptive evolution to gradual environmental changes is now also being 
recognised (Lohbeck, Riebesell and Reusch, 2012).



Decreasing pH to< 8.0 has been observed to have a negative effect on nitrification in 
marine bacteria. Therefore, it could potentially reduce nitrate availability for plankton 
algae. However, the nitrogen-fixing tropical cyanobacterium Trichodesmium may 
be a beneficiary of ocean acidification (Hutchins et al., 2007). Decreasing pH has 
also been found to increase the availability of toxic trace elements such as copper. 
Because the relative consumption of HCO3– and CO2 differs between phytoplankton 
species, changes in their availability may affect phytoplankton on the cellular, 
population and community level. Most harmful algal bloom species tested thus far lack  
carbon-concentrating mechanisms and, hence, they may benefit from increased 
atmospheric CO2, whereas diatom species such as Skeletonema, for which photosynthesis 
is already CO2-saturated, will remain constant (Beardall and Raven, 2004). 



5.2.6 mitigation of the probable impacts on seafood safety
Our limited understanding of marine ecosystem responses to multifactorial 
physicochemical climate drivers, as well as our poor knowledge of the potential of 
marine microalgae to adapt genetically and phenotypically to the unprecedented pace 
of current climate change, are emphasized. Some species of harmful algae (e.g. those 
benefitting from increased water column stratification or increased water temperatures) 
may become more successful, while others may diminish in areas currently impacted 
(Hallegraeff, 2010). The greatest problems for human society will be caused by being 
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unprepared for significant range extensions of harmful algal bloom species or an 
increase in algal biotoxin problems in currently poorly monitored areas. While, for 
example, ciguatera contamination would be expected and monitored for in tropical 
coral-reef fish, with the apparent range extension of the causative benthic dinoflagellate 
into warm-temperate seagrass beds of southern Australia, other coastal fisheries could 
unexpectedly be at risk. Similarly, incidences of increased surface stratification in 
estuaries or heavy precipitation or extreme storm events are all warning signs that call 
for increased vigilance in monitoring seafood products for algal biotoxins, even in areas 
not currently known to be at risk.
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6. Implementation and 
certification of food safety and 
quality systems



6.1 Food saFety objectIves (Iddya Karunasagar)
The SPS Agreement of the WTO makes provision for member countries to take 
measures to protect public health, and the concept of appropriate level of protection 
(ALOP) has been elaborated. An ALOP has been defined as the level of protection 
deemed appropriate by a WTO member country to establish a sanitary or phytosanitary 
measure to protect human, animal or plant life or health within its territory. In the food 
safety arena, an ALOP would be a statement of the degree of public health protection 
that is to be achieved by the food safety management system in the country. It could 
be expressed as a public health goal in terms of the disease burden (number of cases 
per given population over a specified period) associated with a particular hazard food 
combination and its consumption in a particular country. It could also be expressed in 
terms of achieving a reduction in the current level of food-borne illnesses. For example, 
the United States Healthy People 2010 programme had a goal of achieving a 50 percent 
reduction in illness caused by key food-borne pathogens (against a 1997 background 
level).10



A public health goal of reducing the current level of food-borne illness (e.g. by 
50 percent) has to be translated into parameters that can be assessed by government 
agencies and various operators in the food chain (e.g. primary producers, processors, 
distributors and retailers). The food safety objective (FSO) would be a risk management 
tool that can be used to achieve the ALOP (CAC, 2007a). An FSO has been defined 
as the maximum frequency and/or concentration of a microbiological hazard in a 
food at the time of consumption that provides the appropriate level of protection 
(CAC, 2011). Outputs of a quantitative microbiological risk assessment would help 
in determining the relationship between the number of micro-organisms in foods 
and the risk of illness (Figure 39). For example, the FAO/WHO risk assessment for 
V. vulnificus in raw oysters estimated the risk per serving and predicted the number 
of cases in the susceptible population based on levels of the pathogen in oysters at 
consumption (Table 59). Risk assessors can also estimate reductions in illness that can 
be brought about by reducing the pathogen level at the point of consumption, and such 
an assessment could be the basis for making decisions on the FSO (Figure 39). An FSO 
is a target that needs to be reached, but it does not specify how this is to be achieved. 
This provides flexibility to food business operators to use different options to reach 
the target.



Adoption of good practices (GHPs, GMPs, and prerequisite programmes) and the 
HACCP system are tools that are used to meet FSOs. Operators in different segments 
of a food chain may use performance objectives at their level of the chain to assess 
whether the control measures adopted, for example, good practices and/or HACCP, 
are adequate to contribute to the FSO (Figure 39). Codex has defined a performance 
objective (PO) as the maximum frequency and/or concentration of a hazard in food 
at a specified step in the food chain before the time of consumption that provides 



10  www.healthypeople.gov/document/html/volume1/10food.htm#_Toc490555746
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or contributes to an FSO or ALOP as applicable (CAC, 2011). Because of the link 
between FSOs and ALOPs, the latter to be decided by national governments, FSOs 
can be established only by national competent authorities. Codex may help in the 
establishment of FSOs through recommendations based on national and international 
risk assessments (CAC, 2011). Performance objectives may be set considering the 
changes in the level of the pathogen from the point where a PO is set and the final 
consumption. A PO could be stricter than an FSO if there are chances of growth of 
the pathogen further along in the food chain, or it may be more lenient than an FSO if 
the product is cooked before consumption. 



Table 59
summary of risk per serving and predicted number of cases in the Gulf coast of the United 
states of america based on V. vulnificus levels in raw oysters at consumption



Month V. vulnificus/g at 
harvest



V. vulnificus/g at 
consumption



Risk per serving for 
susceptible population



Predicted number 
of cases



Jan – Mar 40 80 1.26 × 10–6 0.5



apr – June 2 600 21 400 3.37 × 10–5 11.7



Jul – sep 5 600 57 000 4.28 × 10–5 12.2



Oct – dec 500 3 700 1.92 × 10–5 8.0



Source: extracted from FaO/WHO (2005c).



FIgure 39
Point of application of food safety objectives and performance objectives in the food chain



The food business operator (FBO) may use any control measure to achieve the 
PO. The FAO/WHO risk assessment for V.  vulnificus in raw oysters noted that 
there are three validated methods to reduce this pathogen to non-detectable levels:  
mild-heat (50 °C) treatment, freezing with extended frozen storage and high hydrostatic 
pressure (FAO/WHO, 2005c). The FBO may use a performance criterion (PC) to 
evaluate any control option. A PC is defined by Codex as the effect in frequency  
and/or concentration of a hazard in a food that must be achieved by the application of 
one or more control measures to provide or contribute to a PO or FSO. An example of 
a PC would be a 12D reduction in proteolytic Clostridium botulinum in fish canning. 
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Compliance with a PO or FSO may sometimes be verified by microbiological testing. 
However, in most cases, validation of control measures, auditing good practices and 
HACCP, and monitoring of CCPs might be adequate to confirm that a PO and a FSO 
are being met. Thus, no microbiological testing is specified while setting FSOs or POs. 



A microbiological criterion defines acceptability of a product or food lot based 
on the absence or presence or number of micro-organisms including parasites and or 
quantity of toxins/metabolites per units of mass, volume, area or lot (CAC, 1997). 
The criterion should specify the point of a food chain (e.g. at primary production, or 
when the product leaves the FBO) at which it is to be applied. Codex has elaborated 
principles for the establishment and application of microbiological criteria for foods 
(CAC, 1997). A microbiological criterion should be developed and applied only when 
there is a need as demonstrated by epidemiological evidence for public health risk due 
to the micro-organism or as a result of a risk assessment. Such evidence should also 
demonstrate that the criterion is meaningful for consumer protection. There should also 
be evidence that the criterion is technically attainable by applying GMPs. According 
to Codex (CAC, 1997), a microbiological criterion consists of: (i) a statement of the 
micro-organisms of concern and/or their toxins/metabolites and the reasons for the 
concern; (ii) the analytical methods for their detection and quantification; (iii) a plan 
defining the number of samples to be taken and the size of the analytical unit; (iv) the 
microbiological limits considered appropriate to the food at the specified point of the 
food chain; and (v) the number of analytical units that should conform to these limits. 
The criterion should also specify the food to which it applies, the point in the food 
chain where it applies and the actions to be taken when the criterion is not met. Some 
examples of Codex microbiological criteria are indicated in Table 60. 



Table 60
example of codex microbiological criteria



Product Point of 
application Micro-organism n c m M class 



plan Reference



ready-to-eat 
foods in which 
growth of 
L. monocytogenes 
will not occur



end of 
manufacture or 
port of entry 
(for imported 
products), to the 
point of sale



L. monocytogenes 5 0 100 cfu/g na 2 class CaC, 
2007b



ready-to-eat 
foods in which 
growth of 
L. monocytogenes 
can occur



end of 
manufacture or 
port of entry 
(for imported 
products), to the 
point of sale



L. monocytogenes 5 0 absence 
in 25 g 



(< 0.04/g)



na 2 class CaC, 
2007b



live and raw 
bivalve mollusc 



at the point of 
sale



Escherichia coli 5 1 230/100 g 700/100 g 3 class CaC, 
2008a



live and raw 
bivalve mollusc



at the point of 
sale



Salmonella 5 0 absence in 
25 g



na 2 class CaC, 
2008a



While deciding on microbiological criteria, consideration needs to be given to: (i) 
the evidence of an actual or potential hazard to health; (ii) the microbiological status 
of the raw material; (iii) the effect of processing on the microbiological status of the 
food; (iv) the likelihood and consequences of microbial contamination and/or growth 
during subsequent handling, storage and use; (v) the category of consumers concerned; 
(vi) the cost/benefit ratio associated with the application of the criterion; and (vii) the 
intended use of the food. 



The sampling plan and microbiological methods to be used to analyse samples are to 
be specified in the criteria. Whenever possible, methods that have been validated for the 
commodity concerned and in relation to reference methods elaborated by international 
organizations should be used. Alternatively, methods for which reliability has been 
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statistically established in studies involving several laboratories should be used. Rapid 
methods could be used for in-plant testing and for products with a short shelf-life.



The Codex microbiological criterion for L.  monocytogenes is an example for the 
criterion based on the FAO/WHO risk assessment of Listeria monocytogenes in 
RTE foods (FAO/WHO, 2004a). It estimated the risk per serving of various RTE 
foods, including cold-smoked fish, to susceptible populations. Based on data on the 
prevalence of L.  monocytogenes in various RTE foods, the predicted distribution 
of the pathogen was statistically derived. The risk estimates showed that if all RTE 
foods had no detectable L. monocytogenes in 25 g (< 0.04 cfu/g), the cases of listeriosis 
would be 0.5 per year and that, if the levels were 100 cfu/g, there would be 5.7 cases 
per year. In addition, the risk characterization indicated that most cases of food-borne 
listeriosis occur through foods that contain more than 100  L.  monocytogenes/g and 
that it is not just the numerical value of the criterion that is important but also the rate 
of compliance. A series of “what if” scenarios were calculated and these showed that 
if the percentage of “defective” servings that does not meet <  0.04  cfu/g was 0.001, 
there would be 119 cases, and with the 100 cfu/g criterion at the same defect rate, there 
would be 124 cases.



Table 61
Hypothetical “what if” scenario illustrating the predicted number of listeriosis cases at assumed 
defective rates and microbiological criteria 



assumed % of “defective” servings1
Predicted number of listeriosis cases2



Initial standard of 0.04 cfu/g Initial standard of 100 cfu/g



0 0.5 5.7



0.00001 1.7 6.9



0.0001 12.3 17.4



0.001 119 124



0.01 1 185 1 191



0.018 2 133 2 133



0.1 11 837 11 848



1 117 300 117 363



1 For the purposes of this scenario, all defective servings were assumed to contain 106 cfu/g. 
2 For the purposes of this scenario, an r-value of 5.85 × 10–12 was employed and a standard serving size of 31.6 g 
was assumed. In the case of the 100 cfu/g calculations, the defective servings were assumed to be proportionally 
distributed.
Source: FaO/WHO (2004a).



The data in Table 61 show that if the microbiological criterion were set at 0.04 cfu/g 
and the defective rate achieved were 0.018  percent, there would be 2  133 cases. 
However, if the criterion were set at 100  cfu/g and a defective rate of 0.01  percent 
could be achieved, the number of cases would be 124, which would mean a 95 percent 
reduction in illness. Thus, it is not just the criterion that is important – the ability to 
achieve this and minimize the defective rate is extremely important. Considering that 
L. monocytogenes is an environmental organism, achieving absence of L. monocytogenes 
in foods is extremely difficult. Data from the United States of America and Europe 
show that the prevalence of L.  monocytogenes is 12.8  percent in fish processing 
environments (Kornacki and Gurtler, 2007). Studies in Iceland and Canada showed 
that 3–5 percent RTE shrimp and lobster test positive for L. monocytogenes (Cormier 
et al., 2007). 



The FAO/WHO risk assessment also showed that growth of L.  monocytogenes 
in RTE foods would greatly increase risk. For smoked fish, the prediction was a  
1  231-fold increase in risk for a normal-risk population and a 1  366-fold increase 
for a high-risk population. It is in this context that the CAC agreed for different 
microbiological criteria for L. monocytogenes in RTE foods depending on whether the 
product would permit growth or not. As indicated in Table 60, in RTE foods that do 
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not permit growth, the L. monocytogenes levels should not exceed 100 cfu/g, and in 
RTE foods that permit growth, they should be < 0.04 cfu/g (absence in 25 g).



6.2 PReReqUIsIte PRoGRaMMes (laHsen ababOuCH)
The preceding chapters have shown that a large proportion of pathogens and spoilage 
bacteria can contaminate fish and seafood during handling, processing or distribution, 
either from handlers, equipment, the surrounding environment or other sources 
such as cleaning water or ice. To prevent this contamination from occurring, GHPs 
should be applied at all stages of harvesting, processing, storage and distribution. The 
requirements for hygienic practices constitute the prerequisite programmes that are 
essential for any food operation prior to the implementation of the HACCP system.



The basis for developing and implementing GHPs are the “Recommended 
International Code of Practice – General Principles of Food Hygiene (CAC/RCP 
1-1969, Revision 2003), Annex: HACCP System and Guidelines for its Application” 
and the “Code of Practice for Fish and Fishery Products (CAC/RCP 52-2003, 
Revision 2008)”. 



According to the Code of Practice for Fish and Fishery Products (CPFFP), the 
following aspects should be included in the prerequisite programme:



•	 fishing and harvesting vessel design and construction;
•	 facility design and construction;
•	 design and construction of equipment and utensils;
•	 hygiene control programme;
•	 personal hygiene and health;
•	 transportation;
•	 product tracing and recall procedures;
•	 training. 



Additional useful information is available from the subsequent chapters of the 
CPFFP in the sections dealing with the specific fish and seafood commodities (fresh, 
frozen, salted, canned, etc.).



The provisions of these two Codex codes of practice have been used by most 
countries as the basis for their fish and seafood hygiene regulations, and by most 
fish and seafood trade associations and companies worldwide for drafting their food 
hygiene policy. For example, the FDA regulations (21CFR120.6) requires processors 
to have key sanitary conditions written into sanitation standard operating procedures 
(SSOPs), to monitor these conditions and practices, to correct unsanitary conditions 
and practices in a timely manner and to maintain sanitation control records. The SSOPs 
should address at least the following eight conditions and practices:



•	 safety of water and ice;
•	 condition and cleanliness of food contact surfaces;
•	 prevention of cross-contamination from unsanitary objects to food;
•	 maintenance of facilities for personal hygiene;
•	 protection of food, food packaging and food contact surfaces from adulteration;
•	 proper labelling, storage and use of toxic compounds;
•	 control of employee health conditions;
•	 exclusion of pests.



The written SSOP plan should explain the sanitation concerns, controls, in-plant 
procedures and monitoring requirements. This will demonstrate commitment to 
buyers and inspectors and also ensure that everyone from management to production 
workers understands the basics of sanitation. Likewise, the European Commission’s 
“Hygiene Package” addresses the prerequisite requirements both in “horizontal” 
legislation (Regulation 852/2004 on the hygiene of foodstuffs) and “vertical” or 
commodity-specific legislation (Regulation 853/2004 laying down specific hygiene 
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rules for food of animal origin, including fish and fishery products). The hygiene rules 
in “Section VIII: Fishery Products” of Regulation 853/2004, address the following:



Chapter I. Requirements for vessels
Chapter II. Requirements during and after landing
Chapter III. Requirements for establishments, including vessels, handling 



fishery products
Chapter IV. Requirements for processed fishery products
Chapter V. Health standards for fishery products
Chapter VI. Wrapping and packaging of fishery products
Chapter VII. Storage of fishery products
Chapter VIII. Transport of fishery products



The following is a description of the major components and requirements of a 
prerequisite programme. It is based mainly on the two international recommended 
Codex codes of practice mentioned above, with additional scientific and technical 
information provided as seen fit for a better understanding of how to develop and 
implement GHPs in a fish and seafood establishment.



6.2.1 Fishing and harvesting vessel design and construction
There are many different types of fishing vessels used throughout the world. These 
have evolved in particular regions to take account of the prevailing economics, 
environment and types of fish and shellfish caught or harvested. This section attempts 
to highlight the basic requirements for ease of cleaning and for minimizing fish damage, 
contamination and spoilage to which all vessels should have regard to the extent 
possible in order to ensure hygienic, high-quality handling of fresh fish.



The design and construction of a fishing vessel and of vessels used to harvest farmed 
fish and shellfish should take into consideration the following points.



6.2.1.1 For ease of cleaning and disinfection
•	 Vessels should be designed and constructed to minimize sharp inside corners 



and projections to avoid dirt traps. 
•	 Construction should facilitate ample drainage.
•	 There should be a good supply of clean water or potable water at adequate 



pressure.



6.2.1.2 To minimize contamination
•	 All surfaces in handling areas should be non-toxic, smooth, impervious and in 



sound condition, to minimize the buildup of fish slime, blood, scales and guts 
and to reduce the risk of physical and microbial contamination.



•	 Where appropriate, adequate facilities should be provided for the handling 
and washing of fish and shellfish and should have an adequate supply of cold 
potable water or clean water for that purpose.



•	 Adequate facilities should be provided for washing and disinfecting equipment, 
where appropriate.



•	 The intake for clean water should be located to avoid contamination.
•	 All plumbing and waste lines should be capable of coping with peak demand.
•	 Non-potable water lines should be clearly identified and separated from 



potable water to avoid contamination.
•	 Objectionable substances, which could include bilge water, smoke, fuel oil, 



grease, drainage and other solid or semi-solid wastes, should not contaminate 
the fish and shellfish.
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•	 Where appropriate, containers for offal and waste material should be clearly 
identified, suitably constructed with a fitted lid and made of impervious 
material.



•	 Separate and adequate facilities should be provided to prevent the contamination 
of fish and shellfish and dry materials, such as packaging, by poisonous or 
harmful substances such as oil or grease, dry storage of materials, packaging, 
offal and waste materials.



•	 Adequate hand washing and toilet facilities, isolated from the fish and shellfish 
handling areas, should be available where appropriate.



•	 Prevent the entry of birds, insects, or other pests, animals and vermin, where 
appropriate.



6.2.1.3 To minimize damage to the fish, shellfish and other aquatic invertebrates
•	 In handling areas, surfaces should have a minimum of sharp corners and 



projections.
•	 In boxing and shelving storage areas, the design should preclude excessive 



pressure being exerted on the fish and shellfish.
•	 Chutes and conveyors should be designed to prevent physical damage caused 



by long drops or crushing.
•	 The fishing gear and its usage should minimize damage and deterioration to 



the fish and shellfish.



6.2.1.4 To minimize damage during harvesting of farmed and molluscan shellfish
When farmed products and molluscan shellfish are harvested using seines or nets or 
other means and are transported live to facilities:



•	 Seines, nets and traps should be carefully selected to ensure minimum damage 
during harvesting.



•	 Harvesting areas and all equipment for harvesting, catching, sorting, grading, 
conveying and transporting of live products should be designed for their rapid 
and efficient handling without causing mechanical damage; these should be 
easily cleanable and free from contamination.



•	 Conveying equipment for live and slaughtered products should be constructed 
of suitable corrosion-resistant material that does not transmit toxic substances 
and should not cause mechanical injuries to the products.



•	 Where fish is transported live, care should be taken to avoid overcrowding and 
to minimize bruising.



•	 Where fish are held or transported live, care should be taken to maintain 
factors that affect fish health (e.g. carbon dioxide, oxygen, temperature, and 
nitrogenous wastes).



6.2.2 Facility design and construction 
Early considerations in building a new seafood facility are the identification of a 
suitable location. A number of factors should be considered such as physical and 
geographical factors and the infrastructure available.



Among the physical needs for a facility location is a plot of adequate size (for 
present needs and future development), with easy access by road, rail or water. An 
adequate supply of potable water and energy must be available throughout the year at 
a reasonable cost. Special considerations must be given to waste disposal. The facility 
should have proper sanitary sewers. Seafood processing facilities usually produce 
significant quantities of organic matter that must be removed before wastewater 
is discharged into rivers or the sea. In addition, solid-waste handling needs careful 
planning, and suitable space – away from the plant – must be allocated or be available.











Assessment and management of seafood safety and quality - current practices and emerging issues192



Assessment of the pollution risk from adjacent areas must also be considered. 
Contaminants such as smoke, dust, ash and foul odours (e.g. neighbouring fishmeal 
plant using poor-quality raw material) are obvious, but even bacteria may have to be 
considered as airborne contaminants (e.g. proximity of a poultry rearing plant upwind 
may be a source of Salmonella spp.).



The immediate physical surroundings of the facility should be landscaped and 
present an attractive appearance to the visitor. However, this should be done in a 
way that does not attract rodents and birds. Shrubbery should be at least 10 m away 
from buildings, and a grass-free strip covered with a layer of gravel or concrete should 
follow the outer wall of buildings. This allows for thorough inspection of walls and 
control of rodents. Ground immediately in front of doors and entrances should be 
paved to minimize dust. All areas around the facility should be well drained to prevent 
any standing water, where flies and micro-organisms could breed and develop.



The food facility should provide:
•	 adequate space for equipment, installations and storage of materials;
•	 separation of operations, where needed, to avoid cross-contamination; 
•	 adequate lightning and ventilation;
•	 protection against pests.



External walls, roofs, doors and windows should be water-, insect- and  
rodent-proof. In addition, the facility should include a product flow-through pattern 
that is designed to prevent potential contamination, minimize process delays (which 
could result in further quality loss), and prevent cross-contamination between finished 
product and raw materials. Fish, shellfish and other aquatic invertebrates are highly 
perishable foods and should be handled carefully and chilled without undue delay. 
Equally important in the layout and design of food facilities is ensuring that there 
are no interruptions and no “dead ends” in the product flow, where semi-processed 
material can accumulate and remain for a long time at ambient temperature. Time 
and temperature conditions for products during processing are extremely important 
in preventing bacterial growth. This means that a steady and uninterrupted flow of 
all products is necessary in order to have full control of these critical factors. If any 
delays in product flow are necessary, the products should be kept chilled. Therefore, 
the facility should be designed to facilitate rapid processing and subsequent storage. 



The design and construction of a facility should take into consideration the 
following points.



6.2.2.1 For ease of cleaning and disinfection
•	 The surfaces of walls, partitions and floors should be made of impervious, 



non-toxic materials.
•	 All surfaces with which fish, shellfish and their products might come into 



contact with should be of corrosion-resistant, impervious material that is  
light-coloured, smooth and easily cleanable.



•	 Walls and partitions should have a smooth surface up to a height appropriate 
to the operation.



•	 Floors should be constructed to allow adequate drainage.
•	 Ceilings and overhead fixtures should be constructed and finished to minimize 



the buildup of dirt and condensation, and the shedding of particles.
•	 Windows should be constructed to minimize the buildup of dirt and, where 



necessary, be fitted with removable and cleanable insectproof screens. Where 
necessary, windows should be fixed.



•	 Doors should have smooth, non-absorbent surfaces.
•	 Joints between floors and walls should be constructed for ease of cleaning 



(round joints).
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6.2.2.2 To minimize contamination
•	 Facility layout should be designed to minimize cross-contamination and may 



be accomplished by physical or time separation between clean and unclean 
areas. “Unclean” areas are those where raw material is handled, often with 
a cleaning or preparation operation (e.g. washing, gutting, and skinning). A 
“clean” area is an area where any contaminant added to the product will carry 
over to the final product.



•	 Cool rooms must be separated from hot rooms where cooking, smoking, 
retorting, etc. are taking place. Dry rooms must be separated from wet rooms, 
and separate rooms must be provided for waste material, chemicals (cleaning 
and disinfection compounds, insecticides, all toxic materials), packaging 
materials and wood (for fish smoking).



•	 All surfaces in the handling areas should be non-toxic, smooth, impervious 
and in sound condition to minimize the buildup of fish slime, blood, scales and 
guts and to reduce the risk of physical contamination.



•	 Working surfaces that come into direct contact with fish, shellfish and their 
products should be in sound condition, durable and easy to maintain. They 
should be made of smooth, non-absorbent and non-toxic materials, and inert 
to fish, shellfish and their products, detergents and disinfectants under normal 
operating conditions.



•	 Adequate facilities should be provided for the handling and washing of 
products and should have an adequate supply of cold potable water for that 
purpose.



•	 Suitable and adequate facilities should be provided for storage and/or 
production of ice.



•	 Ceiling lights should be covered or otherwise suitably protected to prevent 
contamination by glass or other materials.



•	 Ventilation should be sufficient to remove excess steam, smoke and objectionable 
odours, and cross-contamination through aerosols should be avoided.



•	 Adequate facilities should be provided for washing and disinfecting equipment, 
where appropriate.



•	 Non-potable water lines should be clearly identified and separated from 
potable water to avoid contamination.



•	 All plumbing and waste lines should be capable of coping with peak demands.
•	 Accumulation of solid, semi-solid or liquid wastes should be minimized to 



prevent contamination.
•	 Where appropriate, containers for offal and waste material should be clearly 



identified, suitably constructed with a fitted lid and made of impervious 
material.



•	 Separate and adequate facilities should be provided to prevent the contamination 
by poisonous or harmful substances, dry storage of materials, packaging 
materials, offal and waste materials.



•	 Adequate hand washing and toilet facilities, isolated from the handling area, 
should be available.



•	 Prevent the entry of birds, insects, or other pests and animals.
•	 Water supply lines should be fitted with back-flow devices, where appropriate.
•	 Adequate lighting should be provided in all work areas. 



6.2.3 design and construction of equipment and utensils 
The equipment and utensils used for the handling of fish and fishery products on a 
vessel or in a facility will vary greatly depending on the nature and type of operation 
involved. During use, they are constantly in contact with fish, shellfish and their 
products. The contact surfaces (of utensils, knives, tables, cutting boards, boxes 
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and containers, conveyer belts, gloves, aprons, etc.) must be designed and of such 
material as to be easily cleanable. Such surfaces should be constructed of non-toxic,  
non-absorbent material that is resistant to the environment, the food, and cleaning and 
disinfecting agents. Food contact materials that should be avoided are: wood, ferrous 
metals, brass and galvanized metals. Hayes (1992) quotes seven basic principles for 
hygienic design as agreed upon by food machinery professionals:



•	 All surfaces in contact with food must be inert to the food under the conditions 
of use and must not migrate to or be absorbed by the food.



•	 All surfaces in contact with food must be smooth and non-porous so that tiny 
particles of food, bacteria, or insect eggs are not caught in microscopic surface 
crevices and become difficult to dislodge, thus becoming a potential source of 
contamination.



•	 All surfaces in contact with food must be visible for inspection, or the 
equipment must be readily disassembled for inspection, or it must be 
demonstrated that routine cleaning procedures eliminate the possibility of 
contamination from bacteria or insects.



•	 All surfaces in contact with food must be readily accessible for manual 
cleaning, or if not readily accessible, then readily disassembled for manual 
cleaning, or if clean-in-place techniques are used, it must be demonstrated that 
the results achieved without disassembly are the equivalent of those obtained 
with disassembly and manual cleaning.



•	 All interior surfaces in contact with food must be so arranged that the 
equipment is self-emptying or self-draining.



•	 Equipment must be so designed as to protect the contents from external 
contamination.



•	 The exterior or non-product contact surfaces should be arranged to prevent 
harbouring of soils, bacteria or pests in and on the equipment itself as well as 
in its contact with other equipment, floors, walls or hanging supports.



Furthermore, in the design and construction of equipment, it is important to avoid 
dead areas where food can be trapped and bacterial growth take place. Moreover, dead 
ends (e.g. thermometer pockets, unused pipework, T-pieces) must be avoided, and any 
piece of equipment must be designed so that the product flow is always following the 
“first in, first out” principle.



Ease of cleaning of equipment involves a number of factors such as construction 
materials, accessibility and design. The most common design faults that cause poor ease 
of cleaning are (Shapton and Shapton, 1991):



•	 poor accessibility – equipment should be sited at least 1 m from a wall, ceiling 
or the nearest equipment;



•	 inadequately rounded corners – minimum radius should be 1  cm, but 2  cm 
is regarded as optimum by the American 3-A Sanitary Standards Committee 
(Hayes, 1992);



•	 sharp angles;
•	 dead ends – including poorly designed seals.



In summary, the condition of the equipment and utensils should be such that it 
minimizes the buildup of residues and prevents them from becoming a source of 
contamination. The design and construction of equipment and utensils should take into 
consideration the following points.



6.2.3.1 For ease of cleaning and disinfection
•	 Equipment should be durable and movable and/or capable of being disassembled 



to allow for maintenance, cleaning, disinfection and monitoring.
•	 Equipment, containers and utensils coming into contact with fish, shellfish 



and their products should be designed to provide for adequate drainage and 
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constructed to ensure that they can be adequately cleaned, disinfected and 
maintained to avoid contamination.



•	 Equipment and utensils should be designed and constructed to minimize sharp 
inside corners and projections and tiny crevices or gaps to avoid dirt traps.



•	 A suitable and adequate supply of cleaning utensils and cleaning agents, 
approved by the official agency having jurisdiction, should be provided.



6.2.3.2 To minimize contamination
•	 All surfaces of equipment in handling areas should be non-toxic, smooth, 



impervious and in sound condition, to minimize the buildup of fish slime, 
blood, scales and guts and to reduce the risk of physical contamination.



•	 Accumulation of solid, semi-solid or liquid wastes should be minimized to 
prevent contamination of fish.



•	 Adequate drainage should be provided in storage containers and equipment.
•	 Drainage should not be permitted to contaminate products.



6.2.3.3 To minimize damage
•	 Surfaces should have a minimum of sharp corners and projections.
•	 Chutes and conveyors should be designed to prevent physical damage caused 



by long drops or crushing.
•	 Storage equipment should be fit for the purpose and not lead to crushing of 



the product.



6.2.4 Hygiene control programme 
The potential effects of harvesting and handling of products, on-board vessel handling 
or in-plant production activities on the safety and suitability of fish, shellfish and their 
products should be considered at all times.



In particular, this includes all points where contamination may exist and taking 
specific measures to ensure the production of a safe and wholesome product. The type 
of control and supervision needed will depend on the size of the operation and the 
nature of its activities. Schedules should be implemented to:



•	 prevent the buildup of waste and debris;
•	 protect the fish, shellfish and their products from contamination;
•	 dispose of any rejected material in a hygienic manner;
•	 monitor personal hygiene and health standards;
•	 monitor the pest control programme;
•	 monitor the cleaning and disinfecting programmes;
•	 monitor the quality and safety of water and ice supplies.



The hygiene control programme should take into consideration the following 
points.



6.2.4.1 A cleaning and disinfection schedule
A cleaning and disinfection schedule should be drawn up to ensure that all parts of 
the vessel, processing facility and equipment therein are cleaned appropriately and 
regularly. The schedule should be reassessed whenever changes occur to the vessel, 
processing facility and/or equipment. Part of this schedule should include a “clean as 
you go” policy.



A typical cleaning and disinfecting process may involve as many as seven separate 
steps:



•	 Pre-cleaning:	Preparation of area and equipment for cleaning. Involves steps 
such as removal of all fish, shellfish and their products from the area, protection 
of sensitive components and packaging materials from water, removal by hand 
or squeegee of fish scraps, etc..
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•	 Pre-rinse:	A rinsing with water to remove remaining large pieces of loose soil.
•	 Cleaning means the removal of soil, food residues, dirt, grease or other 



objectionable matter.
•	 Rinsing:	with potable water or clean water, as appropriate, to remove all soil 



and detergent residues.
•	 Disinfection:	Application of chemicals, approved by the official agency having 



jurisdiction, and/or heat to destroy most micro-organisms on surfaces.
•	 Post-rinse:	As appropriate, a final rinse with potable water or clean water to 



remove all disinfectant residues.
•	 Storage:	Cleaned and disinfected equipment, container and utensils should be 



stored in a fashion that would prevent its contamination.
•	 Checking	the	efficiency	of	cleaning:	The efficiency of the cleaning should be 



controlled as appropriate.
Most detergents or cleaning agents work faster and more effectively at higher 



temperatures, so it can be profitable to clean at a high temperature. Cleaning is often 
carried out at 60–80  ºC in areas where it pays, in terms of energy, to use such high 
temperatures.



The ideal detergent would be characterized by the following properties:
•	 It possesses sufficient chemical power to dissolve the material to be removed.
•	 It has a surface tension low enough to penetrate into cracks and crevices; it 



should be able to disperse the loosened debris and hold it in suspension.
•	 If used with hard water, it should possess water-softening and  



calcium-salt-dissolving properties to prevent precipitation and buildup of scale 
on surfaces.



•	 It rinses freely from the surfaces, leaving them clean and free from residues, 
which could harm the products and affect sterilization negatively.



•	 It does not cause corrosion or other deterioration of surfaces. It is recommended 
always to check by consulting the supplier of machines, etc..



•	 It is not hazardous for the operator.
•	 It is compatible with the cleaning procedure being used, whether manual or 



mechanical.
•	 If solid, it should be easily soluble in water and its concentration easily 



checked.
•	 It complies with legal requirements concerning safety and health as well as 



biodegradability.
•	 It is reasonably economical to use.



A detergent with all these characteristics does not exist. So one must, for each 
individual cleaning operation, select a compromise by choosing a usable cleaning agent 
and water treatment additives so that the combined detergent has the properties that 
are most important for the procedure concerned.



All cleaning methods, including foams and soaks, require sufficient contact time to 
fully loosen and suspend soils. A moderately alkaline detergent, which is normally used 
in plants processing high-protein foods such as fish, will typically require 10–15 min to 
fully loosen most processing soils.



Disinfection can be effected by physical treatments such as heat, UV irradiation, or 
by means of chemical compounds.



The use of heat in the form of steam or hot water is a very safe and widely used 
method of disinfection. The most commonly used chemicals for disinfection are shown 
in Table 62.



Chlorine is one of the most effective and widely used disinfectants. It is available 
in several forms, for example, sodium hypochlorite solutions, chloramines and other 
chlorine-containing organic compounds. Gaseous chlorine and chlorine dioxide are 
also used. Chlorinated disinfectants at a concentration of 200  ppm free chlorine are 
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very active and have a cleaning effect. The disinfectant effect is considerably decreased 
when organic residues are present. The compounds dissolved in water will produce 
hypochlorous acid, which is the active disinfecting agent, acting by oxidation. In 
solution it is very unstable, particularly in acid solution, where toxic chlorine gas will 
be liberated. Moreover, solutions are more corrosive at low pH.



As the germicidal activity is considerably better in acid than in alkaline solution, 
the working pH should be chosen as a compromise between efficiency and stability. 
Organic chlorinated disinfectants are generally more stable but require longer contact 
times. When used in the proper range of values (200 ppm free chlorine), chlorinated 
disinfectants in solutions at ambient temperatures are non-corrosive to high-quality 
stainless steel, but they are corrosive to other less-resistant materials.



Table 62 
types of disinfectants



disinfectant Forms/
description advantages disadvantages



Chlorine Hypochlorites, 
chlorine gas, 
organic chorine, e.g. 
chloramines



Kills most types of micro-organisms



less affected by hard water than 
some



does not form films



effective at low temperatures



relatively inexpensive



Concentration easily determined by 
test strips



May corrode metals and weaken 
rubber



Irritating to skin, eyes and throat



unstable, dissipates quickly



liquid chlorine loses strength in 
storage



pH-sensitive



Iodophors Iodine dissolved in 
surfactant and acid



Kills most types of micro-organisms



less affected by organic matter than 
some



less pH-sensitive than chlorine



Concentration determined by test 
strips



solution colour indicates active 
sanitizer



May stain plastics and porous materials



Inactivated above 50 °C



reduced effectiveness at alkaline pH



More expensive than hypochlorites



May be unsuitable for CIP* due to 
foaming



Quaternary 
ammonium 
compounds



benzalkonium 
chloride and 
related compounds, 
sometimes called 
quats or QaCs



non-corrosive



less affected by organic matter than 
some



residual antimicrobial activity if not 
rinsed



Can be applied as foam for visual 
control



effective against Listeria 
monocytogenes



effective for odour control



Concentration determined by test 
strips



Inactivated by most detergents



May be ineffective against certain 
organisms



May be inactivated by hard water



effectiveness varies with formulation



not as effective at low temperature 
as some



May be unsuitable for CIP due to 
foaming



acid-anionic Combination of 
certain surfactants 
and acids



sanitize and acid rinse in one step



Very stable



less affected by organic matter than 
some



Can be applied at high temperature



not affected by hard water



effectiveness varies with micro-
organism



More expensive than some 



pH-sensitive (use below pH 3.0)



Corrode some metals



May be unsuitable for CIP due to 
foaming



Peroxy 
compounds



acetic acid and 
hydrogen peroxide 
combined to form 
peroxyacetic acid



best against bacteria in biofilms



Kills most types of micro-organisms



relatively stable in use



effective at low temperatures



Meets most discharge requirements



low foaming; suitable for CIP



More expensive than some



Inactivated by some metals/organics



May corrode some metals



not as effective as some against yeasts 
and moulds 
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Table 62 (continued)



disinfectant Forms/
description advantages disadvantages



Carboxylic 
acid



Fatty acids combined 
with other acids; 
sometimes called 
fatty acid sanitizers



Kills most types of bacteria



sanitize and acid rinse in one step 



low foaming, suitable for CIP



stable in presence of organic matter



less affected by hard water than 
some



Inactivated by some detergents



pH-sensitive (use below pH 3.5)



less effective than chlorine at low 
temperature



May damage non-stainless-steel 
materials



less effective against yeasts and 
moulds than some



Chlorine 
dioxide



a gas formed on-site 
and dissolved in 
solution or by 
acidification of 
chlorite and chlorate 
salts



Kills most type of micro-organisms



stronger oxidizer (sanitizer) than 
chlorine



less affected by organic matter than 
some



less corrosive than chlorine



less pH-sensitive than some



unstable and cannot be stored



Potentially explosive and toxic



relatively high initial equipment cost



Ozone a gas formed on-site 
and dissolved in 
solution



Kills most type of micro-organisms



stronger oxidizer (sanitizer) than 
chlorine and chlorine dioxide



unstable and cannot be stored



May corrode metals and weaken 
rubber



Potentially toxic



Inactivated by organic matter (similar 
to chlorine)



Hot water 
/ heated 
solutions



Water at 77–88 °C Kills most types of micro-organisms



Penetrates irregular surfaces



suitable for CIP



relatively inexpensive



May form films or scale on equipment



burn hazard



Contact time-sensitive



* CIP = cleaning in place.
Source: after anon. (2000b).



Iodophors contain iodine, bound to a carrier, usually a non-ionic compound, from 
which the iodine is released for sterilization. Normally, the pH is brought down to 2–4 
by means of phosphoric acid. Iodine has its maximum effect in this pH range.



Iodophors are active disinfectants with a broad antimicrobial spectrum such as 
chlorine. They are inactivated by organic material. Concentrations corresponding to 
approximately 25 ppm free iodine will be effective.



Commercial formulations are often acidic, making them able to dissolve scales. They 
can be corrosive depending on the formulation and they should not be used above 
45 °C as free iodine may be liberated. If residues of product and caustic cleaning agents 
are left in dead ends and similar places, this may, in combination with iodophores, 
cause very unpleasant “phenolic” off-flavours.



Hydrogen	 peroxide and peracetic acid are effective disinfectants acting by 
oxidation and with a broad antimicrobial spectrum. Diluted solutions may be used 
alone or in combination for disinfection of clean surfaces. They lose their activity more 
readily than other disinfectants in the presence of organic substances and they rapidly 
lose their activity with time. They should be used in concentrations of 200–300 ppm.



Quaternary	 ammonium	 compounds are cationic surfactants. They are effective 
fungicides and bactericides but are often less effective against Gram-negative bacteria. 
To avoid development of resistant strains of micro-organisms, these compounds 
should only be used by alternating with the use of other types of disinfectants.



Because of their low surface tension, they have good penetrating properties and, for 
the same reason, they can be difficult to rinse off. If quaternary ammonium compounds 
come into contact with anion-active detergents, they will precipitate and become 
inactivated. Therefore, mixing or successive use of these two types of chemicals must 
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be avoided. They can be used in concentrations of 200 ppm on food contact surfaces. 
Table 63 summarizes the concentrations of commonly used disinfectants.



Table 63
disinfectant concentrations commonly used in food plants 



disinfectant Food contact surface Non-food contact surfaces Plant water



Chlorine 100–200 ppm1 400 ppm 3–10 ppm



Iodine 25 ppm1 25 ppm



Quaternary ammonium 
compounds



200 ppm1 400–800 ppm



Chlorine dioxide 100–200 ppm1,2 100–200 ppm2 1–3 ppm2



Peroxyacetic acid 200–315 ppm1 200–315 ppm



1 The higher end of the listed range indicates the maximum concentration permitted without a required rinse 
(surfaces must drain).
2 Includes mix of oxychloro compounds.
Source: anon. (2000b).



6.2.4.2 Designation of personnel for cleaning
Handlers or cleaning personnel as appropriate should be well trained in the use of 
special cleaning tools and chemicals, and in the methods of dismantling equipment for 
cleaning. They should be knowledgeable about the significance of contamination and 
the hazards involved.



In each processing plant or vessel, a trained individual should be designated to be 
responsible for the sanitation of the processing facility or vessel and the equipment 
therein.



6.2.5 Maintenance of premises, equipment and utensils
•	 Buildings, materials, utensils and all equipment in the establishment – including 



drainage systems – should be maintained in a good state and order.
•	 Equipment, utensils and other physical facilities of the plant or vessel should 



be kept clean and in good repair.
•	 Procedures for the maintenance, repair, adjustment and calibration, as 



appropriate, of apparatus should be established. These procedures should 
specify for each piece of equipment, the methods used, the persons in charge 
of their application, and their frequency.



6.2.6 Pest control systems
•	 Good hygiene practices should be employed to avoid creating an environment 



conducive to pests.
•	 Pest control programmes could include preventing access, eliminating 



harbourage and infestations, and establishing monitoring detection and 
eradication systems.



•	 Physical, chemical and biological agents should be properly applied by 
appropriately qualified personnel.



6.2.7 supply of water, ice and steam
Water:



•	 An ample supply of cold and hot potable water and/or clean water under 
adequate pressure should be provided where appropriate.



•	 Potable water should be used wherever necessary to avoid contamination.
Ice:



•	 Ice should be manufactured using potable water or clean water.
•	 Ice should be protected from contamination.
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Steam:
•	 For operations that require steam, an adequate supply of water at sufficient 



pressure should be maintained.
•	 Steam used in direct contact with fish or shellfish or food contact surfaces 



should not constitute a threat to the safety or suitability of the food.



6.2.8 Waste management
•	 Offal and other waste materials should be removed from the premises of a 



processing facility or vessel on a regular basis.
•	 Facilities for the containment of offal and waste material should be properly 



maintained.
•	 Vessel waste discharge should not contaminate vessel water-intake systems or 



incoming product.



6.2.9 Personal hygiene and health 
•	 Personal hygiene and facilities should be such to ensure that an appropriate 



degree of personal hygiene can be maintained to avoid contamination.



6.2.9.1 Facilities and equipment
Facilities and equipment should include:



•	 Adequate means for hygienically washing and drying hands.
•	 Adequate toilet and changing facilities for personnel should be suitably located 



and designated.



6.2.9.2 Personnel hygiene
•	 No person who is known to be suffering from, or who is a carrier of, any 



communicable disease or has an infected wound or open lesion should be 
engaged in the preparation, handling or transportation of fish.



•	 Where necessary, adequate and appropriate protective clothing, head covering 
and footwear should be worn.



•	 All persons working in a facility should maintain a high degree of personal 
cleanliness and should take all necessary precautions to prevent contamination 
of products or facilities.



•	 Hand-washing should be carried out by all personnel working in a processing 
area:
o at the start of fish or shellfish handling activities and upon re-entering a 



processing area;
o immediately after using the toilet.



•	 The following should not be permitted in handling and processing areas: 
smoking, spitting, chewing or eating, sneezing or coughing over unprotected 
food.



•	 The adornment of personal effects such as jewellery, watches, pins or other 
items that, if dislodged, may pose a threat to the safety and suitability of the 
products should not be allowed.



6.2.10 transportation 
Vehicles should be designed and constructed:



•	 Such that walls, floors and ceilings, where appropriate, are made of a suitable 
corrosion-resistant material with smooth non-absorbent surfaces. Floors 
should be adequately drained.



•	 Where appropriate, with chilling equipment to maintain chilled fish or shellfish 
during transport to a temperature as close as possible to 0 °C or, for frozen 
fish, shellfish and their products, to maintain a temperature of –18 °C or colder 











201Implementation and certification of food safety and quality systems



(except for brine frozen fish intended for canning, which may be transported 
at –9 °C or colder).



•	 Live fish and shellfish are to be transported at temperatures that the species 
can tolerate.



•	 To provide the fish or shellfish with protection against contamination, 
exposure to extreme temperatures and the drying effects of the sun or wind.



•	 To permit the free flow of chilled air around the load when fitted with 
mechanical refrigeration means.



6.2.11 Product tracing and recall procedures 
Experience has demonstrated that a system for recall of product is a necessary 
component of a prerequisite programme. Product tracing, which includes lot 
identification, is essential to an effective recall procedure. Therefore:



•	 Managers should ensure effective procedures are in place to effect the complete 
product tracing and rapid recall of any lot of fishery product from the market.



•	 Appropriate records of processing, production and distribution should be kept 
and retained for a period that exceeds the shelf-life of the product.



•	 Each container of fish, shellfish and their products intended for the final 
consumer or for further processing should be clearly marked to ensure the 
identification of the producer and of the lot.



•	 Where there is a health hazard, products produced under similar conditions, 
and likely to present a similar hazard to public health, may be withdrawn. The 
need for public warnings should be considered.



•	 Recalled products should be held under supervision until they are destroyed, 
used for purposes other than human consumption, or reprocessed in a manner 
to ensure their safety.



6.2.12 training
Fish or shellfish hygiene training is of fundamental importance. All personnel 
should be aware of their role and responsibility in protecting fish or shellfish from 
contamination and deterioration. Handlers should have the necessary knowledge and 
skill to enable them to handle fish or shellfish hygienically. Those who handle strong 
cleaning chemicals or other potentially hazardous chemicals should be instructed in 
safe handling techniques.



Each fish and shellfish facility should ensure that individuals have received adequate 
and appropriate training in the design and proper application of an HACCP system 
and process control. Training of personnel in the use of HACCP is fundamental 
to the successful implementation and delivery of the programme in fish or shellfish 
processing establishments. The practical application of such systems will be enhanced 
when the individual responsible for HACCP has successfully completed a course. 
Managers should also arrange for adequate and periodic training of relevant employees 
in the facility so that they understand the principles involved in HACCP.



6.3 PRINcIPles aNd aPPlIcatIoN oF tHe HazaRd aNalysIs cRItIcal 
coNtRol PoINt systeM (laHsen ababOuCH)
6.3.1 Introduction
The Hazard Analysis Critical Control Point (HACCP) system identifies, evaluates 
and controls hazards that are significant for food safety (CAC, 1969, 2003). It is a 
science-based and systematic tool that assesses hazards and establishes control systems 
that focus on prevention rather than rely mainly on end-product testing. It not only 
has the advantage of enhancing the safety of the product but, because of the means 
of documentation and control, it provides a way for demonstrating competence to 
customers and compliance with legislative requirements to the food control authorities. 
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Credit for the development of HACCP is traditionally given to the 1971 United 
States Food Protection Conference, with the first industry application by the Pillsbury 
Company in the 1960s for astronaut feeding during the inception of the NASA manned 
space programme. However, the basic concepts of HACCP are found in the Hazard 
Opportunity Studies, which have been used by the chemical and engineering industries 
for hazard controls since the mid-1930s. The following are important dates for the 
development of HACCP:



•	 1971: The HACCP concept presented at the United States National Conference 
on Food Protection.



•	 1973: Comprehensive treatise on HACCP published by the Pillsbury Co. 
HACCP – with only three principles.



•	 1980: Joint WHO/ICMSF report on HACCP.
•	 1983: WHO Europe recommends HACCP.
•	 1985: National Academy of Sciences (the United States of America) recommends 



HACCP.
•	 1988: Book on HACCP published by the ICMSF.
•	 1989: The National Advisory Committee on Microbiological Criteria for 



Foods (NACMCF), the United States of America, approves the first major 
document on HACCP.



•	 1992: The NACMCF issues a revised document on HACCP, whereby 
HACCP has seven principles.



•	 1993: Codex issues the first HACCP Guidelines, which are adopted by the 
FAO/WHO Codex Alimentarius Commission (CAC).



•	 1997: Based on a number of FAO/WHO consultations, Codex issues a revised 
document. The NACMCF issues its third, revised document. The two revised 
documents from Codex and the NACMCF are very similar.



•	 2003: Based on the work of the CCFFP, the CAC adopts the first edition of 
the Code of Practice for Fish and Fishery Products (CPFFP), which includes 
requirements for prerequisites and HACCP development for 12  fish and 
seafood commodities, including aquaculture. Latest revision: 2008.



Likewise, the integration of HACCP into the official regulations of many countries, 
including major fish and seafood importers, took place as follows:



•	 1991: The European Commission adopts Council Directive no. 91/493/EEC 
(EC, 1991), which places the responsibility of product safety and quality on 
the industry and introduces the concept of “own checks” and CCPs during 
processing.



•	 1992: Canada adopts the Quality Management Program based on the HACCP 
principles.



•	 1993: European Union Council Directive no. 93/43/EEC (EC, 1993) on the 
hygiene of foodstuffs is adopted, mandating only the five first principles for 
HACCP.



•	 1994: Commission Decision 94/356/EEC (EC, 1994) detailing the rules for the 
application of the HACCP system is adopted.



•	 1995: United States FDA (FDA, 1995) issues the Code of Federal Regulations 
on safe and sanitary processing and importing of fish and fishery products.



•	 1996: United States Department of Agriculture, Food Safety and Inspection 
Service adopts the final rule on the HACCP system (USDA, 1996).



•	 1992–99: With financial support from Danida, FAO implements a global 
programme for training government and industry staff on the application of 
HACCP in fisheries and aquaculture.



•	 1997: Canadian Food Inspection Agency Act, which establishes the Canadian 
Food Inspection Agency.



•	 2003: Food Safety Basic Law comes into force in Japan.
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•	 2004: European Union Food Hygiene Regulations come into force – including: 
Regulation EC/852/2004, which lays down the general hygiene requirements 
for all food business operators; Regulation EC/853/2004, which lays down 
additional specific requirements for food businesses dealing with foods of 
animal origin, including live bivalve molluscs and fishery products; Regulation 
EC/854/2004, which lays down the official controls for foods of animal origin 
(EC, 2004a, 2004b, 2004c). The basis for the Regulations is set down by the 
General Food Law Regulation EC/178/2002 (EC, 2002a).



•	 2011: United States Food Safety Modernisation Act – stronger enforcement of 
food safety measures to better protect public health. Includes new regulatory 
tools and enforcement authorities.



From the food industry perspective, following the introduction of HACCP 
in 1971, the food canning industry in the United States of America and the FDA 
quickly adopted the preventive controls and the documentation aspects of HACCP. 
Other segments of the food industry voluntarily and gradually introduced HACCP, 
or elements of HACCP, into their food safety and quality assurance programmes. 
Starting in the mid-1980s, as HACCP became a major focus of regulatory agencies and 
industry in the United States of America, Europe, Canada, New Zealand, Australia and 
other countries, it was clearly established that HACCP had to be an industry-driven 
programme, with regulatory and control agencies being in charge of certifying the food 
facilities and conducting on-site verification of proper HACCP implementation. 



Since then, HACCP has been in a constant state of evolution. Implementation by 
the food industry has been slow and at times painful – and it is a process that is still in 
progress. Application guidelines, prerequisite programmes, decision trees and training 
programmes have been developed and implemented. Coalition of industries, such as 
the United States Seafood HACCP Alliance or the Seafood Services Australia (SSA), 
have been formed to train and certify HACCP trainers, develop hazard analysis and 
generic HACCP plans. 



Currently, most national food control agencies and international institutions 
have adopted regulations, guidelines, codes and procedures for the development 
and implementation of HACCP plans by industry. As a consequence of HACCP 
becoming the food safety regulatory system of choice, policy issues have been shaping 
its evolution, sometimes more than science. For the future, it is important to ensure 
that food safety policy frameworks maintain the science basis at the heart of HACCP 
development to embrace future technological developments and the food safety 
challenges they will bring.



Many books and articles on the principles and the application of HACCP have been 
published since the advent of HACCP. One guide specific to fish and fishery products 
is the “Fish and Fishery Products Hazards and Controls Guidance” from the United 
States Food and Drug Administration.11



The present chapter is intended as a general introduction to HACCP, giving 
sufficient information to reader to understand the system and to enable them to 
apply or assess the system in practical fish and seafood safety assurance programmes. 
It reviews the basic definitions and principles of HACCP and describes how these 
principles can be applied in the fish and aquaculture industry. 



The HACCP system can be used to deal with both safety and quality issues, 
although some regulatory agencies, such as the FDA, have confined it to safety 
aspects. Experts in food microbiology argue that, given that many control measures 
(e.g. hygiene, refrigeration, use of ice, and thermal treatment) actually prevent the 



11 Fish and Fishery Products Hazards and Controls Guidance. Fourth Edition. November  2011. U.S. 
Department of Health and Human Services Food and Drug Administration Center for Food Safety and 
Applied Nutrition.
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growth of micro-organisms of concern to both safety and quality, it is advisable to use 
HACCP to address both aspects. The additional burden is related to the expansion of  
record-keeping and documentation to address both safety and quality, and, consequently 
the additional time and personnel needed to verify and audit these records by the food 
control authorities. This chapter addresses only the safety aspects of HACCP for 
illustrative purposes. The CPFFP (described in Chapter 5; and CAC, 2003) addresses 
both safety CCPs and DAPs.



6.3.2 basic principles of HaccP
The CAC has adopted the basic texts on food hygiene, including HACCP, and the 
guidelines for the application of HACCP were revised in 2003 (CAC/RCP 1-1969, 
Revision 2003). The following definitions and basic principles are based on the  
Codex-adopted documents.



6.3.2.1 Definitions 
Control (verb): To take all necessary actions to ensure and maintain compliance with 
criteria established in the HACCP plan.
Control (noun): The state wherein correct procedures are being followed and criteria 
are being met.
Control	measure: Any action and activity that can be used to prevent or eliminate a 
food safety hazard or reduce it to an acceptable level.
Corrective	action: Any action to be taken when the results of monitoring at the CCP 
indicate a loss of control.
Critical	control	point (CCP): A step at which control can be applied and is essential 
to prevent or eliminate a food safety hazard or reduce it to an acceptable level.
Critical	limit: A criterion that separates acceptability from unacceptability.
Deviation: Failure to meet a critical limit.
Flow	diagram: A systematic representation of the sequence of steps or operations used 
in the production or manufacture of a particular food item.
HACCP: A system that identifies, evaluates, and controls hazards that are significant 
for food safety.
HACCP	plan: A document prepared in accordance with the principles of HACCP to 
ensure control of hazards that are significant for food safety in the segment of the food 
chain under consideration.
Hazard: A biological, chemical or physical agent in, or condition of, food with the 
potential to cause an adverse health effect.
Hazard	analysis: The process of collecting and evaluating information on hazards and 
conditions leading to their presence to decide which hazards are significant for food 
safety and therefore should be addressed in the HACCP plan.
Monitor: The act of conducting a planned sequence of observations or measurements 
of control parameters to assess whether a CCP is under control.
Step: A point, procedure, operation or stage in the food chain including raw materials, 
from primary production to final consumption.
Validation: Obtaining evidence that the elements of the HACCP plan are effective.
Verification: The application of methods, procedures, tests and other evaluations, in 
addition to monitoring, to determine compliance with the HACCP plan.



6.3.2.2 The HACCP system
The HACCP system can be applied from production to consumption. It consists of 
the following seven principles:
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Principle 1: Conduct a hazard analysis Identify the potential hazard(s) associated with 
each stage of production; assess the likelihood 
of occurrence of the hazard and identify the 
measures for their control.



Principle 2: determine critical control points (CCPs) determine the points, procedures or operational 
steps that can be controlled to eliminate the 
hazard(s) or minimize its (their) likelihood of 
occurrence.



Principle 3: establish critical limit(s) establish critical limit(s), which must be met to 
ensure that the CCP is under control.



Principle 4: establish a system to monitor control 
of the CCP



establish a system to monitor control of the CCP 
by scheduled testing or observations.



Principle 5: establish corrective action(s) establish the corrective action(s) that must be 
taken when monitoring indicates that a particular 
CCP is not under control.



Principle 6: establish procedures for verification establish procedures for verification including 
supplementary tests and procedures to confirm 
that the HaCCP system is working effectively.



Principle 7: establish records and record-keeping establish documentation concerning all procedures 
and records appropriate to these principles and 
their application.



6.3.3 development of HaccP plans
Prior to the application of HACCP to a fish or seafood establishment, that establishment 
should be operating proper prerequisite programmes according to the Recommended 
International Code of Practice  – General Principles of Food Hygiene (CAC/RCP 
1-1969, Revision 2003) Annex: HACCP System and Guidelines for its Application and 
according to the Code of Practice for Fish and Fishery Products (CAC/RCP 52-2003, 
Revision 2008). These prerequisite programmes and the modalities of their application 
in the fish and aquaculture industry have been described in detail above.



Management awareness and commitment are necessary for the implementation of 
an effective HACCP system. The effectiveness will also rely upon management and 
employees having the appropriate HACCP knowledge and skills. Therefore, ongoing 
training is necessary for all levels of employees and managers, as appropriate.



If the necessary expertise is not available on-site for the development and 
implementation of an effective HACCP plan, expert advice should be obtained 
from other sources, such as trade and industry associations, independent experts and 
regulatory authorities. HACCP literature and fish and seafood HACCP guides can be 
valuable and they provide a useful tool for businesses in designing and implementing 
the HACCP plan. 



The application of HACCP principles consists of the following tasks as identified 
in the logic sequence for the application of HACCP (CAC, 2003).



1. Assemble the HACCP team.
2. Describe product.
3. Identify intended use.
4. Construct flow diagram.
5. Confirm flow diagram.
6. Conduct hazard analysis.
7. Determine CCPs (decision tree).
8. Establish critical limits for each CCP.
9. Establish a monitoring system for each CCP.
10. Establish corrective action.
11. Establish verification procedures.
12. Establish documentation and record-keeping.



An HACCP plan is a final document that describes how a fish or seafood operation 
will manage the identified CCPs for each product under its particular environment and 
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working conditions. The following are the details on how to apply the above sequence 
for the preparation of a specific HACCP plan.



6.3.3.1 Assemble an HACCP team
A qualified HACCP team should be put together with the view to develop the 
HACCP plan. It should have expertise in food safety and quality, food technology 
and quality assurance. If the necessary knowledge and skills are not available at the 
seafood operation, the team can be assisted by local public health officers, independent 
experts, and fish inspection or fisheries extension officers. Technical advice provided 
to small operators by companies that buy raw material for further handling, processing 
or distribution is a valuable alternative, especially in the case of small-scale aquaculture 
or artisanal fishing.



The HACCP team should have access to all relevant and necessary information. The 
previous chapters of this publication are a good source of information for the HACCP 
team to identify the hazards and the control measures. Additional information can be 
found from various sources, the most relevant to the fish and aquaculture industry are 
referenced in this document.



For example, A HACCP team of a hypothetical seafood operation can be formed by:



•	 The safety and quality supervisor, with a degree/training in food science/food 
safety, good experience in the production/processing operations and a special 
training in HACCP application in the fish industry.



•	 The technical supervisor, with a degree/training in food technology, experience 
in seafood industry and a special training in HACCP application in the fish 
industry.



•	 The equipment maintenance supervisor.
•	 Key personnel such as the retort or double-seam supervisor in a cannery.
•	 As appropriate, an advisor on fish and seafood safety and quality assurance.



An example of product description for depurated oysters can be as follows: 
 



 “Live oysters (Crassostrea gigas) harvested from (locality), depurated for at least 
44 hours, using UV disinfected water. The depurated oysters are packed in mesh 



nets and sold live to retailers and to restaurants.



6.3.3.2 Describe the product
A full description of the product should be drawn up, including relevant safety 
information such as:



•	 harvesting area and technique;
•	 raw materials and ingredients used including commercial and Latin name of 



the fish;
•	 factors that influence safety such as composition, physical/chemical parameters, 



such as water activity (aw), pH, salt content;
•	 processing such as heating, freezing, brining or smoking;
•	 packaging type;
•	 storage conditions and methods of distribution;
•	 shelf-life under specified condition should also be recorded.
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6.3.3.3 Identify intended use
The intended use should be based on the expected uses by the end user or consumer. 
The use and preparation before use greatly influence the safety of the product. Certain 
products may carry harmful organisms as part of the natural flora. If the processing 
does not include a killing step, the only possibility to render the product safe is 
adequate heat treatment (e.g. cooking) during preparation. It is important to identify 
whether the product is to be used in a way that increases the risk of harm to the 
consumer, or whether the product is particularly used by consumers who are especially 
susceptible to a hazard. In specific cases, e.g. institutional feeding, vulnerable groups of 
the population, such as elderly and infants, must be considered. 



For example, a description of the intended use can read as follows:



“The food, live carp, is harvested from earthen ponds, packed in ice in plastic 
boxes, and distributed to wholesale or retail markets or to fish processing plants. It 



is consumed after cooking or frying.” 



or 



“The product, canned tuna in olive oil, is destined for export mainly to Europe and 
the United States of America. It is generally consumed without any cooking, as an 
appetizer, in a sandwich or after mixing with other food or salads. It is consumed 



by the public at large, with no specific age restriction.



6.3.3.4 Construct flow diagram
A flow diagram should be constructed by the HACCP team to provide a clear and 
simple description of all steps involved in the operation. When applying HACCP to 
a given operation, consideration should be given to steps preceding and following the 
specific operation. Receiving and storage steps for raw materials and ingredients should 
be included. Time and temperature conditions during processing should be mentioned 
whenever there is a holding step, e.g. in holding vats, buffer tanks or other areas, where 
there could be a potential delay or temperature abuse.



6.3.3.5 On-site verification of flow diagram
The HACCP team should confirm on-site the production operations against the flow 
diagram and amend it with information, such as correct durations, temperatures, and 
salt concentration, where appropriate. The site should be inspected during all hours 
(including night shifts and weekends) of operation to check for correctness and ensure 
that nothing crucial has been overlooked.



6.3.3.6 List all potential hazards associated with each step, conduct a hazard 
analysis, and consider any measures to control identified hazards (see Principle 1)
A hazard is defined as a biological, chemical or physical agent in, or condition of, food 
(e.g. temperature abuse, insufficient thermal process), with the potential to cause an 
adverse health effect and harm. 



The HACCP team should list all hazards that may reasonably be expected to occur 
during production, processing, transportation and distribution until the point of fish 
consumption.



Hazard analysis is the first HACCP principle and the science-based component of 
HACCP. An inaccurate hazard analysis would inevitably lead to the development of 
an inadequate HACCP plan. 
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The HACCP team should identify which hazards are of such a nature that their 
elimination or reduction to acceptable levels is essential for the production of a safe 
product.



Examples of questions to be considered, when conducting a hazard analysis are as 
follows:12



•	 Raw materials and ingredients – do they contain any hazardous agents?
•	 Intrinsic factors – will the seafood permit survival, multiplication of pathogens 



or toxin formation?
•	 Processing conditions – are contaminants or pathogens reduced or destroyed, 



are there any possibilities for recontamination?
•	 Packaging – does the packaging affect the microbial population? (e.g. vacuum 



packaging favours anaerobes)
•	 Preparation and intended use – will the food be heated or cooked before 



consumption?
•	 Intended consumer – is the product destined for the general public or for 



consumption by a population with higher susceptibility to illness such as 
infants, elderly people or patients?



A decision tree with a number of questions can be used to determine whether 
potential hazards are “real”, as demonstrated in Figure 40.



The questions in Figure 40 should be considered at each step of the processing chain, 
and all hazards must be considered. An element of risk assessment is involved in the 
evaluation of potential hazards. Only those hazards that are likely to occur and that 
will cause a reasonably adverse health affect are regarded as significant, as shown in 
Figure 41.



12  Conditions covered by the prerequisite programme have been excluded from the list.



FIgure 40
Hazard determination – questions to be answered for each potential hazard at each step



 



Is the presence of a potential 
hazard in raw material probable?



Is an unacceptable level, 
survival, persistence or increase 



at this step probable?



Is reduction, if any, at a 
further step adequate?



HAZARD



Is an unacceptable 
contamination at this step 



probable?



Is the presence of a potential 
hazard in the line or the 
environment probable?



YES



YES



YES



YES2



YESNO



NO



NO



NO



NO



No hazard



No hazard1



1. Not a hazard to be controlled at this step
2. Thus, reduction step becomes CCP



Source: after IlsI (1997).
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Thus, the basic procedure to use in conducting a hazard analysis is as follows:
•	 Based on the product description and the flow diagram, all the potential 



hazards associated with the product and at each production/processing step 
are determined and listed.



•	 Make a hazard evaluation: 
 – assess severity of health consequences if potential hazards are not controlled;



– determine likelihood of occurrence of potential hazards if not properly 
controlled.



•	 Using information above, determine if this potential hazard is to be addressed 
in the HACCP plan.



•	 Describe control measures.



Upon completion of the hazard analysis, the HACCP team must consider what 
control measures, if any, exist that can be applied for each hazard. More than one 
control measure may be required to control a specific hazard (or hazards) and more 
than one hazard may be controlled by a specific control measure. The hazards 
associated with each step in the production should be listed along with any measure 
(or measures) that is (are) used to control the hazards. A “hazard analysis worksheet” 
can be used to organize and document the considerations in identifying food safety 
hazards. An example of a hazard analysis worksheet is shown in Appendix 1.



6.3.3.7 Determine critical control points
A CCP is a step at which control can be applied and is essential to prevent or eliminate 
a food safety hazard or reduce it to an acceptable level. There may be more than one 
CCP at which control is applied to address the same hazard. Likewise, several hazards 
can be controlled at a single CCP. Complete and accurate identification of all the CCPs 
is fundamental for controlling food safety hazards. The determination of a CCP in the 
HACCP system can be facilitated by the application of a decision tree (Figure  42). 
Example of decision trees have been recommended by CAC (2003).



FIgure 41
determination of hazard significance



Source: after Mortimore and Wallace (1998).
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FIgure 42
decision tree for the identification of critical control points



The application of the decision tree should be flexible depending upon the type of 
operation under consideration. Other approaches than the decision tree may be used 
for the determination of CCPs. If a hazard has been identified at a step where control 
is necessary for safety, and if no control measure exists at that step or at any other, then 
the product or the process should be modified at that step, or at an earlier or later stage, 
to include a control measure.



This exercise should be conducted at each step and for each hazard to identify CCPs. 



6.3.3.8 Establish critical limits for each CCP
Critical limits are defined as criteria that separate acceptability from unacceptability. 
Critical limits represent the boundaries that are used to judge whether an operation is 
producing safe products as a result of proper application of the control measures. In 
other words, critical limits must be met to ensure that a CCP is under control. 



Critical limits should be scientifically based and refer to easily measurable factors 
such as temperature, time, chlorine levels, water activity (aw), pH, titratable acidity, salt 
concentration, available chlorine, preservatives, and sensory quality. These parameters, 
if maintained within boundaries, will confirm that a given hazard is under control at 
a given CCP. Microbiological limits, which often require days for their measurement, 
should be avoided by all means. However, when microbiological limits are necessary, 
reliable rapid microbiological techniques should be used.
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The following is an example of the application of the decision tree to decide whether 
receiving raw material is a CCP for the presence of biotoxins and the presence of 
salmonella and viruses in live oysters.



Step	1:	Receiving	live	oysters



Hazard 1: Presence of pathogenic bacteria and viruses



 Control measure(s): Purchase live oysters only from a licensed harvester who 
has harvested them from an approved area and has tagged the containers or purchase 
records properly 



 Is step 1 a CCP for the considered hazard or not?



 Question	 1: Do control measures exist for the identified hazard? Yes 
(measures described above)



 Question	2: Does this step eliminate or reduce the likely occurrence of the 
hazard to an acceptable level? Yes. By applying the control measure described above, 
we avoid purchase of oysters which can not be rendered safe for human consumption 
by depuration



 Conclusion: This step is a CCP for obtaining safe live oysters after 
depuration



Hazard 2: Presence of biotoxins



 Control measure(s): Purchase live oysters only from a licensed harvester who 
has harvested them from an approved area and has tagged the containers or purchase 
records properly 



Is step 1 a CCP for the considered hazard of biotoxins or not?



Question	1: Do control measures exist for the identified hazard? Yes (purchase only 
from licensed suppliers)



Question	2: Does this step eliminate or reduce the likely occurrence of the hazard 
to an acceptable level? Yes. By using only licensed harvesters that collect only from 
approved areas we avoid depurating oysters containing biotoxins.



Conclusion: This step is a CCP for the considered hazard



The critical limits should meet the requirements of government regulations and/or 
company standards and/or be supported by other scientific data. It is essential that the 
persons responsible for establishing critical limits have knowledge of the process and 
of the legal and commercial standards required for the products. Authoritative critical 
limit information is available from sources such as Fish and Fishery Products Hazards 
and Controls Guidance (FDA, 2011h), other scientific publications or documents 
obtained from regulatory agencies, universities, expert groups or institutions.
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The HACCP plans provided in Appendixes  2 and 3  provide examples of critical 
limits for the measures designed to control the identified hazards at each identified 
CCP of the given processes.



6.3.3.9 Establish a monitoring system for each CCP
Monitoring is defined as the act of conducting a planned sequence of observations 
or measurements of control parameters to assess whether a CCP is under control. 
The monitoring procedures will determine whether the control measures are being 
implemented properly and ensure that critical limits are not exceeded. The monitoring 
procedures must be able to detect loss of control at the CCP.



The purposes of monitoring include the following (see Figure 43):
•	 to measure the performance level of the system’s operation at the CCP (trend 



analysis);
•	 to determine when the performance level of the system results in a loss of 



control at the CCP, e.g. when there is deviation from a critical limit;
•	 to establish records that reflect the performance level of the system’s operation 



at the CCP to comply with the HACCP plan.



FIgure 43
Monitoring



Notes: (a) small fluctuations always occur around a target level; (b) and (C) the process is under control but 
adjustment is needed in situation C as abnormal fluctuations are noted; (d) a deviation occurs and corrective action 
is needed.
Source: Motarjemi and van schothorst (1999).
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The monitoring procedures should give information on the following aspects.
What	will	be	monitored	(What?):	Monitoring may mean measuring a characteristic 



of the process or of the product to determine compliance with a critical limit. 
Monitoring may also mean observing whether a control measure at a CCP is being 
implemented. Examples include measurement of fish temperature, sensory quality, 
histamine concentration, and verification of proper application of hygienic practices.



How	critical	 limits	and	control	measures	will	be	monitored	(How?):	Deviation 
from a critical limit should be detected in as short a time as possible to allow prompt 
corrective action so as to limit the amount of adversely affected product. Again, 
microbiological testing is rarely effective for monitoring CCPs for this reason. 
Instead, physical and chemical measurements (e.g. pH, time, temperature, and sensory 
quality) are preferred, as they can be done rapidly and can often be related to the 
microbiological control of the process. This correlation between rapid measurements 
and microbiological control needs to be regularly validated.



Equipment used for monitoring procedures should undergo periodic calibration or 
standardization as necessary to ensure accuracy.



Operators should be trained in the proper use of the monitoring equipment and 
should be provided with a clear description of how the monitoring should be carried 
out.



Frequency	 of	 monitoring	 (When?):	 Wherever possible, continuous monitoring 
is preferred. Continuous monitoring is possible for many types of physical or 
chemical methods. Examples of continuous monitoring would include the automatic 
measurement of free chlorine levels in water, time and temperature of sterilization, and 
freezing temperature.



Where non-continuous monitoring is the chosen system, the frequency of 
monitoring should be determined from historical knowledge of the process and 
product. If a problem is detected, the frequency of monitoring may need to be 
increased until the cause of the problem is corrected. 



Who	 will	 monitor	 (Who?):	 Careful consideration should be given to assigning 
responsibility for monitoring. Once assigned, the individual responsible for monitoring 
a CCP must:



•	 be adequately trained in the CCP monitoring techniques;
•	 fully understand the importance of the CCP monitoring techniques;
•	 have ready access (be close) to the monitoring activity;
•	 accurately report each monitoring activity;
•	 have the authority to take appropriate action as defined in the HACCP plan;
•	 immediately report critical limit deviation to supervisor.
Where	to	monitor	(Where?):	Monitoring takes place at each CCP where a given 



control measure is applied to control a given hazard. 
The HACCP plans provided in Appendixes  2 and 3  indicate the monitoring 



procedures recommended for various seafood operations.



6.3.3.10 Establish corrective actions
As the main reason for implementing HACCP is to prevent problems from occurring, 
corrective actions should be predefined and taken when the results of monitoring at 
the CCP indicate a loss of control. Loss of control can cause a deviation from a critical 
limit for a CCP. All deviations must be controlled by taking predetermined actions to 
control the non-compliant product and to correct the cause of non-compliance. 



Product control includes proper identification, control and disposition of the 
affected product. The establishment should have effective procedures in place to 
identify, isolate (separate), mark clearly and control all products produced during the 
deviation period. 
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Corrective action procedures are necessary to determine the cause of the problem, 
take action to prevent recurrence and follow up with monitoring and reassessment 
to ensure that the action taken is effective. Reassessment of the hazard analysis or 
modification of the HACCP plan may be necessary to eliminate further recurrence.



The control and disposition of the affected product and the corrective actions taken 
must be recorded and filed. Records should be available to demonstrate the control of 
products affected by the deviation and the corrective action taken. Adequate records 
permit verification that the establishment has deviations under control and has taken 
corrective action. 



The HACCP plans given in Appendixes  2 and 3  provide examples of corrective 
actions recommended for various seafood operations.



6.3.3.11 Establish verification procedures
Verification is the application of methods, procedures and tests, including random 
sampling and analysis and other evaluations, in addition to monitoring, to determine 
compliance with the HACCP plan. The objective of verification procedures is to 
determine whether the HACCP system is working effectively.



Careful preparation and implementation of the HACCP plan does not guarantee 
the plan’s effectiveness. Verification procedures are necessary to assess the effective-
ness of the plan and to confirm that the HACCP system adheres to the plan. 



Verification should be undertaken by an appropriately qualified individual (or 
individuals) capable of detecting deficiencies in the plan or its implementation.



Verification activities should be documented in the HACCP plan. Records should 
be made of the results of all verification activities. Records should include methods, 
date, individuals and/or organizations responsible, results or findings and actions 
taken.



For example, the following verification procedure can be recommended:



Wherever needed but at least weekly, the HACCP team assesses internally all the 
results of the controls, monitoring and corrective actions and draws conclusions for 
the subsequent production weeks. 



On a longer term, bi-annually or annually for example, the HACCP team can:



•	 Evaluate the monitoring and corrective actions data to assess performance 
and analyse the reasons for any loss of control or for complaints from clients 
and/or control authorities. 



•	 Use the results of this analysis to update the HACCP manual, identify 
further training and improved practices, performance or maintenance, 
modify frequency (increase or decrease) of specific monitoring and revise the 
list of approved suppliers.



•	 Perform an audit by an external specialist to assess the performance of each 
control, monitoring or corrective procedure. He/She will examine the different 
records, including records for monitoring, calibration and maintenance, 
training, complaints and reports from clients and control authorities.  
He/she will prepare a report that will be submitted to management and 
discussed during a meeting with management and the HACCP team. 
The audit exercise will be also used as an opportunity to introduce new 
procedures, monitoring techniques or critical limits to take into consideration 
new developments, including new regulatory requirements.
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FIgure 44
HaccP validation and verification 



Apart from the initial validation, subsequent validation as well as verification must 
take place whenever there is a change in raw materials, product formulation, processing 
procedures, consumer and handling practices, new information on hazards and their 
control, consumer complaints, recurring deviations or any other indication, that the 
system is not working. Figure  44 shows where validation fits into the process of 
HACCP implementation.



Source: after IlsI (1999).



6.3.3.12 Establish documentation and record-keeping
Records and documentation are essential for reviewing the adequacy of and adherence 
to the HACCP plan. Several types of records should be considered among those 
relevant in an HACCP programme:



•	 support documentation, including validation records, for developing the 
HACCP plan;



•	 records generated by the HACCP system: monitoring records of all CCPs;
•	 deviation and corrective action records, verification/validation records;
•	 documentation on methods and procedures used;
•	 records of employee training programmes.



Records may be in different forms, e.g. processing charts, written procedures or 
records, and tables. They can be stored in paper or electronic forms, provided that 
assurance of record integrity is provided. It is imperative to maintain complete, current, 
properly filed and accurate records. Failure to document the control of a CCP or 
implementation of a corrective action would be a critical departure from the HACCP 
plan.



6.4 aPPlIcatIoN oF HaccP PRINcIPles IN tHe FIsH aNd aqUacUltURe 
INdUstRy (laHsen ababOuCH)
As mentioned above, hazard analysis, including the identification of adequate control 
measures, establishment of critical limits and monitoring procedure are the three most 
science-based principles of HACCP. They require a good background in food science, 
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food microbiology and food safety. The other elements of HACCP plan development 
and application require training and practical experience. 



The following section provides the necessary scientific background information 
to enable readers to perform proper hazard analysis. Section  6.4.13 is an example 
illustrating how a HACCP plan can be developed in the fish canning industry. Another 
example is provided in Section  6.10.4 to illustrate the applicability of HACCP in 
aquaculture. These two examples are provided for illustrative or training purposes. 
They should not be used, under any circumstances, for similar fish and seafood 
operations without adaptation and validation by an HACCP team.



6.4.1 considerations for the development of HaccP plans in fisheries and 
aquaculture
The safety of seafood products varies considerably and is influenced by a number of 
factors such as origin of the fish, microbiological ecology of the product, handling 
and processing practices and preparations before consumption. Taking most of these 
aspects into consideration, seafood can conveniently be grouped as shown below 
(modified from Huss, 1994):



•	 Molluscan shellfish.
•	 Raw fish to be eaten without any cooking.
•	 Fresh or frozen fish and crustaceans – to be fully cooked before consumption.
•	 Lightly preserved fish products, i.e. NaCl <  6  percent in water phase, pH 



> 5.0. The prescribed storage temperature is < 5 °C. This group includes salted, 
marinated, cold-smoked and gravad fish.



•	 Fermented fish, i.e. NaCl < 8 percent NaCl, pH changing from neutral to acid. 
Typically, the products are stored at ambient temperature.



•	 Semi-preserved fish, i.e. NaCl >  6  percent in water phase, or pH <  5, 
preservatives (sorbate, benzoate, nitrite) may be added. The prescribed storage 
temperature is < 10 °C. This group includes salted and/or marinated fish or 
caviar, fermented fish (after completion of fermentation).



•	 Mildly heat-processed (pasteurized, cooked, hot-smoked) fish products and 
crustaceans (including precooked, breaded fillets). The prescribed storage 
temperature is < 5 °C.



•	 Heat-processed (sterilized, packed in sealed containers).
•	 Dried, smoke-dried fish, heavily salted fish. Can be stored at ambient 



temperatures.
However, the safety of seafood products and processing cannot be studied in 



isolation. A large number of hazards are related to the pre-harvest situation or  
raw-material handling and must be under control when the raw material is received at 
the processing factory.



6.4.2 Hazard analysis of raw material
Most fish and shellfish are still extracted from a wild population, but aquaculture is 
a fast-growing food production system (as outlined in Section 1.2.1). While there are 
specific safety aspects associated with wild fish caught in the high seas, the intensive 
husbandry in aquaculture poses new and increased risks. It is imperative that the 
HACCP principles are extended beyond the factory-gate and applied throughout the 
entire food production chain from harvest to the consumers’ plate. 



In a general hazard analysis of the pre-harvest conditions for fish and shellfish and 
the procedures for handling the raw material before it is received at the processing 
plant, a number of significant hazards can be identified:











217Implementation and certification of food safety and quality systems



6.4.2.1 Pathogenic bacteria
Pathogenic bacteria from the aquatic or general environment may be present in low 
numbers in all fish and shellfish at the time of harvest (see Section 3.2.1). This is not 
a significant hazard as it is unlikely that these pathogens will be there in sufficient 
numbers to cause disease – even if the fish are eaten raw. However, if growth and toxin 
production of these organisms is taking place as a result of time/temperature abuse, it 
is reasonably likely that these pathogens and their toxins could reach unsafe levels. For 
fish to be eaten raw or used as raw material in products that are not heat-treated, this 
situation is a significant hazard that must be controlled. High numbers of pathogenic 
Vibrio spp. may accumulate in bivalves, but it is unlikely that pathogenic levels will be 
reached.



Pathogenic bacteria from animal/human reservoir may be present in fish and 
shellfish harvested in contaminated waters. This is a significant hazard for fish and 
shellfish to be eaten raw owing to the low minimum infective dose for some of these 
organisms. 



The preventive measures for these hazards are control and monitoring of harvest 
areas for faecal pollution and placing a limit on the time between harvest and 
refrigeration to prevent growth and toxin production.



6.4.2.2 Viruses
The presence of viruses in the harvest area is of particular concern in molluscan 
shellfish because:



•	 environments where molluscan shellfish grow are often subject to contamination 
from sewage, which may contain pathogens (bacteria, viruses);



•	 molluscan shellfish filter and concentrate pathogens that may be present in the 
water;



•	 molluscan shellfish are often consumed raw or only partially cooked.



Thus, the presence of a virus is a significant hazard in molluscan shellfish and fish 
to be eaten raw. The preventive measure is control and monitoring of harvesting areas 
for faecal pollution (see Section 3.2.3).



6.4.2.3 Biotoxins
Contamination of fish and shellfish with natural toxins from the harvest area can 
cause serious illness in consumers. The toxins accumulate in fish when they feed on 
marine algae, where the toxins are produced. They occur in fish from the tropical and 
subtropical areas (ciguatera) and in shellfish worldwide (see Section 3.2.5). In order to 
determine whether CFP is a significant hazard, some guidance can be provided by the 
historical occurrence of the toxin and knowledge about the safety of the reefs from 
which the fish has been obtained.



The preventive measures for the presence of toxins in shellfish are control and 
classification of shellfish-harvesting areas. As a result, shellfish harvesting is only 
allowed from “safe” waters. A significant element in this system is the requirement that 
all shellfish containers bear a tag that identifies the type and quantity of shellfish, the 
harvester, harvest location and date of harvest.



The preventive measure for CFP is to ensure that incoming fish have not been 
caught in an area for which there is a CFP advisory or for which there is knowledge 
that CFP is a problem.



6.4.2.4 Biogenic amines
These amines are produced as a result of time/temperature abuse of certain fish species 
and they can cause illness in consumers (see Section 3.2.2). It is therefore a post-harvest 
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hazard, but very often it is a pre-receiving hazard introduced during handling on board 
the fishing vessel or during transportation to the plant after landing.



The preventive measure is rapid chilling of fish immediately after capture. Generally, 
fish should be packed in ice or chilled seawater within 12 h after catch or – in case of 
large fish such as tuna – chilled to an internal temperature of 10 °C or less within 6 h 
after capture.



6.4.2.5 Parasites
It is reasonably likely that parasites will be present in significant numbers of certain 
wild-caught fish species  – and certain aquaculture fish if they are fed on unheated 
processing waste or bycatch fish (see Section  3.2.4). Therefore, parasites should be 
considered a significant hazard, and a preventive measure to eliminate parasites must 
be identified during processing of particular fish products.



6.4.2.6 Chemicals
Concerns about this hazard primarily focus on fish harvested from freshwater, estuaries 
and near-shore coastal waters and on fish from aquaculture. Without proper control, 
it would be reasonable to expect that unsafe levels of chemicals could be present in the 
fish, thus representing a significant hazard. 



The preventive measure is the presence of government-controlled monitoring 
programmes and ensuring that fish or shellfish have not been harvested from waters 
closed to commercial fishing. For aquaculture, the preventive measures are full 
control of chemical contamination of the environment (soil/water) surrounding 
the aquaculture site, control of water quality and control of the feed supply. Only 
approved agrochemicals and veterinary drugs should be used and only according to 
manufacturers’ instructions. Correct withdrawal of veterinary drugs must be observed.



Table 64 summarizes the hazard analysis of the pre-harvest/pre-receiving step for 
all hazards.



Table 64
Hazard analysis of pre-harvest conditions and raw material handling



organism / 
component of 
concern



Potential hazard analysis of hazard control



contamination Growth severity likely 
occurrence significant



Government 
monitoring 
programme



PP1



Incl. in 
HaccP 



plan



Pathogenic bacteria:



  indigenous – + high high + – – +



  non-indigenous + + high high + + + +



Viruses + – high high/low2 +/– + + +



biotoxins + – high high/low2 +/– + – +



biogenic amines – + low high/low2 +/– – – +



Parasites + – low high + – – +



Chemicals + – medium high/low2 +/– + – +



1 PP = prerequisite programme. 
2 depending on fish/bivalve shellfish species, geographical position and season, the likely occurrence may be high or low.



One of the major problems in ensuring the safety of seafood products is that 
processors often have no control and only limited information about the history of the 
raw material. This is a serious weakness, and every effort must be made to overcome this 
problem. The significant hazards associated with the raw material must be identified 
and controlled before the raw material is received at the factory. The receiving step is 
the first CCP in any seafood processing, and the monitoring procedures will mainly be 
to check documents (certificates of origin, harvester, date and location of harvesting, 
copies and results of government monitoring programmes, etc.).
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6.4.3 Molluscan shellfish
Molluscan shellfish are harvested by being raked or trawled from the bottom (oysters 
and mussels) or dug from the sand at low tide (clams and cockles). After harvesting, 
the shellfish are sorted (by size), washed and packed in bags or crates or left in a pile 
on deck. The shellfish may be transported and sold live to the consumer or they may 
be processed (shucked) raw or by use of heat. The heat applied in processing is only 
enough to facilitate shucking by causing the animal to relax the adductor muscle, and 
it has no effect on the microbial contamination of the animals. The shucked meat is 
washed, packed and sold fresh, frozen or further processed and canned.



Most molluscs (oysters, mussels, clams and cockles) grow and are harvested in 
shallow, near-shore estuarine waters. Thus, there is a strong possibility that the live 
animals may be contaminated with sewage-derived pathogens (pathogenic bacteria, 
and viruses) as well as those from the general environment. In addition, biotoxins and 
chemicals can be present. Owing to the filter feeding of molluscs, a high concentration 
of disease agents may be present in the shellfish and this, therefore, constitutes a 
serious hazard. During processing, further contamination with pathogens (bacteria and 
viruses) may occur, including the growth of bacteria if time and temperature conditions 
are favourable. As most molluscs are traditionally eaten raw or very lightly cooked, this 
will further increase the risk. Thus, a number of significant hazards can be identified in 
molluscan shellfish, as shown in Table 65.



Table 65
Hazard analysis of processing of bivalve shellfish



organism / 
component of 
concern



Potential hazard analysis of hazard control



contamination Growth severity likely 
occurrence significant



Government 
monitoring 
programme



PP1



Incl. in 
HaccP 
plan



Pathogenic bacteria:



  indigenous + + high high + – – +



  non-indigenous + + high high + + + +



Viruses + – high high + + + +



biotoxins + – high high + + – +



biogenic amines – –



Parasites – –



Chemicals + – medium high + + – +



1 PP = prerequisite programme



It follows that the significant hazards to be controlled in molluscan processing are:
a) contamination with pathogens (bacteria, viruses), biotoxins and chemicals 



from the harvesting area;
b) further contamination with pathogens (bacteria and viruses) during 



processing;
c) growth of pathogens during processing and storage.



The following preventive measures can be applied to minimize the risks outlined 
above:



Regarding (a) •	 Control and monitoring of harvesting areas. Check for tags and 
ensure that incoming raw material is from licensed harvesters 
or certified dealers.



•	 Depuration.



It is well known that none of these measures are 100 percent effective, but no other 
CCP can be identified for this hazard (contamination). For this reason, molluscs to be 
eaten raw should be provided with a warning label to inform consumers of the risk.
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Regarding (b) •	 Further contamination during processing is a hazard, which 
will be controlled by the prerequisite programme.



Regarding (c) •	 Limit the time from harvest to refrigeration.
•	 Proper chilling (< 5°C) at all times during storage (raw material 



and final product). This aspect is included in the prerequisite 
programme.



Therefore, the only two CCPs to be identified and included in the HACCP plan 
are: (i) the receiving step, where it is possible to exercise control of the source of the 
molluscs; and (ii) the labelling step, where it can be checked that the warning on the 
consumption of raw molluscs is on the label. The following details could be entered in 
the HACCP plan for the receiving step:



Critical limits •	 All shell stock containers must bear a tag that discloses 
the date and place where harvested, the quantity and 
name and licence number of harvester. No molluscs 
from closed areas must enter the plant.



Monitoring programme
•	 What: tags, labels, licence of fisher.
•	 How: visual check.
•	 When: all containers.
•	 Who: receiving employee, supervisor or quality 



control (QC) staff.



Corrective actions
Record-keeping
Verification



•	 Reject if untagged or from closed areas.
•	 Receiving records on all shellfish (quantity, harvesting 



details).
•	 Daily review of records.



6.4.4 Raw fish – to be consumed raw 
The hazards related to these products are primarily associated with the pre-harvest/ 
pre-receiving situation. However, in the hazard analysis, some of these hazards can 
be excluded. As stated above, contamination of raw fish with indigenous pathogenic 
bacteria is unlikely to be high enough to provoke disease and, therefore, it is not a 
significant hazard. Growth of these bacteria and of HPB is a potential hazard, but it is 
very unlikely in a product to be eaten raw. For this to happen, the fish must be kept for 
some time at elevated temperatures and, in this case, also spoilage organisms will grow. 
As the latter will grow much faster than the pathogens, the fish is likely to spoil or be 
unfit for raw consumption before sufficient growth of pathogens and HPB has taken 
place. The results of a general hazard analysis are shown in Table 66.



The significant hazards are:
a) Contamination of fish with non-indigenous bacteria, viruses, biotoxins 



or environmental chemical contaminants (heavy metals, pesticides, and 
veterinary drugs in aquaculture).



b) Presence of parasites.
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Table 66
Hazard analysis of raw fish to be consumed raw



organism/ component 
of concern



Potential hazard analysis of hazard control



contamination Growth severity likely 
occurrence significant



Government 
monitoring 
programme



PP1



Incl. in 
HaccP 



plan



Pathogenic bacteria



  indigenous – + high low –



  non-indigenous + – high high + + + +



Viruses + – high high + + + +



biotoxins + – high high/low2 +/– (+) – +



biogenic amines – + low low –



Parasites + – low high + – – +



Chemicals + – medium high/low2 +/– + – +



1 PP = prerequisite programme.
2 depending on fish/bivalve shellfish species, geographical position and season, the likely occurrence may be high or 
low.



The following preventive measures can be applied:



Regarding (a) •	 Control and monitoring of harvesting areas including control 
of the use of drugs in aquaculture.



•	 Contamination (bacteria and viruses) during processing is 
controlled by the prerequisite programme.



•	 Prohibition of the use of puffer fish for human consumption.
•	 Avoidance (sorting) of fish with a record of causing ciguatera.



Regarding (b) •	 Introduction of a freezing step to eliminate the risk from 
parasites.



While the preventive measure for control of parasites is 100 percent effective, this 
is not the case for control of the pre-harvest contamination of fish with pathogenic 
organisms or compounds. There are serious weaknesses in a monitoring programme, 
and no effective CCP can be identified for the control of ciguatera.



Only two CCPs are identified in the processing of raw fish to be eaten raw:
•	 the receiving step;
•	 the freezing step.



Critical limits •	 In situations where contamination with  
non-indigenous pathogens from the harvest area 
as well as contamination with any chemical is a 
possibility, a source control or certificate must 
accompany all lots of fish. This certificate must 
ensure that the fish were not harvested in waters that 
are closed to fishing or in any way contaminated with 
unwanted compounds (i.e. drugs in aquaculture fish).



Monitoring programme •	 What: time and temperature at freezing step. Tags, 
labels, licence of fisher.



•	 How: visual check.
•	 When: all containers. Continuous recording of 



freezing temperature.
•	 Who: receiving employee, supervisor or QC staff.
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Corrective actions •	 Reject if untagged or from closed areas.
•	 Adjust freezer. Refreeze material not properly frozen.



Record-keeping •	 Receiving records on all fish raw material (quantity, 
harvesting details).



•	 Temperature records.



Verification •	 Daily review of records.



6.4.5 Fresh/frozen fish and crustaceans – to be fully cooked before 
consumption
The hazard analysis of these products is relatively straightforward and uncomplicated. 
In most cases, the animals are caught in the sea or freshwater, handled and processed 
without any use of additives or chemical preservatives, and finally distributed as chilled 
or frozen products.



The epidemiological evidence has shown that the presence of histamine or biotoxins 
accounts for almost 80 percent of all disease outbreaks caused by “fish”. Low levels of 
pathogenic bacteria and viruses may be present on raw fish as part of the natural flora 
and/or as a result of contamination during handling and processing. As the product 
will be cooked before consumption, it is very unlikely that this low level of pathogens 
will cause any disease. Even if any growth has taken place in the raw fish to be cooked, 
it is unlikely to produce any disease. Therefore, pathogenic bacteria and viruses are not 
significant hazards that need to be controlled.



In contrast, biotoxins (ciguatoxin and tetrodotoxin) are heat stable, and cooking 
the fish before consumption is not likely to eliminate this hazard. In areas where this 
hazard is likely to occur (see Section 3.2.5.6), it must be noted as a significant hazard.



Similarly, biogenic amines (histamine) are resistant to heat and, if present in the raw 
fish, are likely to cause poisoning. Therefore, production of histamine in raw fish is a 
significant hazard that must be controlled (see Section 3.2.2).



Parasites are common in fish, but normal household cooking will kill the parasites. 
Therefore, their possible presence is not a significant hazard.



Chemical contamination of fish is unlikely and not a significant hazard except 
for aquaculture fish and fish from coastal areas subject to industrial pollution (see 
Section 3.3.2). Table 67 summarizes the hazard analysis for this product.



Table 67
Hazard analysis of fresh/frozen fish and crustaceans to be cooked before consumption



organism/ 
component of 
concern



Potential hazard analysis of hazard control



contamination Growth severity likely 
occurrence significant



Government 
monitoring 
programme



PP1



Incl. in 
HaccP 



plan



Pathogenic bacteria



  indigenous – + high low –



  non-indigenous + + high low –



Viruses + – high low –



biotoxins + – high high/low2 +/– + – +



biogenic amines – + low high/low2 +/– – + +



Parasites + – low low –



Chemicals + – medium high/low2 +/– + – +



1 PP = prerequisite programme.
2 depending on fish/bivalve shellfish species, geographical position and season, the likely occurrence may be high or low.
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Thus, the significant safety hazards are:
•	 Presence of biotoxins. This hazard only applies to fish from warm waters with 



a history of causing ciguatera (CFP) and to puffer fish.
•	 Formation of histamine. This hazard mainly applies to scombroid fishes.
•	 Presence of chemicals. This hazard only applies to fish from aquaculture or 



coastal areas.
For all other fish (the large majority of marine fish) caught in clean waters and sold 



as fresh or frozen fish and fish products, there are likely to be no safety hazards and 
thus no HACCP plan will result. However, a hazard analysis worksheet needs to be 
completed and prerequisite programmes properly implemented.



The preventive measures that can be applied to the significant hazards are:
•	 Sorting of the catch to exclude puffer fish. Making sure that the fish have not 



been caught in an area for which there is a CFP advisory or for which there is 
knowledge of a CFP problem. Although the latter preventive measure is not 
100 percent effective, no other means are available.



•	 Rapid chilling of fish immediately after catch to temperatures <  10  °C is 
the most important element in any strategy for preventing the formation of 
histamine. Further chilling towards the freezing point is desirable to prevent 
long-term low-temperature development of histamine. Control of temperature 
is part of the prerequisite programme



•	 The preventive measure for chemical contamination of fish is to compare 
information on the capture area with government bans on fishing. 



Based on the above, the only CCP for raw fish to be cooked before consumption 
is the receiving step (possible histamine formation during processing and storage of 
scombroid fish is taken care of by the prerequisite programmes). The following details 
can be entered in the HACCP plan:



Critical limits •	 No puffer fish allowed in processing. No fish from 
an area where there is an CFP advisory is allowed in 
processing.



•	 No fish harvested in an area closed for fishing is 
allowed in processing.



•	 For histamine the critical limit is < 50 ppm.



Monitoring programme •	 What: Sorting procedures, tags, labels, harvesting 
vessels record decomposition of lot. Temperature 
records. 



•	 How: Visual check.
•	 When: All lots.
•	 Who: Receiving employee.



Corrective actions •	 Reject lots with no information on catching area, or if 
from closed area.



•	 Reject the lot or perform histamine analysis on lots of 
poor sensory quality.



•	 Inform harvester, adjust cooling procedures.



Record-keeping
•	 Receiving records, all lots, temperature records.



Verification •	 Records review, calibration of thermo-recorders, 
histamine analysis of selected samples.
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6.4.6 lightly preserved fish product
This group includes fish products with low salt content (water phase salt [WPS] 
< 6 percent) and low acid content (pH > 5.0). Preservatives (sorbate, benzoate, nitrogen 
dioxide and smoke) may or may not be added. The products may be prepared from 
raw or cooked raw material, but are normally consumed without any prior heating. 
Product examples are salted, marinated, cold-smoked or gravad fish. These products 
have a limited shelf-life and are typically stored at temperature < 5 °C.



The presence in these products of low numbers of pathogenic bacteria normally 
found in the aquatic and the general environment (Clostridiums botulinum, pathogenic 
Vibrio  sp., and Listeria monocytogenes) is a potential hazard. Owing to their low 
numbers, the mere presence is not a significant hazard. However, if these organisms are 
allowed to grow to high numbers, they are very likely to cause a serious disease, and 
therefore, they represent a significant hazard. It should be remembered that growth 
and toxin production can take place in the raw material as well as in the final product. 



Contamination of products during processing with viruses and non-indigenous 
pathogenic bacteria, as well as possible growth of the latter, are also potential hazards. 
However, these hazards are prevented by the prerequisite programme and, therefore, 
not likely to occur. 



The presence of biotoxins (CFP) is a potential hazard if the raw material is a fish 
species with a history of causing CFP and originating in an area where CFP is known 
to occur.



Production of biogenic amines is a significant hazard in all products based on 
scombroid fish or all fish containing large amounts of free histidine in the flesh. The 
production requires growth of histamine-decarboxylating bacteria. A number of 
different bacteria are able to produce histamine under various conditions (as discussed 
in Section 3.2.2). It should be remembered that biogenic amines may be produced in 
the raw material as well as in final products. 



Parasites are common in many fish species in all parts of the world, and the 
processing conditions and preservative parameters for lightly preserved fish products 
are not sufficient to kill the parasites. Thus, a “processing for safety” step must be 
included in the process of these types of products to control this significant hazard.



Chemical contamination of raw material is a potential hazard if it originates in 
aquaculture or certain coastal fisheries. Only if this is the case, should chemical 
contamination be regarded as a significant hazard. The hazard analysis is summarized 
in Table 68.



Table 68
Hazard analysis of lightly preserved fish products



organism/ 
component of 
concern



Potential hazard analysis of hazard control



contamination Growth severity likely 
occurrence significant



Government 
monitoring 
programme



PP1



Incl. in 
HaccP 



plan



Pathogenic 
bacteria



  indigenous – + high high + – – +



  non-indigenous + + high high + – + –



Viruses + – high high + – + –



biotoxins + – high high/low2 +/– + – +



biogenic amines – + low high/low2 +/– – – +



Parasites + – low high + – – +



Chemicals + – medium high/low2 +/– + – +



1 PP = prerequisite programme.
2 depending on fish/bivalve shellfish species, geographical position and season, the likely occurrence may be high or low.
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The significant hazards are the result of:
a) growth of pathogenic bacteria from the aquatic or the general environment;
b) production of biogenic amines (scombroid fish);
c) presence of parasites;
d) chemical contamination (depending on geographical area).



The following preventive measures can be applied:



Regarding (a) •	 Growth of C. botulinum can be prevented by WPS > 3.5 percent 
and a storage temperature < 5 °C.



•	 Growth of L. monocytogenes cannot with certainty be prevented 
by the parameters used in the preservation of this category of 
products.



•	 An alternative solution is to reduce shelf-life of the products to 
a period of no growth of L. monocytogenes. The length of this 
period needs to be established by experimentation.



Regarding (b) •	 Storage at low temperature (< 5 °C) will prevent the growth of 
a number but not all of HPB. There are no experimental data to 
demonstrate complete control of this hazard.



Regarding (c) •	 Introduction of a freezing step (–20 °C for at least 24 h).



Regarding (d) •	 Securing raw material from areas with no chemical contamination.



Based on the considerations above, the following CCPs can be identified: Receiving 
step, salting step and freezing step.



The following details can be entered in the HACCP plan:



Critical limits •	 Receiving step: only raw material of good sensory 
quality will be used. No fish from an area where there 
is a CFP advisory must be used. No fish harvested in 
area closed for fishing is allowed.



•	 Salting: WPS ≥ 3.5 percent NaCl.
•	 Freezing step: –20 °C for at least 24 h.
•	 Storage temperature: ≤ 5 °C.



Monitoring programme •	 What: sensory quality of raw material. Certificate of 
origin of fish. Salting procedures. Temperatures and 
times of freezing.



•	 How: visual.
•	 When: all lots. Continuous recording of temperature.
•	 Who: receiving employee. QC staff.



Corrective actions •	 Reject lots of poor quality or with no certificate of 
origin.



•	 Adjust salting process.
•	 Check WPS in lots produced when process is out of 



control.
•	 Adjust freezing procedures.
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6.4.7 Fermented fish
Traditionally the term “fermented fish” covers both enzyme hydrolysed and microbial 
fermented fish products. However, a clear distinction should be made between 
these products. Thus, Paludan-Müller (2002) suggests defining fermented fish as 
“products which contain a carbohydrate source and in which the level of salt is less 
than 8  percent water phase salt (WPS)”. This level of salt (<  8  percent) allows the 
fermentative growth of lactic-acid bacteria and a concomitant decrease in pH to < 4.5. 
In contrast, enzyme hydrolysed fish has a WPS > 8 percent and a final pH of 5–7. A 
large number of different fermented fish products are found in Southeast Asia. The 
products are traditionally stored at ambient temperatures and consumed without any 
cooking. Fermented fish products have been associated with a number of outbreaks of  
food-borne diseases such as botulism, trematodiasis, salmonellosis and vibriosis.



The natural presence of pathogenic bacteria from the aquatic and general environment 
is not considered a significant hazard in this product owing to the low numbers. 
However, conditions for growth of some of these organisms (C. botulinum type A and 
B, Listeria monocytogenes, and Vibrio sp.) are good until the pH decreases to almost 
4.5. This takes about 1–2  days at 30  °C in a natural fermentation. Therefore, rapid 
and adequate acidification is the preventive measure for this significant hazard. For 
complete safety, temperatures during fermentation should be kept at < 10 °C until the 
final pH has been reached.



Contamination of fermented fish products with pathogenic bacteria from the 
animal/human reservoir and with pathogenic viruses are potential hazards, which will 
be controlled by the prerequisite programme.



Most fermented fish products are based on freshwater fish as raw material. However, 
if marine fish are used, the presence of biotoxin (ciguatera) should be considered 
a potential hazard (as discussed in Section  3.2.5.6). Formation of biogenic amines 
(histamine) is a health hazard primarily related to marine, scombroid fish species and 
is not a potential hazard when freshwater fish are used as raw material.



Parasites, particularly trematodes, are very common in fish used as raw material for 
fermented fish. As there is no killing step for these parasites in the normal processing, 
they are very likely to cause disease and must be regarded as a significant hazard. 
The preventive measures are food safety education and to bring about changes in the 
traditional consumption practices of eating non-cooked fermented fish. Until then, 
fermented fish that is to be eaten without any cooking must have a freezing step 
included. The concerns for chemical hazards are related to the raw material. The hazard 
analysis for fermented fish products is summarized in Table 69. 



Table 69
Hazard analysis of fermented fish



organism/ 
component of 
concern



Potential hazard analysis of hazard control



contamination Growth severity likely 
occurrence significant



Government 
monitoring 
programme



PP1



Incl. in 
HaccP 



plan



Pathogenic bacteria



  indigenous – + high high + – – +



  non-indigenous + + high high + – + –



Viruses + – high high + – + –



biotoxins + – high high/low2 +/– (+) – +



biogenic amines – + low high/low2 +/– – – +



Parasites + – low high + – – +



Chemicals + – medium high/low2 +/– + – +



1 PP = prerequisite programme.
2 depending on fish/bivalve shellfish species, geographical position and season, the likely occurrence may be high or low.
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The CCPs in production of fermented fish are:



Receiving step: •	 Check raw materials.



Time/temperature conditions during 
fermentation:



•	 Inhibition of growth of indigenous 
pathogens.



Freezing step: •	 Control of parasites.



6.4.8 semi-preserved fish
These are fish products with > 6 percent WPS or a pH < 5.0. Preservatives (sorbate, 
benzoate and nitrate) may or may not be added. These products require chill storage 
(<  10  °C) and may have a shelf-life of six months or more. Normally, there is no 
heat-treatment applied during processing or in the preparation before consumption. 
Traditional production often includes a long ripening period (several months) of the 
raw material before final processing. Product examples are salted and marinated fish, 
fermented fish and caviar products.



There is epidemiological evidence that these types of products have been the cause 
of illness related to the presence of bacterial toxins (botulism), parasites, biotoxins and 
histamine.



The presence of low numbers of pathogenic bacteria normally found in the 
environment is not a significant hazard in these products (not likely to cause disease). 
Contamination with non-indigenous pathogens (bacteria and viruses) is a potential 
hazard to be prevented by the prerequisite programme.



Growth and possible toxin production of pathogenic bacteria is not possible in these 
products if they are correctly processed and the storage temperature is kept at < 10 °C. 
As with lightly preserved fish products, it must be pointed out that growth and toxin 
production may take place in the raw material. Bacterial toxins, including botulinum 
toxins are very stable at high salt and low pH (Huss and Rye Petersen, 1980). Any toxin 
present or preformed in the raw material will be carried over to the final product, and 
this hazard can only be controlled by having full control over the complete handling 
and processing steps from harvesting to consumption.



Biotoxins (ciguatera) is a potential hazard only if the raw material used is a fish 
species with a history of causing CFP and originating in an area where CFP is known 
to occur. This is not very likely to happen, and, therefore, biotoxins are not a significant 
hazard for this product.



Production of biogenic amines may take place both in the raw material and in the 
final product. It is a significant hazard as it is very likely to occur in scombroid fish if 
there is a loss of control.



Parasites are very common in fish species used as raw material for semi-preserved 
products. Therefore, this hazard is significant (likely to occur) and must be prevented.



Chemical contamination of raw material is a potential hazard if it originates from 
aquaculture or certain coastal fisheries. Table  70 summarizes the hazard analysis of 
these products. 
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Table 70
Hazard analysis of semi-preserved fish



organism/ 
component of 
concern



Potential hazard analysis of hazard control



contamination Growth severity likely 
occurrence significant



Government 
monitoring 
programme



PP1



Incl. in 
HaccP 



plan



Pathogenic bacteria



  indigenous – + high high + – – +



  non-indigenous + + high high + – + –



Viruses + – high high + – + –



biotoxins – –



biogenic amines – + low high/low2 +/– – – +



Parasites + – low high + – – +



Chemicals + – medium high/low2 +/– + – +



1 PP = prerequisite programme.
2 depending on fish/bivalve shellfish species, geographical position and season, the likely occurrence may be high or low.



The CCPs in production of semi-preserved fish products are:



Receiving step: •	 Check raw material.



Time/temperature conditions: •	 Chilled storage for prevention of growth 
of pathogens. Critical limits are:



•	 < 5 °C for raw materials;
•	 < 10 °C for final products.



Salting step: •	 Critical limit is WPS ≥ 6 percent.
•	 Critical limits for killing parasites.



Addition of acids and/or preserva-
tives:



•	 Critical pH limit ≤ 5.



Freezing step: •	 Killing of parasites.



Monitoring procedures, corrective action programme and verification procedures 
must be set up and records kept of all actions.



6.4.9. Mildly heat-processed fish products
A number of fish products receive a heat treatment during processing. Examples are: 
pasteurized or cooked and breaded fish fillets, cooked shrimp and crabmeat, cook-chill 
products and hot-smoked fish. After the heat treatment, the various products may pass 
through further processing steps before being packed and stored/distributed as chilled 
or frozen products. Some of these products may receive additional heat treatment 
before consumption (cooked and breaded fillets, cook-chill products) or they may 
be eaten without further treatment (hot-smoked fish, cooked shrimp). Thus, some of 
these products are RTE and extremely sensitive to contamination after heat treatment.



To further illustrate the safety aspects, there is ample epidemiological evidence 
that this type of product has been the cause of food poisoning owing to the growth 
of coagulase-positive Staphylococcus aureus and enteropathogenic organisms among 
the Enterobacteriaceae and Vibrionaceae. Marine crustaceans, usually shrimp, lobster 
or dishes made from them, accounted for 56 outbreaks involving 674 illnesses in the 
United States of America in the period 1998–2007 (CSPI, 2009).



In the application of the HACCP system to these types of products, the heat 
treatment is a very critical processing step. Hazards identified before this step may or 
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may not be eliminated depending on the degree of heat being applied. Most criteria for 
heat treatments have been laid down as a consequence of economic and technological 
considerations and not for hygienic or public health reasons. Increased safety will be 
obtained if the cooking/heating procedures could be designed to eliminate vegetative 
cells of pathogens and spores of the most sensitive species. Generally, a reduction of 
six orders of magnitude (six logarithms) in the level of contamination is recommended. 
This performance criterion is the so-called 6D process (“D” stands for “decimal 
reduction” – see also Section 2.2.1 for a discussion on “D”).



Listeria monocytogenes is normally used as a target organism for measuring the heat 
treatment and is regarded as the most heat-resistant food-borne pathogen that does not 
form spores.



Most products in this group depend entirely on the heating process and chilled 
storage for safety and shelf-life as they do not contain any bacteria-controlling 
ingredients. It is very likely that pathogens will cause disease if these factors are out 
of control. Pathogen survival during the cooking/heating procedure and pathogen 
growth during storage are significant hazards that must be included in the HACCP 
plan. In contrast, it is very unlikely that viruses, parasites and HPB will survive the 
heat treatment.



Recontamination of products after the heat treatment and before packaging can also 
cause consumer illness. In many cases, this hazard will be controlled by the prerequisite 
programme. In others, where, for example, the recontamination is caused by faulty 
container sealing or incorrect hot-filling procedures, recontamination is a significant 
hazard that needs to be included in the HACCP plan.



The possible presence of biotoxins and chemical contamination should be considered. 
Table 71 summarizes the hazard analysis of these products.



Table 71
Hazard analysis of mildly heat-processed fish



organism/ 
component of 
concern



Potential hazard analysis of hazard control



survival or 
re-contamination Growth severity likely 



occurrence significant
Government 
monitoring 
programme



PP1



Incl. in 
HaccP 



plan



Pathogenic bacteria



  indigenous + + high high + – + +



  non-indigenous + + high high + – + +



Viruses + – high high + – + +



biotoxins + – high high/low2 +/– + – +



biogenic amines – + low high/low2 +/– – – +



Parasites + – low low –



Chemicals + – medium high/low2 +/– + – +



1 PP = prerequisite programme.
2 depending on fish/bivalve shellfish species, geographical position and season, the likely occurrence may be high or 
low.



In a simple production process (e.g. cooked shrimp vacuum-packed in plastic bags), 
the significant hazards are:



a) survival of pathogens;
b) recontamination after cooking;
c) growth of pathogens;
d) raw material quality (chemical hazards).
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The CCPs during production will be:



Receiving step: •	 Control of raw materials.



Cooking step: •	 Control of survival of pathogens.



Recontamination and growth of pathogens will be taken care of by the prerequisite 
programme. The critical limits for the cooking step (time/temperature conditions) 
should be set at a point such that, if they are not met, the safety of the product may be 
questionable. If a more restrictive limit is set, the result will be a loss of product.



6.4.10 Heat-sterilized fish products packed in sealed containers (canned 
fish)
The basis for canning is the use of thermal processing to achieve commercial sterility 
of the final product. The containers are distributed at ambient temperatures and often 
stored for months, even years, under these conditions. The contents of the cans are 
normally eaten without any heating before consumption.



Canned fish has been the cause of outbreaks of botulism and cases of histamine and 
staphylococcal enterotoxin poisoning (Ababouch, 2002). The general hazard analysis 
is shown in Table 72.



table 72
Hazard analysis of heat sterilized products packed in sealed containers (canned fish)



organism/ 
component of 
concern



Potential hazard analysis of hazard control



survival and/or 
re-contamination Growth severity likely 



occurrence significant
Government 
monitoring 
programme



PP1



Incl. in 
HaccP 



plan



Pathogenic bacteria



  indigenous + + high high + – + +



  non-indigenous + + high high + – + +



Viruses + – high low –



biotoxins + – high high/low2 +/– + – +



biogenic amines + + low high/low2 +/– – – +



Parasites + – low low –



Chemicals + – medium high/low2 +/– + – +



1 PP = prerequisite programme.
2 depending on fish/bivalve shellfish species, geographical position and season, the likely occurrence may be high or low.



The significant hazards related to this type of products are:
•	 quality of raw material (biotoxins, chemicals);
•	 survival of pathogens (C. botulinum) during heat processing;
•	 presence of heat-stable toxins (biotoxins, histamine, S. aureus toxin);
•	 recontamination of product after heat processing (faulty containers, poor 



sealing, contaminated cooling water, faulty container handling).



The CCPs for these hazards are:



Receiving step: •	 Hazard is the raw material quality.
•	 Quality of cans.
•	 Critical limit: Cans must meet container specifications for 



safety.
•	 Monitoring: Letter of guarantee from supplier. Visual 



examination of all lots of empty cans.
•	 Corrective action: Reject defective cans. Contact supplier.
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Filling: •	 Corrective filling is important for proper heat penetration.
•	 Visual check regularly (every half hour) by floor supervisor.



Sealing: •	 Faulty sealing may result in recontamination.
•	 Can closures must be checked at regular intervals (every half 



hour) visually, and always when setting up a new machine or 
adjusting an old one. Tear down measurements must be done 
at the beginning of the shift and every 2 h thereafter by QC.



•	 Corrective actions: Shut down processing line and inform 
plant manager. All products produced since last good check 
are put on hold. The cause of the problem must be identified 
before starting up again.



•	 Any actions and measurements are recorded.



Retorting: •	 The hazard is survival of pathogens.
•	 Critical limit is the botulinum cook or 12-D process. 
•	 If time/temperature requirements are violated, products 



must be put on hold for reprocessing and the cause must be 
identified. Records on all actions and measurements must be 
kept.



•	 The verification programme should include a review of all 
operations and monitoring procedures and calibration of 
thermometers and automatic recorders.



Cooling: •	 Recontamination is possible if minute quantities of water 
enter the can. Use of chlorinated cooling water is a safe 
precaution. There must be measurable residual chlorine in the 
water (critical limit) and samples should be tested at least two 
times per day by a designated person (monitoring).



Post-process 
handling:



•	 Contamination of hot and wet cans with S.  aureus is 
prevented by isolation of the storage area of hot and wet cans 
and application of GHPs by personnel. 



Additional verification procedures are common practice and in some cases a legal 
requirement (EC, 1991). This includes checks carried out at random to ensure that 
products have undergone appropriate heat treatment. This requirement involves taking 
samples of the final product for:



•	 Incubation tests. Incubation of samples must be carried out at 37 °C for seven 
days or at 35 °C for ten days or any other equivalent combination.



•	 Microbiological examination of contents of containers in the establishment’s 
laboratory or in any other approved laboratory.



6.4.11 dried, smoke-dried, heavily salted fish
These are products with a very high salt content (> 10 percent WPS) and/or a very 
low water activity (aw < 0.85). Dried or salted fish are usually considered stable at high 
temperatures and, therefore, stored and distributed at ambient temperatures. 



No growth of pathogens is possible in these products if they are correctly processed, 
not even at ambient temperatures. The most salt-tolerant pathogenic organism is 
Staphylococcus aureus (which can grow at aw > 0.83 and produce toxin at aw > 0.85), and 
this organism should therefore be considered as a target pathogen for drying.
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A critical phase in processing is the time until salt has penetrated and the WPS 
reaches 10 percent or the aw is below 0.85 in the thickest part of the fish. For this reason, 
larger fish (> 15 cm in length) should be eviscerated prior to processing.



Contamination of dried or salted fish with enteropathogenic bacteria and viruses is 
a potential hazard, which will be prevented by the prerequisite programme.



The presence of toxic fish and chemical contamination of raw material are potential 
hazards.



The possible presence of parasites is not a significant hazard in these products. It is 
very unlikely they will cause a disease owing to the rapid killing of the parasites in an 
environment with a very high salt content.



When scombroid fish are used as raw material, the formation of histamine is a 
significant hazard. Histamine may be formed in the raw material before processing but 
also in the final product, as some halophilic bacteria are able to produce this compound 
(Kimma, Konagaya and Fujii, 2001). However, there is some uncertainty if this is a 
theoretical risk only. There are no reported cases of histamine poisoning from these 
products and there are no experimental data to demonstrate the possible risk. The 
general hazard analysis is shown in Table 73.



Table 73
Hazard analysis of dried, smoke-dried or heavily salted fish



organism/ 
component of 
concern



Potential hazard analysis of hazard control



Recontamination Growth severity likely 
occurrence significant



Government 
monitoring 
programme



PP1



Incl. in 
HaccP 



plan



Pathogenic bacteria



  indigenous – –



  non-indigenous + – high high + – + –



Viruses + – high high + – + –



biotoxins + – high high/low2 +/– + – +



biogenic amines – + low high/low2 +/– – – +



Parasites + – low low –



Chemicals + – medium high/low2 +/– + – +



1 PP = prerequisite programme.
2 depending on fish/bivalve shellfish species, geographical position and season, the likely occurrence may be high or low.



The CCPs in the production of dried or salted fish are:



Receiving step: •	 Hazard to be controlled is the raw material quality 
(presence of biotoxin, chemical contamination and 
histamine).



Salting/drying step: •	 The hazard is growth of pathogens.
•	 Critical limit is time to reach 10 percent WPS or aw 0.85 



in fish flesh.



6.4.12 seafood risk categories
In ranking seafood into risk categories, the method of the NACMCF (1992), with 
some modifications, has been applied. The following six hazard characteristics and risk 
factors have been considered:



1. No terminal heat treatment. Apart from raw fish to be eaten cooked or fried, 
all other fish products are RTE.
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2. The safety record. Is there any evidence that this particular product has 
been associated with food-borne disease many times – or with very serious 
diseases? It can be stated that the safety record is poor for:



a. molluscan shellfish and fish to be eaten raw owing to the presence 
of (accumulated) biological hazards (viruses, pathogenic bacteria, 
parasites and biotoxins);



b. molluscan shellfish, tropical reef fish and scombroid fish to be 
cooked before consumption owing to the presence of heat-stable 
aquatic toxins or scombrotoxin;



c. presence of heat-stable biogenic amines in canned sterilized products 
and few outbreaks of botulism caused by the same type of product;



d. some fermented fish, e.g. salted fish from the Near East or products 
from Alaska, the United States of America. 



3. The production/processing does not include a CCP for at least one identified 
hazard. This situation applies to the:



e. accumulation of biological hazards in shellfish;
f. presence of biotoxins (ciguatera) in fish from tropical reefs.



4. The product is subject to potentially harmful contamination or recontamination 
after processing and before packaging. All raw fish and fish products that have 
not been subject to any bactericidal treatment are likely to harbour pathogenic 
organisms as part of their natural flora. Potentially harmful recontamination is 
possible and reasonably likely to occur for products being mildly heat-treated 
before being placed in the final container (cooked shrimp, hot-smoked fish). 
However, also the risk associated with lightly preserved fish and fish and 
shellfish to be eaten raw may increase due to this factor (e.g. contamination of 
cold-smoked fish with L. monocytogenes).



5. Products with a potential for abusive handling. This hazard refers mainly to 
handling and storing the fish product at abuse (elevated) temperatures. With 
the exception of sterilized, canned or fully preserved products, there is a 
potential for this hazard for all other types of fish products. However, this is 
not likely to occur for fish to be consumed raw, as spoilage will be very fast 
at elevated temperatures.



6. Growth of pathogens. The growth of pathogens, particularly in RTE products 
is a serious hazard. Two potential hazards of this nature are known and 
likely to occur: the possible growth of L. monocytogenes in lightly preserved 
fish products; and the growth of C. botulinum in some types of fermented 
seafoods. Growth of other pathogens in preserved or heat-processed products 
is possible only if the preserving parameters are not applied as specified (see 
text) and other potential hazards are in fact occurring (temperature abuse, 
recontamination of heat processed fish). Spoilage bacteria will grow in all 
types of fish products (except sterilized products) and, in most cases, they 
will grow faster than any pathogen. This is particularly the case in raw, 
unprocessed or unpreserved fish, and for this reason, growth of pathogens it 
is not considered an additional hazard likely to occur and influence the safety 
of this product. 



The above considerations are summarized in Tables 74 and 75. The various seafoods 
are assigned to a risk category in terms of health hazards by using a “+” (plus sign) to 
indicate a potential risk related to the hazard characteristics. The number of plusses will 
then determinate the risk category of the seafood concerned.
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Table 74
Risk categories for fresh seafood products 



seafood product



characteristic that increases risk events that are reasonably likely to occur and 
that will increase risk



Risk 
categoryNo terminal 



heat 
application



bad 
safety 
record



No ccP 
for 



identified 
hazard



Harmful 
re-contamination



abusive 
handling



Growth or 
accumulation 



of hazard



Molluscan shellfish



 live, raw + + + + + + High1



 Cooked – + + – – + Medium



raw fresh / frozen fish and crustacean



 Tropical reef + + + + – + High



 scombroid + + – + – – Medium



 Other + – – + – – low



Fresh / frozen fish and crustacean to be cooked



 Tropical reef – + + – – + Medium



 scombroid – + – – + + Medium



 Other – – – – – – low



1 High-risk products have four or more plusses. Medium-risk products have three plusses. low-risk products have two or fewer 
plusses.
Source: Modified after Huss, Jørgensen and Fonnesbech Vogel (2000).



table 75
Risk categories for processed seafood products



seafood product



characteristic that increases risk events that are reasonably likely to occur and that 
will increase risk



Risk 
categoryNo terminal 



heat 
application



bad 
safety 
record



No ccP for 
identified 



hazard



Harmful 
re-contamination



abusive 
handling



Growth or 
accumulation 



of hazard



lightly preserved 
(naCl < 6%, pH 
> 5.0; e.g. cold-
smoked)



+ – (–) + + + High1



Fermented 
(naCl < 8%, pH 
changing)



+ + (+) + – + High



semi preserved 
(naCl > 6%, 
pH < 5.0; e.g. 
marinated)



+ – – – + + Medium



Heat processed 
(hot-smoked, 
pasteurized)



+ – – + + + High



Heat processed 
(canned, 
sterilized)



+ + – – – – low



dried, smoke 
dried, heavily 
salted



+/– – – – – – low



1 High-risk products have four or more plusses. Medium-risk products have three plusses. low-risk products have two or fewer 
plusses.
Source: Modified after Huss, Jørgensen and Fonnesbech Vogel (2000).



6.4.13 example of development of an HaccP plan for the canning industry
Although generic HACCP plans can be found in many reports of training sessions 
and other proceedings of conferences and workshops that have been devoted to the 
subject, very few peer-reviewed publications have provided concrete examples of how 
an effective HACCP plan and its various components are developed. Instead, most 
address extensively the background and the principles of HACCP, including the food 
science and microbiology information necessary for HACCP plan development. This 
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is understandable because each HACCP plan should be tailored to the food operation 
considered, including the technical knowledge and experience of its team. 



The following is a practical example to illustrate the development of an HACCP 
plan for canned sardines and mackerel. Section  6.10.4 describes another example in 
aquaculture – shrimp farming. It is important to stress that these examples are provided 
for illustrative purposes only – to demonstrate how hazard analysis is performed and 
how the Codex decision tree can be used to determine CCPs. They should not be 
adopted under any circumstances for similar seafood operations without adaptation 
and validation by a HACCP team. 



6.4.13.1 Introduction
Company XYZ is specialized in the production of canned sardines and mackerel to be 
sold on the international market, mainly the markets of the European Union (Member 
Organization) and the United States of America.



Company XYZ has developed its HACCP plan in accordance with relevant 
provisions:



•	 The Codex Code of Practice for Fish and Fishery Products (CAC/RCP 
52-2003, Rev 2008).



•	 The requirements in the European Union Regulation 852/2004 on the hygiene 
of foodstuffs, Regulation 853/2004 laying down specific hygiene rules for food 
of animal origin (EC, 2004a), and Directive 2002/99/EC laying down health 
rules governing the production, processing, distribution and importation of 
products of animal origin (EC, 2002a).



•	 The requirements of the Food and Drug Administration (FDA, 1995): Title 21 
of the Code of Federal Regulations Parts 123 and 1240, entitled “Procedures 
for the safe and sanitary processing and importing of fish and fishery products; 
Final Rule”. Federal Register, Volume 60 (No. 242, pages 65095-65202). 



Company XYZ has adopted SSOPs as per the regulatory requirements for export 
to international markets. Consequently, the following HACCP plan development will 
address only process CCPs. 



6.4.13.2 HACCP team 
The HACCP team of company XYZ comprises:



•	 quality control (QC) manager (ABC); 
•	 production manager (DEF); 
•	 hygiene and personnel supervisor (GHI);
•	 maintenance supervisor (MNO);
•	 general manager (PQR);
•	 technical adviser (STU).



This team has expertise in food canning technology, food safety and quality and 
management. The team has developed formal communication channels with food 
control authorities, extension services, public health authorities and clients to ensure 
appropriate development of the HACCP manual. Table  76 provides the necessary 
information on the HACCP team, its qualifications and duties.



Each team member is responsible for carrying out the duties identified for  
him/her in the plan, under the supervision of the QC manager, who validates all actions 
necessary for the implementation of the HACCP plan. If needed, the QC manager will 
refer to the general manager for the implementation of cumbersome and costly actions, 
presenting the different options and solutions without any compromise on safety 
and quality, as per company policy. If necessary, the technical adviser is consulted to 
provide scientific and technical advice as seen fit.
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Table 76
HaccP team of company Xyz



Name background and experience title/responsibility duties



abC Food science degree 



Certificate of HaCCP course 
from by the university of...



Fda better Process Control 
school bPCs certificate from 
the university of ...



10 years experience in food 
and fish safety and quality



QC manager 
responsible for the 
implementation and 
revision/maintenance 
of the company’s 
HaCCP manual



supervises the elaboration of the HaCCP manual



supervises and coordinates the implementation 
of QC activities (sampling, analyses, supervision of 
corrective actions)



In charge of the calibration and validation of 
control methods



supervises training of company personnel in QC 
matters



Handles complaints of clients and food control 
agencies and follows up on corrective action to 
these complaints



updates list of suppliers of fish, salt, oil, 
packaging materials



Maintains the HaCCP plan and its revisions



deF Food science degree 



gMP certificate from the 
university of....



HaCCP certificate from the 
veterinary school ...



7 years experience in food 
processing 



Production manager 
responsible for the 
daily running and 
planning of the 
production through 
storage and shipment



Participates in the elaboration of the HaCCP 
manual



Plans and supervises production



supervises training of company staff on 
technology issues



Implements control measures and corrective 
actions under the guidance of the QC manager



revises the list of suppliers of inputs, in 
collaboration with the QC manager



assists in the revision of HaCCP plans



gHI Food science certificate from 
the university of...



Certificate of gHP from 
vocational training centre ....



3 years experience in food 
hygiene



Hygiene and personnel 
supervisor in charge 
of implementing 
gHPs and cleaning 
and disinfection 
programmes



Participate in the elaboration of the HaCCP 
manual



supervises training on gHPs



develops and revises cleaning and sanitation 
programmes



Plans and coordinates pest control programmes



JKl Food technology certificate 
from the university of...



Maintenance certificate from 
vocational training centre...



5 years experience in 
maintenance



Maintenance 
supervisor in 
charge equipment 
maintenance, in 
particular, retorts and 
seaming machines



Plans and coordinates plant and equipment 
maintenance operations;



Plans and coordinates plant and equipment 
maintenance operations subcontracted to outside 
companies



MnO no formal advanced 
qualification, but practical 
experience at all levels of the 
business



general manager in 
charge of managing 
the logistics and 
administration of the 
company



draws up the quality and safety policy of the 
company



approves the HaCCP plan and its revisions



Commits the resources to implement HaCCP



Chairs monthly meetings of the HaCCP team to 
review progress and address issues. Minutes of 
the meetings are recorded, filed and distributed 
to HaCCP team



PQr degree in food safety and 
quality from ...



15 years experience in fish and 
seafood safety and quality



Technical adviser supervises the elaboration of HaCCP manual and 
its revision



Carries out the yearly audit of the HaCCP system



Provides advice and relevant information on 
emerging issues, regulations, safety and quality 
management guidance



6.4.13.3 Product description
Company XYZ manufactures 25 different canned seafood products. Examples of these 
products are described in Table 77.











237Implementation and certification of food safety and quality systems



Table 77
example product descriptions for canned products



Product contents Packing materials and format shelf-life



Canned sardines 
in vegetable oil



beheaded tail-off sardines: 75%



soya oil: 24%



salt: 1%



Qater activity aw = 0.98



pH = 6.2 – 6.5. 



(1) Tin format 1/6 P 30, 2 pieces, simple or easy 
open lid



(2) aluminium alloy format 1/6 P 30, easy open 
lid



(3) ½ H 40 



(4) 1/6 P 30 das r 26



5 years at 
ambient 
temperature



Canned sardines 
“au naturel”



beheaded and tail-off sardines: 
75%



Water: 24%



salt: 1%



Water activity aw = 0.99



pH = 6.2 – 6.5. 



Tin or aluminium alloy 



(1) Format 1/6 P 30, 2 pieces, simple lid



(2) 1/6 P 30 es, easy open lid 



all cans are individually packed in paper 
holsters



3 years at 
ambient 
temperature



skinless, 
boneless canned 
sardines in olive 
oil



skinless/boneless sardine fillets: 
75%



Olive oil: 24%



salt: 1%



Water activity aw = 0.98



pH = 6.2–6.5. 



Tin or aluminium alloy 



(1) format 1/6 P 30 2 pieces, simple lid 



(2) 1/6 P 30 2 pieces, easy open lid



(3) 1/6 P 22 2 pieces, easy open lid



all cans are individually packed in paper 
holsters



5 years at 
ambient 
temperature



Mackerel filets 
canned in 
tomato sauce



Mackerel fillets: 75%



Tomato paste: 22% 



soya oil: 2%



salt: 1%



Water activity aw = 0.98



pH = 5.8–6.1. 



Tin or aluminium alloy 



(1) format 1/6 P 30, 2 pieces, easy open lid 



all cans are individually packed in paper 
holsters



3 years at 
ambient 
temperature



6.4.13.4 Intended use of the product
The canned fish produced by company XYZ is destined for export mainly to Europe 
and the United States of America. It is generally consumed without any cooking, as an 
appetizer, in a sandwich or after mixing with other food or salads. It is consumed by 
the public at large, with no specific age restriction.



6.4.13.5 Construction of the flow diagram
On DD/MM/YYYY, the HACCP team reviewed the current operations used for the 
production of canned fish at company XYZ, collected the necessary information and 
constructed the flow diagram presented in Figure 45.



The thermal process has been certified by a thermal process authority. It operates 
at Fo = 7–14 minutes, depending on the product and format. The thermal process was 
registered with the FDA on DD/MM/YYYY. The following details were provided for 
both certification and registration: type of retort, minimal Fo, can format, sterilization 
temperature, heating duration, minimal initial temperature, filling method, ratio 
solid/liquid, stacking of the cans in the retort basket, number of baskets per retort, 
sterilization system (steam heating, venting, initial temperature, start time).



6.4.13.6 On-site confirmation of flow diagram
On DD/MM/YYYY, the HACCP team verified carefully the different steps of the 
flow diagram, synthesized them into one diagram that was complemented with 
data and information relevant to HACCP, such as fish temperature, brine strength, 
sterilization temperatures and times, product pH and water activity, can formats, and 
flow rates. The verification was carried out in the cannery, which was operating at full 
capacity. All the collected data were recorded, consolidated and used to update the flow 
diagram (Figure 45).
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6.4.13.7 Hazard analysis
Potential hazards that can compromise safety and quality have been studied and 
analysed by the HACCP team. To do so, the HACCP team relied on the expertise 
of its members, the feedback of its clients and that of the food control services, the 
technical specifications of its clients, and other information available with public health 
authorities, extension services and on authoritative technical and scientific publications.



The potential hazards identified were either contamination (from fish, water, ice, 
equipment or personnel) or survival (after sanitation, cooking and sterilization) of 
hazardous micro-organisms, the production or persistence of toxic chemicals (such as 
histamine, staphylococcal enterotoxins and botulinum toxins). For each hazard, the 
most appropriate preventive measure was identified.



FIgure 45
Flow diagram of canned sardines and mackerel at company Xyz
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Concerning the persistence of heavy metals, especially mercury, in canned fish, 
it was not considered a real hazard because data on finished products, available to 
company XYZ for more than 10  years, indicate levels far below 0.5  ppm in raw 
material. However, company XYZ exercises care in this regard before processing fish 
caught in areas different from the traditional ones or in case of any alert given by the 
food control agency, which carries out a monthly surveillance programme of heavy 
metals in fishing grounds.



Although different hazards present varying levels of severity and likelihood of 
occurrence, the HACCP team considered all identified hazards and quality defects 
important and identified control measures to eliminate each hazard or reduce it to 
acceptable levels, to meet regulatory requirements of importing markets and to avoid 
rejections or detentions of shipments at international borders or by buyers.



The details of hazard analysis are presented in Appendix 2. The results of the hazard 
analysis, including control measures, are summarized in Table 78.



Table 78
Hazard analysis of company Xyz



Hazard severity Risk control measures



botulism because of insufficient 
thermal processing or because of post-
process contamination during cooling



+++++ + Proper sterilization



Proper training of personnel in charge 
of sterilization



Proper chlorinating of cooling water



Histamine poisoning because of 
contaminated raw fish or histamine 
accumulation during preparation.



++ +++ Training of purchase supervisor in 
proper freshness assessment



Proper icing and refrigeration



Control of histamine level at receiving 
when in doubt.



High levels of heavy metals ++++ + good knowledge of fishing zones 



ensuring the purchase of fish caught 
only in pollution-free areas



Post-process contamination with 
pathogens or toxic materials because 
of bad container closure 



+++++ + Training of container closure supervisor



Maintenance of seaming equipment



staphylococcal poisoning because of 
bad handling of wet and hot freshly 
sterilized cans



+++ + air drying of wet cans



storage of wet cans in restricted-access 
area



6.4.13.8 Identification of critical control points
Once the hazard analysis had been carried out, the step where each hazard might 
appear in the flow diagram and its cause (or causes) were identified by the HACCP 
team. Then, each of the flow diagram steps was assessed to determine whether it 
was a CCP or not. To do this, the HACCP team relied on its expertise and used the 
decision tree recommended by Codex (Figure 42). The details of CCP identification 
are presented in Appendix 2.



6.4.13.9 Establishment of critical limits
For each identified CCP, the HACCP team designed a critical limit to assess whether 
the preventive/control measure was applied correctly to eliminate the hazard or reduce 
it to an acceptable level. Again, the HACCP team relied on its expertise, regulatory 
limits, guidance and specifications from clients. As much as possible, critical limits 
were set as operational limits, i.e. limits that indicate a slide towards a loss of control 
but before the manifestation of the hazard. All the critical limits are presented in 
Appendix 2.
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6.4.13.10 Development of a monitoring system
The HACCP team developed a monitoring system to check conformity to the targeted 
critical limits, based on its expertise, experience and advice compiled from relevant 
documents, regulations and clients’ specifications. The monitoring procedures, 
including sampling plans where relevant, are described in Appendix 2 (Annex A2.II).



6.4.13.11 Identification of corrective actions
Again, relying on its experience and expertise and relevant documents, regulations and 
clients’ specifications, the HACCP team identified corrective actions to be activated 
when monitoring indicated loss of control, as well as the respective communication and 
command chains to implement the corrective actions. These actions and the procedure 
to implement them are presented in Appendix 2.



6.4.13.12 Verification procedure
On a monthly basis, the QC manager assesses internally all the results of the controls, 
monitoring and corrective actions and draws conclusions for the following production 
cycle. The QC manager prepares a report for the meeting of HACCP team, chaired by 
the general manager. Recommendations from the meeting are implemented by the staff 
concerned under the supervision of the QC manager.



For the longer time frame, company XYZ has set up an annual verification 
procedure that comprises:



•	 Evaluation of all the inspection data obtained from the laboratory of the food 
control authority. This laboratory carries out chemical analyses (total volatile 
bases [TVB] and histamine, commercial sterility and mercury) on each lot of 
finished product before shipment. All these data are analysed to assess the 
quality level of the production over the year. Any quality problem detected by 
these analyses will be immediately addressed by the QC manager to identify 
why the HACCP system did not operate properly to prevent the problem. 



•	 Evaluation of the feedback information from the clients.
•	 Evaluation of the monitoring and corrective actions data to assess performance 



and analyse the reason for any loss of control or for any complaint from clients 
and/or the food control authority. 



•	 The results of this analysis are used to update the HACCP manual, identify 
any internal need for further training and improved practices, performance and 
maintenance, modify frequency (increase or decrease) of specific monitoring, 
and revise list of approved suppliers to eliminate unreliable ones.



•	 An audit by the technical adviser to assess the performance of each control, 
monitoring or corrective procedure. The adviser audits the different records, 
including records for monitoring, calibration and maintenance, training, 
complaints and reports from clients and control authorities. The adviser 
prepares a report that is submitted to management and discussed during a 
meeting with management and the HACCP team. The audit exercise is also 
used as an opportunity to introduce new procedures, monitoring techniques 
or critical limits in order to take into consideration new developments, 
including new regulatory requirements.



6.4.13.13 Record-keeping procedures
Forms are used to record the results of each monitoring activity and any corrective 
action that is implemented. These forms identify who is responsible for the 
implementation of preventive (control) measures, monitoring and corrective actions, 
and who should validate these actions or be informed of their respective outcome as per 
the duties described in Table 76. Example forms can be found in Appendix 2.
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6.5 aPPlIcatIoN oF tHe HaccP PRINcIPles FoR tHe MaNaGeMeNt oF 
FIsH qUalIty (laHsen ababOuCH)
While the HACCP principles and concepts of farm-to-fork have been developed to 
ensure food safety, the approach and thinking underlying them can readily be applied 
to cover other quality aspects, such as sensory quality, composition or labelling. Instead 
of identifying the hazards of the process or product, potential defects are considered. 
The steps or points at which the defects are to be controlled are called defect action 
points (DAPs) (CAC, 2003) as a parallel to the CCPs, where hazards can be controlled. 
Similar to the CCP procedures, the limits, monitoring procedures, corrective actions 
and verification procedures must be established at the DAPs.



Defect



A condition found in a product 
that fails to meet essential quality, 



composition and/or labelling 
provisions of the appropriate Codex 



product standards. (CAC, 2003)



Defect	Action	Point	(DAP)



A step at which control can be applied 
and a quality (non-safety) defect can be 
prevented, eliminated or reduced to an 



acceptable level, or a fraud risk eliminated. 
(CAC, 2003) 



The analysis of potential defects and identification of DAPs follows the same 
procedures as when conducting a hazard analysis. For example, the decision tree 
used to determine whether a point is really a CCP can be used equally well to decide 
whether a given point is a DAP.



Defects may, as hazards, be of a biological (microbiological), chemical or physical 
nature. The substitution of one (lower-value) fish species for another (high-value) one 
is an example of a biological defect. Whether intentional or not, it is fraud. Similarly, 
raw materials for production of semi-preserved herring must have a specific lipid 
content for the right ripening and texture to develop. Therefore, lower or higher lipid 
content is a biological defect. This should be monitored on the incoming raw material, 
and batches with unsuitable lipid content should be used for other products.



Other kinds of defects include incorrect weight or incorrect labelling. 



6.5.1 Microbiological aspects
This technical paper has so far focused on the risk to consumer health arising from the 
presence and growth of micro-organisms. However, micro-organisms may have other 
adverse effects on the quality of fish and fish products. Thus, growth and activity of 
micro-organisms is the major cause of decomposition (spoilage) of all types of products 
where micro-organisms have not been completely inactivated (such as in canned foods) 
or where the growth of micro-organisms has not been completely arrested (such as in 
frozen foods). A description of the spoilage patterns of different fish products and the 
micro-organisms involved can be found in Huss (1995), Gram and Huss (2000) and 
Gram et al. (2002).



It has been estimated that between 10  and 50  percent of all foods produced are 
lost post-harvest or post-slaughter owing to microbial activity (Kaferstein and Moy, 
1993; Baird-Parker, 2000; WHO, 1995). Decomposition or presence of filth is the 
most common cause of detention of fish products imported into the United States of 
America – out of 1 858 import refusals related to fish and fishery products in the in 
2010, 706 were due to filth (NFI, 2011). Organoleptic causes accounted for the 56 of 
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the 703 rapid alerts associated with fish and fishery products in 2011 in the European 
Union (Member Organization).13



In principle, control of decomposition of fish and fish products is simple as low 
temperature will retard all spoilage processes. In contrast, just a few hours exposure 
to high temperatures may accelerate spoilage. In several tropical countries, icing is not 
done on board the fishing boats, especially for low-value species, and this leads to rapid 
reduction in eating quality (Figure 46). It also follows indirectly from the figure that 
temperature during storage is critical. 



Loss of quality occurs rapidly. Therefore, control of the time and temperature is 
critical. This DAP applies to all steps from catch, through processing and distribution 
to the consumer. More recent innovations allow monitoring of the accumulated  
time–temperature using small data loggers. However, the most efficient and reliable 
way of determining whether or not this DAP is under control is sensory evaluation.



Monitoring of time and temperature during handling and processing can be done 
by date-marking of boxes and containers and by visual inspection of icing and chilling 
conditions. Time and temperature recording at specific points and during processing 
should preferably be controlled automatically. Process flow must be designed to avoid 
stops and interruptions, and chill rooms must be supplied with thermometers. Visual 
inspection (e.g. quantity of ice) and control checks of temperature must be done in a 
daily routine. A log of temperature recordings (done manually or automatically) must 
be kept and be available at all times.



Off-flavour may also arise in fish owing to microbial growth that is not related to 
spoilage aspects. The muddy flavour often detected in freshwater fish such as trout is 
caused by the compound geosmin. Blue-green algae, actinomycetes and cyanobacteria 
are capable of producing geosmin. The compound accumulates in the fish flesh and is 
not toxic to fish or humans. Again, sensory evaluation is the most reliable detection 



13  Data from the EU RASFF portal: https://webgate.ec.europa.eu/rasff-window/portal/



FIgure 46
quality changes in iced Nile perch, iced immediately after trawl-catch  



or with 3, 6, 9 or 12 hours delay in icing



Source: gram (1989).
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technique. Allowing the fish to swim in clean water for 4–7 days before harvesting can 
reduce (purge) the off-flavour.



6.5.2 chemical aspects
As presented in Chapter  4, chemical defects refer to quality deterioration due 
to chemical reactions. Very common are the changes that may occur in the fish 
lipid fraction through either oxidation or hydrolysis. Both reactions result in the 
production of substances with unpleasant – rancid – off-flavours. Other changes such 
as dehydration and autolysis may lead to poor texture and freeze burns. During frozen 
storage, especially of gadoid fish species, trimethylamine oxide (TMAO) is reduced to 
dimethylamine (DMA) and formaldehyde (FA). This adds to the changes in texture and 
flavour occurring during frozen storage.



Availability of oxygen (or other oxidizing compounds) is required for oxidative 
rancidity to develop, and non-oxygen-containing packaging of fatty-fish species will 
control this defect. As with microbial reactions, temperature is important. Thus, the 
development of free fatty acids in herring is greatly accelerated at 12 °C as compared 
with 0 °C (Figure 47).



FIgure 47
share of aquaculture and capture by species of bivalve molluscs in 2007



Source: redrawn from Huss (1995).



Any contamination occurring during processing that is not included as a hazard 
in the HACCP plan will also constitute a defect. This could be contamination 
(or recontamination) by cleaning agents, by mechanical grease or by using wrong 
ingredients.



6.5.3 Physical aspects
Defects of a physical nature cover a range of aspects such as the presence of small 
bones, foreign matter (e.g. hairs or straw) or material that should not be there (scales, 
pieces of skin, etc.). Other physical defects can damage the packaging, causing bruising 
to the product or change of carton shape.











Assessment and management of seafood safety and quality - current practices and emerging issues244



6.5.4 example 
The CAC (2003) provides a good example of the use of defect analysis and identification 
of DAPs (Tables 79–81). As with the hazard analysis, the production flow must first be 
outlined (Figure 48). The defect analysis identifies several possible defects (Table 79). 



As outlined, spoilage is mainly a problem of the time and temperature control of the 
non-frozen or non-canned fish. Further analysis points to the development of rancid 
off-odours as a potential defect. Each processing step should then be considered to 
determine whether it is a possible action point for the defect. Table 80 illustrates the 
preliminary analysis of step two in the fish flow, i.e. the frozen storage step. As the 
frozen tunas are often stored in bulk, the frozen storage period could be a potential 
DAP.



FIgure 48
example of a flow diagram for a processing line of canned tuna fish in brine



Source: adapted from CaC (2003).











245Implementation and certification of food safety and quality systems



Table 80
an example of the significant defect rancidity during the storage of frozen tuna for canning tuna 



Processing step Potential 
defect



Is the potential 
defect significant justification control measures



storage of 
frozen tuna



Persistent 
and distinct 
rancid odours 
and flavours 



yes Product does 
not meet 
quality or 
customer 
requirements



glazing



Controlled temperature in the storage 
premises



Packaging



stock management procedure



Maintenance of procedure of the refrigeration 
system



Personnel training and qualifications



Source: Modified from CaC (2003).



Table 79
an example of potential defects of canned tuna 



defect type In raw tuna during processing, storage or transportation



biological spoilage spoilage, survival and growth of spoilage micro-organisms



Chemical Oxidation Oxidation



Physical Objectionable matter (viscera, scales, skin, etc.), formation of struvite 
crystals, container defects



Other species 
substitution



abnormal flavours, incorrect weight, incorrect coding, incorrect labelling



Source: Modified from CaC (2003).



The analysis indicates that the frozen storage could be a DAP for development of 
rancid off-odours. A more detailed analysis – similar to the decision tree for CCPs – is 
presented in Table 81.



Table 81
a schematic example of a defect analysis with corresponding control measures and the application of the 
codex decision tree for the determination of a defect action point during storage of frozen tuna 



q1: do control measures 
exist?



If yes – go to Q2



If no – consider whether 
control measures are 
available or necessary 
within the process



Proceed to next identified 
defect



q2: Is the step specifically 
designed to eliminate 
or reduce the likely 
occurrence of rancidity to 
an acceptable level?



If yes – this step is a daP



If no – go to Q3



q3: could rancidity occur in 
excess of acceptable levels 
or could it increase to 
unacceptable levels



If yes – go to q4



If no – not a daP



q4: Will a subsequent 
step eliminate rancidity or 
reduce its likely occurrence 
to an acceptable level?



If yes – not a daP



If no – daP



a: yes, the storage 
temperature is controlled, 
procedures exist



a: no a: yes, if the storage time 
is too long and/or the 
storage temperature is 
too high or if packaging is 
broken or unsuitable, or if 
glazing is inadequate



a: no



decision: storage of frozen tuna is a defect action point



Note: Q = question; a = answer.
Source: Modified from CaC (2003).
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6.6 HaccP aUdItING aNd veRIFIcatIoN (laHsen ababOuCH)
Application of HACCP in the fish and aquaculture industry is the responsibility 
of the production and processing industry, whereas government control agencies 
are responsible for monitoring and assessing proper implementation of prerequisite 
programmes and HACCP. 



Many inspection agencies have developed approaches and procedures for carrying 
out HACCP compliance auditing. These approaches and modalities have used 
the terminology and basic requirements of the ISO  10011 (and more recently ISO   
19011-2011) standards that were adapted to the specificities of HACCP and to the 
countries’ regulations. Information regarding these procedures is not reviewed here 
in detail as it is widely accessible, especially via the Internet. This section attempts to 
clarify the issues and advise on how to achieve practical HACCP auditing. 



6.6.1 Planning and conducting an HaccP audit 
An audit is a systematic and independent examination to determine whether activities 
and results comply with the documented procedures and also whether these procedures 
are implemented effectively and are suitable to achieve the objectives. In HACCP 
terms, achieving the objectives means managing the production and distribution of safe 
and good-quality fish products through the use of an HACCP-based approach. 



The outcome of the audit is to establish whether the manufacturer has:
•	 developed and implemented a sound HACCP system;
•	 the knowledge and experience needed to maintain it;
•	 the necessary support (or prerequisite) programmes in place to assess 



adherence to GHPs/GMPs.
The audit will encompass assessment of the management commitment to support 



the system and assessment of the knowledge, competence and decision-making 
capabilities of the HACCP team members to apply the system and maintain it. Four 
types of HACCP audits can be envisaged:



•	 An internal HACCP audit to establish the effectiveness of the HACCP system 
using the company’s own human resources or by bringing in an external 
HACCP assessor.



•	 An external HACCP audit of suppliers of raw materials or finished products 
to establish whether they have robust HACCP systems in place. This includes 
regulatory HACCP auditing.



•	 Audit of the customer’s HACCP system. This may be important where the 
customer is responsible for the distribution and sale of a high-risk (e.g. a chilled 
ready meal) product that bears the brand of the manufacturing company.



•	 An investigative audit can also be conducted to analyse a specific problem area. 
This may be used, for example, when a CCP regularly goes out of control and 
more studies are needed to investigate the real cause in order to take corrective 
action, or where a previously unknown problem has arisen.



An HACCP audit needs to be properly prepared. Figure  49 describes the steps 
generally required in an HACCP audit. This guidance is useful for independent  
(third-party) audits as well as for internal or compliance audits. It should be adapted to 
the particular circumstances of the firm being audited.
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FIgure 49
steps in HaccP auditing



Source: Mortimore and Wallace (1998)..



6.6.1.1 Pre-audit
A preparatory phase is necessary to elaborate the schedule and the definition of the 
scope of the audit. All the personnel required during the audit should be notified to 
ensure that they are available. In addition, the necessary documentation should be 
made available for the audit.



This starts with a “desktop assessment” of the HACCP system to review all of the 
documentation relating to the scope of the audit, such as the flow diagram layout, the 
time/temperature and other technological information, the hazard analysis, etc. 



The pre-audit document review can be done as an initial scan to form a picture of 
who carried out the HACCP study, its style, its completeness, and also familiarization 
with the site being audited and the products and process itself. It will give an 
opportunity for the auditor to carry out some research before the assessment. At 
this stage, it is important to build up knowledge of the product/process technology 
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concerned. Literature searches of the technology, fish contamination outbreaks and 
legislative controls should be included. Guides and other support documents can be 
useful.



It is also important to gauge the level of commitment of the management and the 
competence of the HACCP team members by assessing their training and experience. 



If the pre-audit indicates obvious inadequacies, it may be advisable to stop the 
assessment at this point prior to the on-site audit. The deficiencies should be discussed 
with the HACCP team members, who can then review their HACCP system and 
implement any required corrective measures.



6.6.1.2 On-site audit
An opening meeting is useful to present the team of auditors, the scope and the 
tentative timetable and to identify the personnel and documentation required. 



At this stage, the accuracy of the process flow diagram will be carefully checked, 
followed by a full review of operational procedures for CCP monitoring, CCP 
monitoring records, training records, etc. The prerequisite GMPs and hygiene 
maintenance records, pest control and also the HACCP team meeting minutes can 
be reviewed. In the latter case, it may be helpful to use this to form an idea of the  
decision-making process, who attended the meetings on each occasion, and whether 
difficulties were encountered. The review will also include previous audit records 
where non-compliances may have been found. The assurance of the effectiveness of 
any corrective actions taken must be sought. Other quality- and safety-related data for 
review will include customer complaints and customer audit reports.



It is often useful to use checklists during the audit. An example of a checklist is 
presented in Table  82. The “considerations” column can be completed during the 
document review step of the process, and the “auditors findings” column during the 
conduct of the audit itself. 



During a closing meeting, the overall assessment findings are presented and an 
overall view of the proceedings is given. Non-compliances should be discussed 
together with supporting evidence and a schedule for the corrective actions agreed. 
The auditor must ensure that identified deficiencies are clearly understood and that the 
recommended corrective actions are feasible and agreed by a senior manager. 



6.6.1.3 Post-audit
Audit reports should provide evidence of the findings of the assessment – primarily, 
what deficiencies have been found in the HACCP system, the non-compliance notes, 
the recommended corrective measures and the timetable to implement them.



During the audit follow-up, the auditor should ensure that the non-compliances are 
closed off. The effectiveness of corrected non-compliances should be verified as soon as 
the corrective action has been taken and reviewed during subsequent audits to ensure 
that the corrective actions taken have been effective on an ongoing basis



 6.6.2 Frequency of audit
The frequency of HACCP audits should be based on:



•	 the risk category of the fish product being processed;
•	 the level of commitment of management and the decision-making leverage of 



the HACCP team;
•	 the reputation of the fish company: previous safety and quality records, 



HACCP manual and implementation classification, training and qualification.
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Table 82
example of a checklist for assessing HaccP implementation 



component to assess
compliance, 



considerations, points 
to raise on-site



Findings 
of the 



auditor



(1) Commitment of the management



  Financial commitment



  awareness/support



(2) HaCCP team



  The HaCCP team leader has effective power of decision



  The HaCCP team members are qualified



(3) Composition of products



 Fish composition is properly described 



  any modification is recorded and taken into account for HaCCP revision



(4) Intended use



  Valid description of the intended use



 any modification is recorded and taken into account for HaCCP revision



(5) Process flow diagram (or diagrams)



  The flow diagram is correct 



 any modification is recorded and taken into account for HaCCP revision



(6) Hazard analysis



  all control measures are correctly implemented, and validated as necessary



 Personnel in charge of control measures are identified and qualified



 new hazards, introduced because of changes in product or process, are  
 taken into consideration



 Control measures have been identified for these new hazards



(7) Critical control points (CCPs)



  CCPs are properly identified (e.g. using the decision tree)



 Introduction of new hazards has resulted in CCP analysis to implement  
 proper control measures



(8) Critical limits



  Critical limits are properly identified and validated as necessary



  Introduction of new hazard has resulted in the revision of the critical limits



(9) Monitoring procedures



  Monitoring procedures are properly identified 



  The reliability of the monitoring procedures has been validated



  Personnel in charge of monitoring are well identified and trained



 all necessary modifications have been made to take into account the  
 introduction of new control measures



(10) Corrective actions



  Corrective actions are properly identified and validated as necessary



  Personnel in charge of corrective actions has been identified and trained



 all necessary modifications have been made to take into account the  
 introduction of new control measures



(11) Verification of the HaCCP system



  The method and frequency of verification are appropriate 



  The validity of the verification method has been confirmed



  Personnel in charge of verification are identified



 Changes of products, processes, standards and regulations, etc. are taken  
 into consideration



(12) record-keeping system



  Forms are appropriate and complete



  Forms are up to date for recording the following:



•	 monitoring results



•	 corrective actions



•	 modifications of the HaCCP system



•	 HaCCP verification/revision results 



  some records have been tampered with



Source: ababouch (2000).











Assessment and management of seafood safety and quality - current practices and emerging issues250



6.6.3 HaccP approval/certification
An HACCP audit exercise should lead to an audit report that should state whether 
the system provides enough assurance to control fish safety and quality. However, 
fish processors look for a formal recognition (validation, certification). It should be 
stressed that although this is legitimate, an HACCP audit is a snapshot evaluation at a 
point in time, and any recognition should not lead to false assurance. It is a temporary 
recognition, and audits should be as frequent as seen fit.



In international fish trade, there is a danger of duplication of HACCP audit efforts. 
This can be alleviated by the development of an internationally recognized equivalence 
system, for example, through the Codex Committee on Food Import and Export 
Inspection and Certification Systems.



Furthermore, third-party certification can complement the work of government 
inspectors in assessing HACCP. However, certifying bodies should demonstrate 
proper qualifications and integrity in HACCP development and verification. This may 
require the establishment of a certification system for third-party HACCP assessors.



6.6.4 qualifications of HaccP auditors 
Proper assessment of HACCP requires demonstrated knowledge and qualifications 
in different areas of science and technology pertinent to the products and processes 
of interest, in addition to confidentiality, objectivity and experience and skills in 
auditing and communication. These qualifications are acquired through training and 
experience. It should be stressed that any training activity should provide evidence of 
satisfactory completion through examination. In addition, the training programmes 
and examinations should be harmonized to allow for easy recognition and equivalence 
between countries.



6.7 tRaceabIlIty (MarCO FrederIKsen)
An important aspect of quality and safety assurance is to be able to trace products, 
ingredients, suppliers, retailers, processing operations or storage procedures through 
the food production chain. This is especially relevant when failures occur. The term 
“traceability” has been introduced to describe systems in which information about 
a particular attribute of a food product is systematically recorded from creation 
through to marketing (Golan, Krissoff and Kuchler, 2002). For example, if a particular 
batch of cold-smoked fish has caused an outbreak of listeriosis, authorities will want 
to trace the product in question to the producer and distributor to establish re-call 
procedures. Similarly, the producer will want to determine whether contamination 
with L.  monocytogenes occurred in the plant and/or whether temperature abuse 
occurred during distribution or during storage at the retailer or at the consumer. 
One may regard an epidemiological investigation as part of a traceability study, e.g. 
determining the sources of an agent involved in an outbreak of food-borne disease. 



Traceability systems have been used for many years in several other sectors 
such as the aviation, automobile and pharmaceutical industries. As the food chain 
has lengthened from local production, processing and consumption to more global 
commercial opportunities, the need to transfer information related to production 
and public health and the complexity of these transfer vehicles have expanded 
(McKean, 2001). With the increase in complexity, the consumer wishes to know the 
origin (species, place, condition of rearing or catch area), the transformations and the 
distribution of their food products (Pascal and Mahé, 2001). 



Quantitative risk assessments typically aim at covering the whole “farm-to-fork” 
chain and, at any point in time, one must, therefore, be able to trace an event or a 
product. 
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Four international definitions on traceability are listed:
1. The Codex Alimentarius Commission (CAC, 2011) defines traceability as: 



The ability to follow the movement of a food through specified stage(s) of 
production, processing and distribution.



2. ISO 9000 (ISO, 2005) defines traceability as: The ability to trace the history, 
application or location of that which is under consideration. When considering 
a product, traceability can relate to: 



a. the origin of materials and parts 
b. the processing history 
c. the distribution and location of the product after delivery.



3. ISO 22005 defines traceability as: The ability to follow the movement of a feed 
or food through specified stage(s) of production, processing and distribution. 
Movement can relate to the origin of the materials, processing history or 
distribution of the feed or food but should be confined to one step forward 
and one step backward in the chain.



4. The European Union (Member Organization) (EC, 2002a) defines traceability 
as: The ability to trace and follow a food, feed, food-producing animal or 
substance intended to be, or expected to be incorporated into a food or feed, 
through all stages of production, processing and distribution.



The definitions are very similar but the ISO 9000 definition covers all products in 
general whereas the three others only apply to food and feed.



In general, the term “trace” or “tracing” is used when the history of product 
origin is searched (upstream), and the term “track” or “tracking” is used for searching 
its history after delivery (downstream). Moe (1998) described the terms used in 
traceability studies in the following way:



•	 A step refers to a discrete operation or location at which some task or process 
is performed on the product.



•	 A chain is composed of the sequence of these steps.
•	 A product can be any material at any stage of processing, e.g. a live fish, a 



whole fish, or a processed fish product. 
Withdrawal refers to the removal of goods before they are delivered to consumers, 



while recall refers to the removal or taking back of goods when the goods already are 
available at the retail level (FAO, 2006). Olsen and Borit (2013) have undertaken an 
in-depth review on the definition of traceability and offer a new definition as it relates 
to food products.



Interest in traceability in food processing has been increasing in recent years, 
primarily because of different scandals in the food sector such as mad cow disease 
(bovine spongiform encephalopathy  – BSE) in 1996 in the United Kingdom of 
Great Britain and Northern Ireland, and dioxin contamination in Belgium in 1999. 
Authorities have focused on traceability to ensure consumer safety, to be able to recall 
defective/hazardous products and to identify the source of the problem. 



The attack in the United States of America on 11  September 2001 increased the 
focus on traceability. Today, traceability is demanded from food producers by 
national legislation in both the European Union (Member Organization) and the 
United States of America. Traceability is also required by most supermarket chains, 
and their requirements are often higher than those established by national legislation. 
Traceability has thus become a requirement for market access. 



Traceability may also be advantageous within a company by allowing different 
raw materials to be directed to the production of different categories of product  – 
and subsequently allowing the company to determine whether the yield, quality or 
safety of a particular category was related to a particular raw material – or a particular 
ingredient. As traceability systems are basically record-keeping systems, these are in 
some form required in order for an HACCP system to be implemented. However, 
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the record-keeping step of the HACCP system aims at documenting that the system 
is under control, that corrective actions are taken when predefined critical limits are 
exceeded, and that recall of unsafe products is undertaken when required (Caporale et 
al., 2001). A fully implemented traceability system is broader and covers also a range 
of aspects not related to safety.



Finally, implementation of traceability systems, although costly to implement, can 
also be an economic benefit to the producer. The whole chain from vessel to retailer 
can be managed in a more effective way, when the traceable information is actively 
used to enhance mutual trust and cooperation between steps in the chain. Significantly 
less time (and money) can be spent on quality checks and storage. In addition, when 
recalls are necessary, traceability gives an assurance that the company limits the loss, 
and protects its brand on the market (Frederiksen, 2002). 



6.7.1 Internal versus external (chain) traceability 
The global acceptance of HACCP systems for safety management has increased the 
need for product chain information throughout the chain (McKean, 2001). Many food 
(fish) processing companies already have effective internal traceability systems as part 
of their HACCP based quality assurance systems. In many cases, however, traceability 
is lost before and after the company deals with the raw materials and the final products. 
Much effort is spent on quality and safety grading of incoming raw material. This effort 
can be minimized if the external traceability, the so-called chain traceability, and the 
attached information on quality are established. The traceable information must be 
reliable, and this is substantiated by open access from other chain members to audit 
the quality assurance systems in the chain. Chain traceability is key to cooperation 
and mutual trust between independent companies in a chain. Developed industries 
such as the automotive industry focus on auditing their subsuppliers quality assurance 
systems and make less inspection of incoming products. This is also the case in some 
food industries. 



6.7.2 traceability systems 
Traceability in its simplest form is the existence of a paper trail. This implies that every 
relevant piece of information is written on paper that follows the raw material through 
the processing line to retail. This method can be used for products of high value that 
are only produced in small quantities, but for basic commodity fish products the costs 
are too high for manual tracking (Frederiksen and Bremner, 2001). Despite the costs, 
analysis of three different fish chains in Denmark, Iceland and Norway (fresh whole 
fish, frozen fish and fresh farmed salmon) have shown that the paper-based systems 
(faxes, notes and postal letters) are widely used (Palsson et al., 2000). 



With the explosive development in electronic data analysis, traceability systems 
based on information technology are being continuously developed (Frederiksen et al., 
2002). Several e-business companies produce software allowing integration of financial 
and production data in one programme package, and most of these have implemented 
traceability capability components. However, such systems are typically too costly for 
the small business units in the fish industry. 



The EDIFACT (Electronic Data Interchange for Administration, Commerce 
and Transport) standard is currently the most used standard for transferring data 
between steps in the chain. Transfer costs are high, and the standard is mostly used by 
supermarkets at the retail end of the chain. The Internet is the transfer medium of the 
future, and XML (extensible mark-up language) is a very convenient Internet standard 
allowing transfer of information in a readable, easy and cheap way (W3C, 2013). 



In several projects in the European Union (Member Organization), industry 
traceability standards have been developed together with methods to analyse, define 
and transfer information in the seafood sector and recommendations for good 
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traceability practice (TraceFood, 2013). Tracefish was the first open voluntary industry 
CEN standard for how traceability may be implemented for farmed and captured fish 
(CEN, 2003). TraceFood14 is a website where results of traceability are collected and 
kept for the future. An important part of the TraceFood framework is the electronic 
language used for coding and exchanging information about food products in general, 
called TraceCoreXML. This language has been developed for food businesses that 
want to send and receive traceability information in a standardized electronic format 
(Storøy, Thakur and Olsen, 2013). 



6.7.3 Product labelling
The minimum requirement for traceability is that each traceable unit has been uniquely 
labelled to allow identification. The most common labelling method is to label products 
with standard barcodes from GS1 (Global System one) of which the EAN-13 and 
UPC-12 codes (European Article Number and Uniform Product Code) are the most 
used. However, these codes, which can be read by retail units, do not allow inclusion 
of a unique identifier, which is crucial for traceability. The barcode GS1-128 includes 
the identifier but cannot be read by the retail bar code scanner without modifications  
(GS1, 2013). GS1 have also developed a standard based on use of barcodes in the 
whole chain called “The Traceability of Fish Guideline” (GS1, 2002), which specifies 
the minimum requirements for ensuring the traceability of fish and fish products with 
barcodes based on the Tracefish standards. 



The newest development is the use of radio frequency identification (RFID) tags, 
but the price is currently too high to justify their use in the consumer end of the chain. 
However, they are used today for reusable fish tubs, crates and pallets in supermarket 
distribution centres and as an internal traceability keeper in the meat industry. The 
advantage of these tags is that they are fast and easy to read. It must be anticipated 
that the price of the RFID tags will decrease to a level allowing them to be introduced 
more widely in the food chain. Standards have also been developed for RFID tags 
under the term EPCglobal (Electronic Product Code). The EPCglobal standards use 
the GS1 identification system as a basis together with RFID tags instead of barcodes 
(EPC, 2013).



6.7.4 Fresh-fish quality traceability 
Traceability is important in the fresh-fish chain where it allows tracing of fish from 
tropical reef waters (potentially containing marine toxins) or tracing of fish from 
waters polluted with, for example, heavy metals. However, the most important issue 
in fresh-fish trading is the assurance of freshness. Freshness  – for all species  – is 
almost exclusively a function of time and temperature. In principle, each fish should 
be continuously monitored with a time–temperature recording device; however, this 
is not often technically or economically feasible. Therefore, these two aspects are 
dealt with separately. In a well-functioning distribution chain, where each step can be 
relied upon in terms of temperature control, quality traceability can be implemented 
by a time recording. Spot checks on quality must be carried out using standardized  
fresh-fish quality inspection methods such as the QIM (Bremner, 1985; Jónsdóttir  
et al., 1991). 



A traceability system has been developed for fresh-fish supply chains in the Danish 
domestic market, and initial studies have shown that temperature could be controlled 
appropriately in this particular chain (Figure 50). 



Internet technology (XML) has been used to transfer data from the five steps in the 
chain from fisher to retailer (Figure 51).



14  www.tracefood.org
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FIgure 50
time–temperature measurements of two fish in two different boxes (positions) through the whole chain 



from vessel to retailer



Source: Modified from Frederiksen et al. (2002).



FIgure 51
the complete test chain and the equipment installed in each step of the chain



Source: Modified from Frederiksen et al. (2002).



Fish are sorted on board according to species, and iced in boxes. Each box is labelled 
with information on fish species, catch date, vessel name/number, and a unique box 
number, readable as ordinary numbers and in the form of a barcode. The information 
is registered in a computer on board the vessel, and the data are transmitted via a mobile 
phone to a computer at the next step in the chain, the collector. The collector receives 
all the information from the vessel before it enters the harbour. At the collector, 
each species is sorted according to size, keeping fish from each catch date separate 
(the traceable unit is fish from the same vessel with the same catch date). The fish is  
ice-packed in boxes, with new labels attached, and the information about the collector’s 
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name, fish size/weight and a new box number is registered in the computer, adding this 
new information to the database. 



The boxes are distributed through a wholesaler and further on to a retailer, and the 
same procedures are used in all steps to retrieve and add new information to existing 
product data. The information about new fish weights and new box numbers are added 
to the wholesaler information under the wholesaler name during the repacking process. 
At the level of the retailer, information on the retailer’s name, new fish weight, process 
type and customer number are added during the sales operation. All the information 
is available at the retailer step. An example of a possible customer label is shown in 
Figure 52.



FIgure 52
an example of a possible customer label



Source: Modified from Frederiksen et al. (2002).



6.7.5 legislation of the european Union (Member organization) on 
traceability of fish and fish products 
There is great international awareness about the need for traceability. The European 
White Paper on Food Safety (EC, 2000) and the Bangkok Declaration and Strategy on 
Aquaculture Development (NACA/FAO, 2000), both include statements encouraging 
the development of traceability to be applied throughout the supply chain. 



The general European Union (Member Organization) principles and requirements 
of food law, including traceability definition and requirements are contained in 
the European Union Commission regulations 178/2002 (EC, 2002a). The present 
legislation for traceability of fish and fish products is described in European 
Union Council Regulation 104/2000 (EC, 2000b), European Commission Regulation 
2065/2001 (EC, 2001b) and European Council Regulation 1224/2009 (EC, 2009a). This 
regulation states that, at the point of consumer purchase, the following aspects should 
be documented:



•	 Species (trade name and/or Latin name). 
•	 Production method (“caught at sea” or “in inland waters” or “farmed”). 
•	 Catch area. For fish caught at sea, the FAO catch area must be stated. For fish 



from inland waters, the country of origin must be given; and for farmed fish, 
the country of the final processing of the product must be given.



•	 Whether the fishery products have been previously frozen or not.
The catch area requirement is very broad and currently only requires a distinction 



between fish from the whole of the North Sea and the Baltic Sea for catches in North 
Europe. This has far-reaching consequences. If, for example, pollution is detected in 
a small sea area in the North Sea, then all fish caught from the North Sea must be 
recalled. 



The legislation on traceability in the United States of America is stricter than that 
in the European Union (Member Organization), with more focus on protecting the 
food supply from terrorism. The legislation is published in the United States Public 
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Health Security and Bioterrorism Preparedness and Response Act of 2002 (known as 
the Bioterrorism Act of 2002) (FDA, 2002). The traceability requirements are specified 
in the final rule Title  21 CFR Part 1, Subpart J: Establishment, Maintenance, and 
Availability of Records.15



More recently, at the Thirtieth Session of the FAO Committee on Fisheries 
(COFI) in 2012, it was recognized that an integrated approach to the implementation 
of traceability  – for food safety purposes and for control of illegal, unreported and 
unregulated (IUU) fishing – is important. It was noted that, in developing best practice 
guidelines for traceability, FAO should be guided by the following principles, in that 
any guideline:



•	 should not create unnecessary barriers to trade;
•	 embraces the concept of equivalence;
•	 is risk-based;
•	 is reliable, simple, clear and transparent.



6.8 MoNItoRING aNd sURveIllaNce PRoGRaMMes (laHsen 
ababOuCH and Iddya Karunasagar)
In Chapters 3 and 4, several hazards (biotoxins, faecal and chemical contaminants) and 
quality defects have been associated with the practices and environmental conditions 
during fishing and aquaculture production. Chapter  3 provides comprehensive 
overviews for the assessment of risks associated with these hazards. The management 
of these risks to prevent or control these hazards requires the development and 
implementation of robust monitoring programmes of the fishing grounds and 
aquaculture operations. These monitoring programmes are generally enacted through 
regulations that define responsibilities and resources to food control authorities that 
will manage the monitoring programmes, although research and industry are also 
involved. 



This section summarizes the requirements of monitoring programmes for live and 
raw bivalve molluscs, based on the deliberations that have taken place within the 
framework of the CCFFP (CAC, 2003; Lawrence et al., 2011) and of chemicals and 
veterinary drugs within the framework of regulations and practices in major markets.



6.8.1 Monitoring of bivalve molluscs
Monitoring is an important tool in the management of food safety for bivalve 
molluscs, such as oysters, mussels, scallops or cockles. Bivalve molluscs represent 
about 10 percent of total world fish and seafood production, but 26 percent in terms of 
volume and 14 percent of total aquaculture production (FAO, 2012).



Bivalve mollusc species such as oysters, mussels and clams can survive for extended 
periods out of water and are traded widely for human consumption as live animals. 
Other species such as cockles are traded live if carefully handled, but are normally 
processed. Figure 53 describes a flow diagram for live and raw bivalve molluscs and 
indicates the primacy of monitoring in the value chain.



The main hazard known for the production of bivalve molluscs is the microbiological 
contamination of waters in which they grow, especially when the bivalve molluscs are 
intended to be eaten live or raw. Because molluscs are filter feeders, they concentrate 
contaminants to a much higher concentration than the surrounding seawater. The 
contamination with bacteria and viruses of the waters in the growing area is therefore 
critical for the end-product specification and determines the process requirements 
for further processing. Gastroenteritis and other serious diseases such as hepatitis can 
occur as a result of agricultural runoff and/or sewage contamination such as enteric 



15  www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=1&showFR=1&subpart
Node=21:1.0.1.1.1.8
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bacterial and/or viral pathogens (norovirus, and viruses causing hepatitis) or from 
natural occurring bacterial pathogens (Vibrio spp.). 



FIgure 53
example of a simplified flow diagram for production of live and raw bivalve molluscs



Source: CaC (2003).
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The second important hazard associated with the production and consumption of 
bivalve molluscs is biotoxin presence. Biotoxins are produced by some algae and can 
cause various forms of serious poisoning such as DSP, PSP, NSP, ASP and AZP. 



Chemical substances, such as heavy metals, pesticides, organochlorides, 
petrochemical substances may also form a hazard in certain areas.



The identification, classification and monitoring of these areas is a responsibility 
for competent authorities in cooperation with fishers and primary producers. E. coli, 
faecal coliforms or total coliforms may be used as an indicator for the possibility 
of faecal contamination. Bivalve molluscs from waters subject to microbiological 
contamination, as determined by the authority having jurisdiction, can be made safe 
by relaying shellfish in a suitable area or through a depuration process to reduce the 
level of bacteria, if the process is continued long enough, or by processing to reduce or 
limit target organisms. Depuration is a short-term process commonly used to reduce 
low levels of bacterial contamination, but long-term relaying is required if there is a 
greater risk of contamination.



If biotoxins are found in the flesh of bivalve molluscs in hazardous amounts, 
the growing area must be closed for harvesting bivalve molluscs until toxicological 
investigation has made clear that the bivalve mollusc meat is free from hazardous 
amounts of biotoxins. Harmful chemical substances should not be present in the edible 
part in such amounts that the calculated dietary intake exceeds the permissible daily 
intake.



6.8.1.1 Classification of growing areas
Surveys of the growing area, shoreline and land catchment should be conducted to 
determine sources of both domestic and industrial pollution that may affect the quality 
of the growing water and bivalve molluscs. Sources may include municipal sewage 
outputs, industrial outputs, mine wastes, geophysical contaminants, domestic-animal 
holding pens, nuclear power plants, refineries or other sources. The need to reschedule 
hygiene surveys will be determined by population shifts and changes in agricultural 
and industrial activities in the coastal area. Regular surveys should be conducted at an 
acceptable frequency, and known pollution sources should be re-evaluated on a regular 
basis to determine any changes to their impact on the growing area.



When pollution sources have been identified and evaluated, sampling stations for 
water and/or bivalve molluscs and/or sediments should be established and studies 
conducted to determine the effects of the pollutants on the quality of the water and 
the bivalve molluscs. The data should be evaluated by the official agency having 
jurisdiction, and growing areas should be classified according to official standards and 
criteria.



When interpreting growing-area data, the official agency having jurisdiction should 
take into account variations that may affect the level of pollution during the most 
unfavourable hydrographic and climatic conditions as influenced by rainfall, tides, 
winds, methods of sewage treatment, population variations and other local factors, as 
bivalve molluscs respond rapidly to an increase in the number of bacteria or viruses 
in their environment by accumulating these agents. The agency should also consider 
that bivalve molluscs have the ability to accumulate toxic chemicals in their tissue in 
concentrations greater than the levels found in the surrounding water. FAO, WHO 
or other international or national food standards may be used as a guide to acceptable 
levels.



The official agency having jurisdiction should immediately announce decisions 
concerning the classification of growing areas to the affected producers and depuration 
and distribution centres.



When sampling shellfish meats for classification purposes, if the limits of any 
biological or chemical hazard set in the end-product specification are exceeded, 
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appropriate measures must be taken under the responsibility of the official agency 
having jurisdiction.



Classified growing areas should be clearly defined by the official agency having 
jurisdiction as:



•	 suitable for harvesting for direct human consumption, relaying in acceptable 
water or depuration in an approved depuration centre or approved processing 
to reduce or limit target organisms; or



•	 non-suitable for growing or harvesting bivalve molluscs.



6.8.1.2 Monitoring of growing areas
Factors affecting the occurrence and accumulation of toxic algae cannot be controlled 
and the prediction of toxic algae has severe limitations. Growing areas should be 
routinely monitored for changes in water quality and/or bivalve mollusc quality 
and substandard areas patrolled to prevent harvesting for purposes other than that 
established by the official agency.



Biotoxins in bivalve molluscs can be caused by plankton containing toxins. For 
early warning purposes, where appropriate, it is recommended to have a programme 
to monitor growing areas for the species of plankton that can produce toxins and to 
recognize other environmental signals that a toxic event may be developing.



Harmful chemical substances within bivalve molluscs should not be present in 
amounts such that the calculated dietary intake exceeds the permissible daily intake. A 
monitoring system should be present for harmful chemical substances.



When routine monitoring programmes or re-surveys show that the growing area 
no longer meets the classification criteria, the area should be reclassified or closed for 
harvesting immediately by the official agency having jurisdiction.



In determining the public health suitability of bivalve mollusc classified growing 
areas, the official agency having jurisdiction should consider the following actions:



•	 Classification/reclassification of growing areas by sanitary survey, monitoring 
of E.  coli  /  faecal coliforms or total coliforms at an appropriate frequency 
based on the risk of contamination, and other sanitary control measures as 
applicable.



•	 Classification/reclassification of growing areas by monitoring of pathogens at 
an appropriate frequency based on the probability of contamination in bivalve 
mollusc meat.



•	 Closure/reopening of growing areas by the monitoring of biotoxins in bivalve 
molluscs alone or in combination with the monitoring of phytoplankton in 
seawater at an appropriate frequency based on the probability of contamination.



•	 Control of chemical contaminants.
Under the responsibility of the official agency having jurisdiction, the growing areas 



providing bivalve molluscs for direct human consumption must meet the following 
requirements at the time of harvest:



•	 The area is not subject to contamination that may present an actual or potential 
hazard to human health.



•	 The bivalve molluscs harvested meet the end-product specification. This can be 
determined by examination of mollusc flesh or through adequate monitoring 
of the water, as appropriate.



Growing areas providing bivalve molluscs for indirect human consumption should 
be defined in relation to the further procedure of the lot.



6.8.1.2.1 E. coli, faecal coliforms and total coliforms
All growing water and/or molluscan flesh should be monitored for the presence of 
E. coli / faecal coliforms or total coliforms at an appropriate frequency based on the 
probability and degree of faecal contamination. Tests for suitable indicator bacteria 
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such as faecal coliforms or E. coli or total coliforms should be used to determine the 
degree of faecal contamination. The effectiveness of indicator bacteria used should be 
kept under constant review for their reliability as measures for the degree of faecal 
contamination. If faecal contamination exceeds certain threshold-levels, relaying or 
depuration for a time approved by the official agency having jurisdiction may be 
allowed.



E.  coli  /  faecal coliforms or total coliforms may be used as an indicator for the 
presence of faecal contamination. Because these indicators do not correlate well with 
the presence of viruses, other controls such as shoreline surveys should always be 
employed.



Other methods such as bacteriophage and viral detection could also be used as 
indicators when validated analytical methods become available in the future.



6.8.1.2.2 Pathogen monitoring
Shellfish sanitation programmes rely upon the use of indicator organisms for the 
presence of contamination rather than upon attempts to monitor for specific pathogens. 
However, where there has been a shellfish-borne outbreak caused by an identified 
pathogen such as Salmonella and others (Vibrio and viruses), monitoring the bivalve 
molluscs may be appropriate as part of the process of closure/reopening the affected 
harvest area. The species, and typically the actual strain, should be known to ensure 
that monitoring is addressing the source of the pathogen. Predetermined acceptance/
rejection levels for the pathogen should have been established in order to use such 
monitoring results for decision-making. Other conditions including the sanitary 
survey requirements should also have been satisfied as a condition of reopening this 
area.



6.8.1.2.3 Marine biotoxin control
Phytoplankton monitoring is a valuable complementary tool that can be used, in 
combination with the required monitoring of marine biotoxins in shellfish tissue, to 
optimize programme management and resources.



Growing areas should also be monitored for environmental signals that a toxin 
event may be occurring, e.g. dead or dying birds, mammals, or fish. The risk of blooms 
of toxic algae may show seasonal variability, and areas may also be affected by toxic 
algae previously unknown in the surrounding sea or coastal waters. These risks should 
be recognized when drawing up monitoring schedules.



It is important to note that, in using indicator shellfish species, the absence of 
toxicity in indicated species is assumed to imply the absence of toxicity in other species 
in the growing area. This implication must be verified for each shellfish species and for 
each group of toxins before defining a particular shellfish species as an indicator for 
that growing area.



The official agency having jurisdiction should immediately close and effectively 
patrol affected areas when acceptable levels are exceeded in edible portions of bivalve 
mollusc meat. These areas should not be opened before toxicological investigation has 
made clear that the bivalve mollusc meat is free from hazardous amounts of biotoxins.



The official agency having jurisdiction should immediately announce these decisions 
to the affected producers and depuration and distribution centres.



In establishing sampling programmes over space and time, consideration should 
be given to ensuring the adequate location and number of sampling sites. Testing for 
a particular biotoxin may not be appropriate when it has been demonstrated that this 
biotoxin has not been associated with bivalve molluscs in the growing and harvesting 
areas. Sampling frequency must be sufficient to address spatial–temporal changes in 
microalgae, toxins in shellfish and to cover the risks of rapid rises in shellfish toxicity.
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6.8.1.2.4 Spatial representational sampling
The selection of sampling stations for both benthic and suspended culture should be 
based on sites that have historically presented toxicity in the early stages of a toxic 
event. It is recognized that sampling, generally, cannot be carried out in a statistically 
valid way without excessive cost. In order to protect public health, the selection of 
sampling stations should give appropriate coverage of the extent of a toxic event or 
the likely “worst case scenario” in a growing area. This should be based on expert 
judgement using the following factors:



•	 hydrography, known upwellings, fronts, current patterns and tidal effects;
•	 access to sampling stations in all weather conditions during harvesting;
•	 desirability of toxin and microalgal sampling at the same sampling station;
•	 in addition to primary (routine) stations, the need for secondary (complementary) 



and offshore stations;
•	 existence of in situ growth (for example, toxic microalgae from cyst beds);
•	 the advection of offshore toxic microalgal blooms into growing areas.



Routine sampling for microalgae will generally mean taking an integrated sample 
from the water column. When a toxic event is in progress or developing, targeted, 
depth-specific sampling should be considered.



Sampling for shellfish grown in suspension should, at the very least, involve an 
integrated sample composed of shellfish taken from the top, middle and bottom of the 
lines.



6.8.1.2.5 Temporal representational sampling
Minimum weekly sampling frequencies are adopted by most monitoring programmes 
in areas where toxicity is prevalent and where harvesting is taking place or about to 
take place. Decisions on the frequency of sampling should be based on risk evaluation. 
Inputs into the decision may include factors such as seasonality (toxicity and/or 
harvesting), accessibility, historical baseline information, including toxin and microalgal 
data, and the effects of environmental factors such as wind, tide and currents.



The sampling frequency and the factors that may lead to it being changed should be 
described in a “marine biotoxin action plan” for the growing area (Figure 54).



FIgure 54
Marine biotoxin action plan



Source: lawrence et al. (2011).
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6.8.1.2.6 Shellfish sample size
There is no internationally agreed sample size for different shellfish species. There 
may be high variability of toxicity among individual shellfish. The number of shellfish 
sampled should be sufficient to address this variability. For this reason, the number 
of shellfish in the sample, rather than the mass of the shellfish flesh, should be the 
determining factor for the sample size. In addition, the size of the sample should be 
sufficient to allow the test or tests for which the sample is being taken to be carried out, 
and the shellfish sampled should be of the size marketed.



6.8.1.2.7 Marine biotoxin test methods
A method suitable for the determination of the saxitoxin group of marine biotoxins 
is provided in the Codex Standard for Live and Raw Bivalve Molluscs (CAC, 2008a). 
As internationally validated methods are not available for other biotoxins, currently, 
the CCFFP is working on performance criteria of methods to be used for these toxins. 
Any methods may be deemed suitable for screening purposes provided they are 
approved by a country’s competent authority.



6.8.1.2.8 Chemical contaminants
Growing areas should be monitored for chemical contaminants on a sufficiently frequent 
basis to provide confidence that any identified sources of chemical contamination are 
not contaminating the shellfish.



Shellfish-growing areas where there are no known point sources of likely chemical 
contamination should only require occasional checks every few years. However, 
where there are known point sources of specific contamination, shellfish may need 
to be checked more frequently on a routine basis. There should also be the capacity 
to sample shellfish reactively if a defined event occurs  – for example, a spillage of  
anti-fouling paint.



Chemical contaminants are a concern not only for bivalve molluscs but also for other 
aquatic animals (fish, crustaceans and cephalopods) harvested in freshwater, estuaries 
and coastal waters where shore-side industries are located or intensive agriculture using 
pesticides or other agrochemicals is practised. In these cases, a monitoring programme 
is also required.



6.8.2 Monitoring fish and fishery products for chemical contaminants and 
residues of veterinary drugs
Modern food safety control programmes are based on the principles of risk analysis. 
As indicated in Section 2.4, risk analysis has three major components: risk assessment, 
risk management and risk communication. It has also been pointed out that risk 
management starts with risk evaluation, which includes the identification of food safety 
issue and the development of a risk profile. In the case of microbial hazards, a food 
safety issue may be brought to the attention of risk managers because of an outbreak 
of food-borne infection. With microbial hazards, most adverse affects are acute and 
the result of a single exposure event e.g. a meal of contaminated food. With chemical 
hazards, such as pesticides and heavy metals, adverse health effects are caused by the 
cumulative effect of multiple exposures. In the case of microbial hazards, the level of 
the micro-organism may go up or down in the food chain and even contamination may 
take place at various stages of food chain, while in the case of chemical hazards, such as 
pesticides, residues of veterinary drugs or heavy metals, they are present at the primary 
production stage and their levels are not altered along the food chain. Therefore, in 
order to perform a risk evaluation, it is important to have information on the presence 
of the chemical hazard at the primary production stage. 



Control of microbial hazards involves implementation of measures in food chain, 
and the responsibility lies with those involved in handling and processing of food. On 
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other hand, control of chemical hazards involves identification of fishing grounds or fish 
farms where levels of hazards are above acceptable limits and, generally, this involves 
monitoring, testing and implementing control measures to minimize the public health 
risk, and this is generally the responsibility of national regulatory agencies. 



6.8.2.1 Environmental monitoring in the United States of America
Environmental monitoring can identify species susceptible to contamination, the 
magnitude of contamination and the spatial distribution of contamination. Information 
obtained by monitoring could be used by the competent authorities to develop fish 
advisories for consumers, as is done in the United States of America. 



The United States Environmental Protection Agency (EPA)has developed guidance 
for assessing chemical contaminant data for use in fish advisories. Volume 1 of the 
National Guidance16 deals with fish sampling and analysis. This could be a useful 
guide for the development of national fish-contaminant monitoring plans in other 
countries. It recommends a tiered approach, where tier 1 involves screening of a large 
number of sites to identify areas where the concentration of contaminants in edible fish 
tissue indicates the potential for a significant health risk to fish consumers. If problem 
areas are identified in the screening studies, a two-phase intensive study (tier  2) is 
performed, where phase  1 involves determining the magnitude of contamination in 
commonly consumed fish and shellfish species, and phase 2 involves determining the 
geographical extent of the contamination and the size-specific level of contamination. 
This tiered approach would make monitoring cost-effective, because the screening 
studies would help by limiting the sites to be subjected to intensive study and limiting 
the target analyses at each intensive sampling site. Nevertheless, the public health 
objectives would be met. For both screening as well as intensive study, target fish 
species need to be chosen to include commonly consumed fish species that are known 
to bioaccumulate contaminants and are distributed over a wide geographic area. 
Generally, one bottom feeder and one predator are chosen as target species. While 
choosing sampling sites, consideration should be given to fishing areas that have a 
high probability of contamination and presumed clean sites. Samples consist of edible 
portions of fish and, where possible, composite samples are taken for analysis using 
standard methods. 



The Codex Standard Codex Stan 228-2001 General Methods of Analysis for 
Contaminants provides guidance on methods to be used for the analysis of heavy 
metals. Figure 55 provides an overview of the steps involved. 



6.8.2.2 Regulations of the European Union (Member Organization) on monitoring 
for environmental contaminants
In the regulations of the European Union (Member Organization), monitoring primary 
production areas for environmental contaminants has been included as a part of food 
safety management. There are several relevant regulations and directives:



•	 Regulation 1881/2006 (EC, 2006a) lays down maximum levels of contaminants 
(heavy metals, dioxins, PCBs, polycyclic aromatic hydrocarbons). 



•	 Directive 96/23 (EC, 1996a) deals with residue monitoring in aquaculture 
products. 



•	 Regulation 1883/2006 (EC, 2006b) deals with sampling methods and methods 
of analysis for dioxins and PCBs. 



•	 Regulation 333/2007 (EC, 2007b) deals with sampling methods and methods 
of analysis for heavy metals. 



•	 For pesticides, MRLs are laid down in Directive 86/363/EC (EC, 1986) and 
its amendments. 



16  http://water.epa.gov/scitech/swguidance/fishshellfish/techguidance/risk/
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A guide for the establishment of environmental and residue monitoring plans for 
compliance with regulations of the European Union (Member Organization) has 
been developed under the project of the European Union (Member Organization) 
Strengthening Fishery Products – Health Conditions in ACP/OCT Countries.17



17  http://sfp.acp.int/sites/all/files/tmp/07_07_ACP_EMP_RMP_Guide_EN_2.pdf



FIgure 55
overview of the plan for monitoring contaminants 



Source: Modified from the strategy of the united states environmental Protection agency.
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Third countries wanting to export fishery products to the European Union 
(Member Organization) should have a national residue control plan (NRCP), and the 
competent authority should designate the person responsible for the implementation 
of the NRCP. The development of a sampling and analysis plan should be based on the 
knowledge of the fishery and the likely sources of contamination (e.g. location of the 
outfall from industries such as tanning and metal finishing). Baseline information could 
be obtained from bibliographic sources. A team consisting of government departments, 
research institutions and the fishery industry may be involved in the development of 
the sampling plan. 



In capture fisheries, the contaminants of interest are heavy metals (arsenic, lead, 
mercury and cadmium); polycyclic aromatic hydrocarbons (benzo-α-pyrene being the 
marker compound); persistent organic compounds (PCBs, organochlorine pesticides 
and dioxin-like compounds). In each area, the target fish need to be identified. These 
could include predators, bottom feeders, shellfish, other species susceptible for 
contamination, and species intended for export, etc. Sampling options and decisions 
are made based on the risk of contamination.



The monitoring plan should specify the type of sample (whole animal, edible 
portions, etc.), the number of samples, the location of the sampling, the target 
contaminants to be analysed, the analytical laboratory where the analysis will be 
performed, how the data will be presented (e.g. concentration, wet weight, dry weight), 
the analytical time frame and the mode of reporting. 



Sampling is to be done at the point where the commodity enters the food chain, 
e.g. when landed. Incremental sampling is prescribed in Regulation EC/333/2007  
(EC, 2007b) Part B, for example, for a lot of < 50 kg, a minimum of 3 samples are to 
be taken and this increases to 5 samples for 50–500 kg, and 10 samples for > 500 kg. 
Samples are normally chilled during transport, and freezing can result in loss of water 
content upon thawing that would invalidate the results. The frequency of sampling 
could be decided by the competent authority based on risk, for example, on an annual 
basis for susceptible species in areas with no history of contamination. 



The laboratory should use validated methods of analysis, observe the performance 
criteria for the analysis and provide the analytical results in the same units and with the 
same number of significant figures as the maximum levels laid down in Regulation EC 
1881/2006 (EC, 2006a). Alternative methods that are not fully validated but are suitable 
for official control must meet the “fitness for purpose” approach. Where a limited 
number of validated methods of analysis exist, it may be possible to use a “fitness for 
purpose” approach to assess the suitability of the method of analysis. Methods suitable 
for official control must produce results with standard measurement uncertainties 
less than the maximum standard measurement uncertainty that is calculated using the 
formula set out in EC 333/2007 (EC, 2007b).



When contaminants above permissible limits are found, the risk management 
measures to be taken are: (i) trace the source of contamination; (ii) define the affected 
area and map the boundaries; (iii) suspend fishing in affected areas; and (iv) review the 
status with further sampling and analysis.



In the case of aquaculture, residue monitoring is used to verify that when 
pharmacologically active substances are used to treat disease, the use is done 
in accordance with national regulations and international guidelines, appropriate 
withdrawal periods are followed, and the residue levels are within limits, where MRLs 
exist. In the European Union (Member Organization), the use of pharmacologically 
active substances in food-producing animals is regulated by the Council Regulation 
EEC 2377/90 (EC, 1990) and the substances are placed in four Annexes in this 
regulation: 



•	 Annex I: Substances for which full residue evaluation has been performed and 
MRLs elaborated. 
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•	 Annex II: Substances for which full residue evaluation has been performed and 
no MRLs are considered necessary. 



•	 Annex III: Substances for which some residue data are available and temporary 
MRLs have been established pending full evaluation. 



•	 Annex IV: Substances which are prohibited for use in food producing animals, 
e.g. chloramphenicol and nitrofurans. 



Regarding monitoring, Council Directive 96/23/EC (EC, 1996a) lists groups of 
substances to be tested in food-producing animals:



•	 Group A includes thyrostatic, gestagenic and beta-agonistic substances that 
are not applicable to aquaculture. This group also includes oestrogenic and 
androgenic substances that may be used in aquaculture for sex inversion 
at early stages (up to three months), but their use for growth promotion is 
prohibited. Banned antimicrobials such as chloramphenicol and nitrofurans 
are also in this group. 



•	 Group B includes approved veterinary medicines for which MRLs exist. 
Sampling aquaculture sites for monitoring could be either (i) targeted, where 



sampling points are selected based on results of previous monitoring results or evidence 
from inspection, or (ii) random. It is important that sampling points be selected to 
represent different aquaculture species and different regions in the country. According 
to the regulations of the European Union (Member Organization), at least one sample 
should be tested for 100 tonnes of production, but more samples may be required to 
cover different species and regions. Sampling should be systematic, representative, 
documented and determined in advance. Sampling may coincide with other activities, 
e.g. inspection of a facility/audit, but the timing needs to be distributed evenly during 
the culture period. 



Screening methods such as ELISA may be used, but positive results need to 
be confirmed using methods such as LC-MS/MS. For banned antibiotics such as 
chloramphenicol and metabolites of nitrofurans, the method to be used should be able 
to achieve the set MRPL. In the European Union (Member Organization), the MRPL 
for chloramphenicol residue is 0.3  ppb, and 1.0  ppb for metabolites of nitrofurans  
(EC, 2003). 



Results of residue monitoring should be presented along with the information on 
the maximum levels permitted in the national regulation. In many countries producing 
aquaculture products for export, it is common to adopt international MRLs and 
MRPLs in the national regulation. In Codex, MRLs exist only for tetracycline in fish 
and shrimp (CAC, 2012). There are instances of different MRLs for the same antibiotic 
in different fish-importing countries. For example, for florfenicol, the MRL in finfish 
as per Regulation No.  37/2010 of the European Union (Member Organization) is 
1 ppm (EC, 2010), but in Japan, the MRL is 0.2 ppm in salmon and trout, 0.03 ppm in 
marine fish (seabass, seabream and tuna) and 0.1 ppm in crustaceans.18



When non-complaint samples are found, the competent authority has the 
responsibility to conduct investigations at the farm to identify the cause/source 
of contamination and the extent of stock that is contaminated. This could involve 
verification of records and re-sampling. In the case of MRLs exceeding those for 
permitted antibiotics, the farm may be quarantined and the grow-out period extended 
until retesting demonstrates that permitted levels have been achieved. In the case of 
detection of residues of banned antibiotics, the products are to be disposed of in such 
a way that they do not re-enter the food chain.



18 From the website of the The Japan Food Chemical Research Foundation:                                                                                                             
www.m5.ws001.squarestart.ne.jp/foundation/agrdtl.php?a_inq=68300
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6.9 PRIvate staNdaRds aNd ceRtIFIcatIoN systeMs (laHsen 
ababOuCH, sally WasHIngTOn and JOHn ryder)
6.9.1 the emergence of private standards and certification for fish and 
seafood safety and quality
As mentioned in Chapter 1, increasing amounts of fish and seafood are now caught in 
one part of the world, transported to another for processing and finally consumed in 
yet another. Therefore, food safety systems that function across national borders are 
vital. 



A range of national and international regulatory frameworks has been developed 
accordingly. These are described in Chapter 7. Despite these international frameworks 
and attempts to harmonize requirements and conformity assessment procedures, fish 
exporters still face safety and quality control regimes that vary from one jurisdiction 
to the next. Even within the European Union (Member Organization), where the goal 
is to harmonize food safety regulations, differences in national regulations still exist 
for several issues. The United States of America has its own particular requirements, 
as do other key import markets such as Japan, the Russian Federation and China. 
This multitude of approaches imposes significant compliance costs19 on exporters, 
particularly those in developing countries where there is limited capacity to develop 
comprehensive safety and control infrastructures, let alone several different systems to 
meet diverse import market requirements. 



Further complicating the variety of public-sector food safety regulations is the 
multitude of standards applied by the private sector. These relate to a range of 
objectives, including food safety and quality but also to animal health, environmental 
protection and even social development, and they are often linked to private firms’ 
corporate social responsibility strategies. 



A range of factors has fuelled the trend towards private safety and quality standards. 
Food safety scares have weakened public confidence in governments’ abilities to 
guarantee food safety, especially the safety of imported food. Government policies 
related to product liability and due diligence as well as the shift towards more 
performance-based regulatory frameworks have put the onus on private sector firms 
to assume responsibility for food safety management. Large food firms, especially 
retailers, have increasing bargaining power vis-à-vis other businesses in the supply 
chain, and are requiring suppliers to be certified to private food safety management 
schemes (FSMSs). 



Private standards provide buyers with some insurance against food scares and a 
due diligence defence. Third-party certification offers buyers direct access to written 
audit reports and/or their results. In contrast, certification by competent authorities 
(government inspection agencies) and their compliance conformity evaluations are 
targeted at providing assurance to other public control authorities, not individual 
private-sector buyers. Publicly available results might only be presented in the 
aggregate to give assurance that the overall system is functioning well. 



The increasing vertical integration and complexity of supply chains in fish and 
seafood also stimulate the growth of private standards, as business-to-business tools 
used in the context of direct procurement contracts, which are starting to replace the 
traditional structure of “importer–wholesaler–retailer”. Complex value chains – where 
raw materials are potentially sourced globally, processed in a second country and 
retailed in yet another  – require sophisticated systems for ensuring traceability and 
guaranteeing that sanitary and hygiene standards are maintained at every stage of the 
value chain (from farm/boat to fork). These traceability and chain-of-custody systems 
are built into the frameworks included in most private standards schemes. 



19 Costs also include detentions and rejections of products deemed not to be in compliance with importing 
countries’ requirements.
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Private safety and quality standards related to fish and seafood apply to both wild 
capture and farmed fish. A number of private standards schemes specific to aquaculture 
have also emerged in the past decade that cover the entire supply chain. Most aquaculture 
certification schemes include multiple standards criteria (safety, quality, animal health, 
environment and social) and are used to market farmed fish as a safe, sustainable and 
environmentally sound alternative to fish and seafood from dwindling marine capture 
stocks. As noted above, aquaculture now accounts for almost half of the fish available 
for food supply. Private standards are a mechanism for responding to concerns about 
aquaculture by offering guarantees related to quality, safety, environmental impacts, 
traceability, and transparency of production processes. 



6.9.2 types of private safety/quality standards in fisheries and 
aquaculture
In addition to national and international food safety and quality regulations or 
management systems, there are many different private safety and quality standards 
applying to fisheries and aquaculture. These include: private in-house standards 
(producers’ or processors’ manuals of standard quality operating procedures); buyer 
guidelines; collective private quality standards (codes of conduct or codes of practice) 
developed by local, regional or national producer/industry groups; NGO-driven 
schemes; and national and international FSMSs.



The following section gives an overview of the various types of standards, including 
illustrative examples. It is organized as follows:



•	 private in-house standards (guidelines) of large retail firms;
•	 collective private standards (codes of conduct) developed by local, regional or 



national producer/industry groups;
•	 public certification schemes;
•	 NGO-driven schemes (mainly related to aquaculture); 
•	 national and international FSMSs.



6.9.2.1 Private in-house guidelines of large retail firms
Setting product and process specifications and requiring suppliers to meet those 
specifications is not a new phenomenon. Most large retailers, as well as large 
processors and catering firms, have developed their own detailed product and process 
specifications. Most take mandatory national food safety regulations as a baseline 
(and, in the case of retailers in the European Union (Member Organization), those 
issued by that organization) and then build on other specifications in line with their 
in-house standard operating procedure (SOP). These additional requirements are 
typically related to quality rather than food safety. Industry sources suggest that 
they are less likely to include more stringent safety-related criteria than required by 
national regulations, such as “use by” dates or more stringent requirements in terms of 
acceptable levels of pathogens (e.g. Salmonella) or contaminants (such as heavy metals). 
However, they usually include stringent SOPs or requirements for certification to a 
FSMS, which include detailed traceability and audit requirements and documentation. 



Retailer product specifications are usually treated as confidential as they are 
considered commercially sensitive in what is a highly competitive market. However, 
the package of specifications is likely to include detailed:



•	 product specifications: organoleptic/sensory/taste, metrological (size, block, 
dimension, etc.), chemical and physical, bacteriological; 



•	 packing and packaging, labelling requirements;
•	 delivery conditions (where, when, how much); 
•	 demands for information about the supplier company’s safety and sanitary 



management capacities: SOP, safety and quality management process (including 
details on product controls), traceability and recall procedures. 
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These specifications are typically communicated to the next level down in the 
supply chain – to processors, brokers or importers, which subsequently translate those 
specifications to their suppliers. 



The practice of buyers inspecting suppliers’ facilities and auditing their FSMSs has 
occurred for decades in relation to processed (frozen and canned) fish products. Some 
retailers and food services are now buying directly from producers and, therefore, 
communicating specifications directly to them. Many have their own audit and 
inspection requirements. For example, Carrefour, the world’s second-largest retailer 
in terms of revenue, buys shrimp directly from farmers in Thailand. This involves 
Carrefour sending its own inspectors to verify that products and farming practices 
meet its own standards.20 In the United States of America, Whole Foods Market21 has 
developed its own standards for a range of farmed fish and seafood. The standards 
require that all documentation, records, farms and processing plants be subject to 
annual inspection (both announced and unannounced spot inspections) by independent 
third-party auditors selected by Whole Foods Market. Suppliers are required to meet 
the costs of these third-party audits. 



However, rather than develop their own certification and verification schemes, most 
large retailers, commercial brand owners and food service industry firms prefer to 
align themselves to (and require suppliers to be certified to) private standards schemes 
developed by other bodies. Therefore, in addition to their firm-specific product and 
process specifications, firms might also require their suppliers to be certified to: 



•	 For processed fish and seafood: a national or international food safety 
management scheme, such as the British Retail Consortium (BRC), 
International Food Standard (IFS), Safe Quality Food (SQF) (all described 
below). For example, many UK, North American and European retailers rely 
on certification to the appropriate BRC Global Standard when doing business 
with suppliers.22



•	 For aquaculture: to one or other of the schemes that merges quality and safety 
with environmental protection, animal health and even social development. 
For example, Wal-Mart require farmed seafood to be third-party certified 
as sustainable using Best Aquauclture Practices of the Global Aquaculture 
Alliance (GAA) or equivalent standards.23 Darden Restaurants, the largest 
casual dining restaurant company in the United States of America, also has 
a goal that all its suppliers of aquaculture products are certified to GAA 
standards.24



Requiring suppliers to conform to the firm’s own quality and safety standards and/
or requiring certification to a FSMS offers assurances of quality, safety and traceability; 
in short, an insurance policy to protect the value of the firm and its brand. 



Adherence to these and a range of other private standards (related to environmental 
protection, animal health and social development) usually forms part of firms’ 
“corporate social responsibility” strategies, which are marketed both to other 
businesses as well as to consumers to enhance the firms’ overall reputation.



Safety and quality requirements are supported by multilayered audit and inspection 
requirements. Independent private certification schemes are attractive to large-scale 
buyers. Requiring third-party certification is cost-effective as it can reduce the need for 
companies to carry out their own inspection and audit of suppliers. 



20 Vanich Sowanapreecha, quoted in “Carrefour leading trend to buy shrimp direct from farmers” 
IntraFish, 7 October 2008.



21 www.wholefoodsmarket.com/products/aquaculture.php
22 www.brcglobalstandards.com/GlobalStandards/About.aspx
23 http://corporate.walmart.com/global-responsibility/environment-sustainability/sustainable-seafood
24 www.darden.com/sustainability/default.aspx?lang=en&page=plate&section=seafood-stewardship
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However, large retailers and food firms may not be equally demanding of all their 
suppliers or product lines. The pressure on suppliers to conform to stringent private 
standards depends on the market and the type of product in question. For example, 
requirements are more stringent for private-label and high-risk processed fish and 
seafood products than for basic commodity fish and seafood.



6.9.2.2 Collective private standards developed by regional or national industry 
organizations
Discussions about private standards usually centre on standards imposed by 
retailers or other food firms on suppliers further down the supply chain. However, 
industry organizations have, for years, developed standards schemes as self-imposed 
specifications or codes of practice. The motivation is to:



•	 establish quality criteria and diffuse them throughout the local industry 
(standards creation and implementation); 



•	 promote those good practices as indicators of quality to buyers. Quality 
assurance is verified through inspection and certification. 



Wild-capture seafood quality schemes have usually emerged at the local or regional 
level. They operate as business-to-business tools aimed at reassuring buyers of the 
quality of products. Two examples are given below. 



SIGES	 (Sistema	 Integrado	 de	 Gestión)  –	 Salmon	 Chile:	 The SIGES standard 
was developed for the Chilean salmon producers association, Salmon Chile. It is 
managed by INTESAL, the institute for salmon technology in Chile, and functions as 
a certifiable integrated management system, dealing with:



•	 food safety and quality management;
•	 environmental management;
•	 occupational safety. 



It incorporates all relevant legislation, plus technical standards, and is based on 
international norms and standards including ISO 9001 and ISO 1400125 and OSHAS 
18001.26 



The	 Scottish	 Salmon	 Producers’	Organisation	 (SSPO):	The SSPO is the trade 
association for the salmon farming industry in Scotland, the United Kingdom of 
Great Britain and Northern Ireland, whose membership accounts for 95 percent of the 
tonnage of Scottish salmon production. It has developed a Code of Good Practice for 
Scottish Finfish Aquaculture 27 that includes compliance points covering: food safety 
and consumer assurance issues (traceability), fish health and biosecurity, environmental 
management, fish welfare and care, and feed requirements (including the sustainability 
of sources of fish used as fish feed). 



6.9.2.3 Public certification schemes
Although the focus of this chapter is on private standards for safety and quality, it 
should be noted that a number of public certification schemes have also been developed. 
Label Rouge is a well-established French quality label (albeit not exclusively related to 
fish and seafood). Other examples – such as Thai Quality Shrimp – are described below 
in relation to governments’ responses to demands for certified fish and seafood. Most 
relate to aquaculture. 



25  ISO 14001 deals with environmental management systems. See: www.iso.org
26  www.bsigroup.com/en-GB/ohsas-18001-occupational-health-and-safety/
27  www.thecodeofgoodpractice.co.uk/
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6.9.2.4 NGO-driven standards and certification – aquaculture
Non-governmental organizations have also been active in developing private standards 
and related certification schemes, specifically for farmed fish and seafood. These 
schemes have been born out of a desire to improve the image of farmed fish and 
seafood as a safe and sustainable alternative to wild capture fish, and are aimed at 
improving practices generally throughout the industry, including reducing negative 
environmental impacts. Most of the work to improve management practices has been 
carried out on salmon and shrimp, mainly owing to their high commodity value and 
importance as the most-traded fish and seafood products.



Global	Aquaculture	Alliance	 (GAA):	The certification scheme developed by the 
GAA is a significant aquaculture scheme in terms of volume and global coverage. 
The GAA first developed a voluntary best practice programme for aquaculture 
producers. The Responsible Aquaculture Program included various guiding principles, 
codes of practice and best practice standards. Responding to industry calls for more 
formal recognition of these practices, it aligned with the Aquaculture Certification 
Council, a non-governmental body based in the United States of America, to develop 
a certification of aquaculture production processes. The GAA’s Best Aquaculture 
Practices (BAP) Standards are applied in a certification system that combines site 
inspections and effluent sampling with sanitary controls and traceability. Certified 
producers are entitled to use the “BAP certification mark”, a label attached to products 
from certified fish farms. Standards cover a range of considerations, including: food 
safety, traceability, animal welfare, community and social welfare and environmental 
sustainability. Both farms and processing facilities can be certified. 



GLOBALG.A.P.:	EurepGap, was developed in 1997 by the Euro-Retailer Produce 
Working Group (Eurep), a private-sector body driven by a group of European retailers. 
In late 2007, it changed its name to GLOBALG.A.P. to reflect its more international 
focus. EurepGap was initially designed as a standard for GAPs. Its food safety criteria 
are based on the HACCP system. 



Originally applying to fruits and vegetables, Eurep-Gap was later extended to 
fish farming practices. It was the first to develop an integrated aquaculture assurance 
standard (in late 2004). In addition to the general code of practice, specific criteria 
have also been developed for salmonids, tropical shrimp, Pangasius and tilapia. Its 
aquaculture standard28 covers the entire production chain, from broodstock, seedlings 
and feed suppliers to farming, harvesting, processing and post-harvest handling 
operations. It serves as a practical manual for any aquaculture producer, ensuring food 
safety, minimal environmental impact and compliance with animal welfare and worker 
health and safety requirements. 



It is of particular interest in developing countries because it now offers localg.a.p., 
which is a stepping stone towards certification and includes the aquaculture sector. 
GLOBALG.A.P. has strong support in the retail sector in Europe and elsewhere. For 
example, in the United Kingdom of Great Britain and Northern Ireland, Sainsbury’s 
requires that all fresh produce are sourced from suppliers who are certified to 
GLOBALG.A.P standards.29



Aquaculture	 Stewardship	 Council	 (ASC): The ASC is an independent not for 
profit organisation. The ASC was founded in 2010 by WWF and the Dutch Sustainable 
Trade Initiative to manage the global standards for responsible aquaculture. The ASC 
programme is open to all fish farms, regardless of their size or location. Small fish 
farm can make use of support programmes from, among others, the Sustainable Trade 
Initiative or the World Wildlife Fund.



28  www.globalgap.org/uk_en/for-producers/aquaculture/
29  www.j-sainsbury.co.uk/extras/faqs/responsibility/sourcing/fresh-produce-high-quality-farms/
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At present, five standards have been developed and finalised for tilapia, pangasius, 
abalone, bivalve shellfish and salmon. A shrimp standard is planned for completion in 
2013. In the future, more standards for other species will be developed.



Other	NGO	standards and	certification	schemes: Friend of the Sea (FoS) was set 
up in 2006 with origins in the Earth Island Institute. It covers both wild capture and 
farmed fish and seafood with an environmental focus. 



Other niche markets, such as organic aquaculture, have also been developed. There 
are about 20–25  certifying bodies for organic aquaculture products. For example, 
Naturland,30 based in Germany but operating internationally, certifies organic 
farmed seafood. However, organic aquaculture accounts for very small volumes of 
production – only about 1 percent of overall aquaculture production. 



6.9.2.5 Private food safety management schemes 
Until the mid- to late 1990s, retailers typically had their own product and process 
specifications as well as associated verification criteria or audit schemes. As a result, 
a supplier often had to pass several different audits, one for each of its customers. 
Collaborative certification schemes, often designed for coalitions of retailers, were 
created to reduce the cost for certification and improve efficiency throughout the food 
chain. Most were designed for food generally but they are now increasingly being 
applied to fish and seafood products. These are arguably the most important schemes 
in terms of the impacts of private standards on the food industry generally  – they 
represent comprehensive food safety management systems and are internationally 
significant. 



In terms of food safety, most FSMSs have at their core a requirement for HACCP. 
Although HACCP is an internationally recognized system for risk analysis in the 
handling of foods, and is widely used by the seafood industry worldwide, it has 
become a mandatory requirement for exporting to the major markets in developed 
countries and emerging economies. However, HACCP is a method, and the quality of 
its implementation varies significantly. Several FSMSs have been developed specifically 
to operationalize and verify the implementation of HACCP. 



Dutch	 HACCP:	 In 1996, a group of certification bodies in the Netherlands 
developed a standard for food safety management, “The Requirements for a HACCP 
based Food Safety System”. The first version of this standard was published on 15 May 
1996 by the National Board of Experts HACCP, a group of experts on food safety 
representing all parties in the food chain in the Netherlands, and is commonly called 
Dutch HACCP. The foundation for the Certification of Food Safety Systems (SCV), 
was founded in 2004 by the National Board of Experts HACCP and the associated 
certification bodies. SCV acts as the legal owner of Dutch HACCP and manages 
this copyright with licence agreements. The latest version (Version 5, 2012) is a pure 
HACCP certification scheme based on the Codex Alimentarius principles. This 
will allow organisations to use the HACCP scheme as a starting point before later 
becoming certified against Food Safety System Certification (FSSC) 2200031, a food 
safety certification scheme that is also facilitated by SCV.



Food	 Safety	 System	 Certification	 22000:	 The Foundation for Food Safety 
Certification was founded in 2004 and subsequently developed FSSC 22000. This 
development is supported by FoodDrinkEurope, an industry association based in 
Belgium. FSSC 22000 contains a complete certification scheme for food safety systems 
based on existing standards for certification (ISO 22000, ISO 22003 and technical 
specifications for sector prerequisite programmes). This scheme is intended for the 



30  www.naturland.de
31  www.fssc22000.com
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audit and certification of the food safety system of organizations in the foodchain that 
process or manufacture:



•	 perishable animal products (i.e. meat, poultry, eggs, dairy and fish products);
•	 perishable vegetal products (i.e. fresh fruits and fresh juices, preserved fruits, 



fresh vegetables, preserved vegetables);
•	 products with long shelf life at ambient temperature (i.e. canned products, 



biscuits, snacks, oil, drinking water, beverages, pasta, flour, sugar, salt);
•	 (bio)chemical products for food manufacturing (i.e. vitamins additives and 



bio-cultures) but excluding technical and technological aids;
•	 food packaging material manufacturing.
British	 Retail	 Consortium	 Global	 Standard:	 In 1996, retailers in the United 



Kingdom of Great Britain and Northern Ireland realized that, on the issue of food 
safety, there were many advantages to sharing experience and developing robust 
systems together. The development of the BRC Global Standards was initially driven 
by the need to meet legislative requirements of the General Product Safety Directive 
of the European Union (Member Organization) and the United Kingdom Food Safety 
Act, that is, for retailers and brand owners to use in their “due diligence” defence 
should they be involved in a safety failure. It was soon seen as having significant 
benefits to the suppliers of product to retailers of the United Kingdom of Great Britain 
and Northern Ireland and subsequently, European and global retailers. 



The first issue of the BRC Global Standard  – Food was published in 1998. It is 
regarded as a benchmark for best practice in the food industry. It is a food safety and 
quality management protocol that includes:



•	 implementation of an HACCP system;
•	 a quality management system;
•	 factory environmental standards;
•	 product control;
•	 process controls;
•	 personnel requirements.



It has evolved into a global standard (called the Global Standard for Food Safety – 
Issue  6, 2012) and is used not just to assess retailers’ suppliers, but as a framework 
upon which many companies have based their supplier assessment programmes and 
the manufacture of some branded products.



Suppliers to firms under the BRC umbrella must undergo an evaluation by a  
BRC-certified auditor. As overseas suppliers see the benefits of accreditation to the 
BRC, the number of licensed certification bodies has grown. There is currently a 
network of about 100 accredited and BRC-recognized certification bodies around the 
world. The BRC has developed a database, the BRC Directory, that will allow retailers 
to check the status of any of the more than 13 000 suppliers in 90 countries certified 
to the BRC Global Standards. In the United Kingdom of Great Britain and Northern 
Ireland, retailers recognising BRC certification (including Tesco, Waitrose, Asda, 
Iceland and Sainsbury’s) account for about 90 percent of retail trade. 



International	 Food	 Standard	 (IFS): In 2002, German food retailers from the 
Hauptverband des Deutschen Einzelhandels developed a common audit standard 
on food safety called the International Food Standard. It was designed inter alia to 
bring transparency to the supply chain. In 2003, French food retailers and wholesalers 
from the Fédération des entreprises du Commerce et de la Distribution joined the 
IFS Working Group. The IFS operates as a uniform tool to ensure food safety and to 
monitor the quality level of producers of retailer-branded food products. The standard 
can apply for all steps of the processing of foods following primary production. 
Rebranded as IFS Food (there are now six other IFS standards), Version 6 (is a standard 
for auditing quality and food safety of processes/products of food manufacturers and 
includes requirements about the following topics:
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•	 Senior management responsibility;
•	 Quality and food safety management systems; 
•	 Resource management; 
•	 Production process; 
•	 Measurements, analysis, improvements; 
•	 Food defence.



The IFS reports association with a range of retailers and wholesalers, mainly in 
Europe, including: Metro Group, Edeka, Rewe Group, Aldi, Lidl, Auchan, Carrefour 
Group, EMC  – Groupe Casino, Leclerc, Monoprix, Picard Surgelés, Provera (Cora 
and Supermarchés Match), Wal-Mart, Système U, COOP, CONAD and Unes. Its 
website notes that “Nine of the ten biggest European food retailers use the IFS as their 
food safety standard.”32 Registered retailers, certification bodies and certified suppliers 
have access to a database of IFS audit reports and certification information. 



Safe	Quality	Food	(SQF):	In 1995, the Western Australia Department of Agriculture 
developed The Safe Quality Food Programme for the purpose of verifying the safety 
of food exported to other countries, particularly to the United States of America. The 
programme was modelled after ISO  9000 standards. In 2003, the Food Marketing 
Institute (FMI) based in Washington, DC, purchased the SQF programme. The FMI 
is a non-profit association conducting programmes in research, education, food safety, 
industry relations and public affairs. It has some 2  300  members, including food 
retailers and wholesalers, covering about three-quarters of retail sales in the United 
States of America. International membership includes companies from 50 countries.



In 2013, the SQF Code, Ed. 7.1 was introduced. It is an HACCP-Based Supplier 
Assurance code for the food industry With this code, SQF helps make certification 
more attainable for smaller companies by dividing the process into three steps: from 
Level 1, which incorporates fundamental food safety controls appropriate for low-risk 
products; all the way to Level 3, indicating a comprehensive implementation of food 
safety and quality management systems development.



The SQF programme has been implemented by more than 5  000  companies 
operating in Asia-Pacific, the Near East, the United States of America, Europe and 
South America.33 



6.9.3 the need for harmonization
In 2013, GLOBALG.A.P., the ASC and the GAA signed a memorandum of 
understanding in an effort to increase efficiency and reduce the duplication in the 
auditing processes for farms, processing plants, hatcheries and feed mills that undertake 
certification by more than one of the three organization’s programs.34 Indeed, industry 
sources suggest that rivalry between schemes – particularly related to aquaculture – has 
created confusion in the market, with producers not sure as to which scheme, if any, 
to sign up to.



In terms of food safety generally (not exclusive to, but including fish and seafood 
products) other attempts at reducing the confusion around the proliferation of private 
standards, and to seek some harmonization or international norms have occurred, the 
first driven by an international coalition of retailers; the other in the context of the ISO.



6.9.3.1 Global Food Safety Initiative35 
In April 2000, chief executive officers (CEOs) from a range of international retail firms 
identified the need to enhance global food safety including by setting requirements for 



32 www.ifs-certification.com/index.php/en/
33 www.sqfi.com
34 www.globalgap.org/uk_en/media-events/news/articles/GLOBALG.A.P.-ASC-and-GAA-Agree-to-



Work-Together/
35 www.mygfsi.com/
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food safety schemes. They were concerned that retailers had to deal with a multitude 
of certificates issued against various standards in order to assess whether the suppliers 
of their private-label products and fresh products had carried out production in a 
safe manner. They noted that their suppliers were being audited many times a year, at 
significant cost, and with what they perceived to be little added benefit. The Global 
Food Safety Initiative (GFSI) was developed as an attempt to improve cost efficiency 
throughout the food supply chain.



The GFSI’s main objective is to implement and maintain a scheme to recognize food 
safety management standards worldwide, including by:



•	 facilitating mutual recognition between standard owners;
•	 working towards worldwide integrity and quality in the certification of 



standards and the accreditation of certifying bodies.
The GFSI does not undertake any certification or accreditation activities. Instead, 



it encourages the use of third-party audits against benchmarked standards. The overall 
vision is to achieve a simple set of rules for standards, harmony between countries, and 
cost efficiency for suppliers by reducing the number of required audits.



A guidance document lists key requirements against which food safety management 
standards can be benchmarked. These requirements include three key elements: 



•	 food safety management systems; 
•	 good practices for agriculture, manufacturing or distribution;
•	 HACCP.



The application of the benchmarked standards to particular products is at the 
discretion of retailers and suppliers. This process will vary in different parts of the 
world, depending on:



•	 company policies;
•	 general regulatory requirements;
•	 product liability and due diligence regulations.



A number of relevant standards have been benchmarked as compliant with the GFSI 
including (as of August 2013):36



•	 Global Aquaculture Alliance Seafood Processing Standard
•	 GLOBALG.A.P. Integrated Farm Assurance Scheme and Produce Safety
•	 Food Safety System Certification 22000
•	 SQF Code 7th Edition Level 2
•	 BRC Global Standard for Food Safety Issue 6
•	 IFS Food Version 6



The GFSI board, made up of representatives from the largest retail and wholesale 
food companies in the world, is the main governing body. It is responsible for  
policy-making and overall decisions, and it is supported by a task force, which acts as a 
consultation body. Overall, the GFSI accounts for more than 70 percent of food retail 
sales worldwide.



The GFSI is an important development in that it is an attempt to reduce the 
transaction costs associated with retailers and their suppliers having to apply a 
multitude of different standards. Suppliers to European retailers report needing BRC 
certification for the market in the United Kingdom of Great Britain and Northern 
Ireland and IFS certification for the German and French markets. In theory, having a 
standard benchmarked against the GFSI should mean that there is some form of mutual 
recognition or equivalence. 



All the schemes benchmarked to the GFSI require traceability systems and 
monitoring as well as auditing in line with Codex and HACCP. In practice, differences 
remain in terms of the specific requirements of schemes and their related certification 
and audit processes. Indeed in a survey conducted by the Organisation for Economic 



36  www.mygfsi.com/about-gfsi/gfsi-recognised-schemes.html
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Co-operation and Development (OECD, 2006), retailers that were members of the 
GFSI reported that they not only used GFSI benchmarked standards, but often a 
combination of them. Moreover, they also often add on standards specific to the firm. 
This is especially the case with owners of private-label and brand-name products. 
Many retailers remain members of several schemes. Carrefour, for example, is a 
member of the GFSI, the IFS, and of the FMI (which owns the SQF). In the United 
Kingdom of Great Britain and Northern Ireland, Tesco is a member of the SQF, BRC 
and GFSI. Work has also been undertaken by the GFSI on differences and similarities 
with ISO 22000 (described below).



The retailer members have all agreed to reduce duplication in supply chains through 
the common acceptance of any of the GFSI benchmarked schemes. The impacts on 
suppliers will need to be monitored. Whether the GFSI has reduced the proliferation of 
private standards remains to be demonstrated, but it has increased awareness of global 
food safety issues and facilitated cooperation between international retailers. 



6.9.3.2 International Organization for Standardization – ISO 22000 
In addition to the adoption of private standards, many food companies and retailers 
have also adopted international voluntary standards developed in the context of 
the ISO. The ISO is a network of national standards bodies, based in Geneva, 
Switzerland. It is an NGO that is the product of collaboration between public and 
private sector bodies. Its members include national standardization bodies as well as 
industry associations. Despite this public–private mix, the WTO recognizes the ISO as 
providing internationally recognized standards, which allows some assurance of safety 
and quality across national borders. 



In the late 1980s, the ISO developed the ISO 9000 series for quality management in 
all sectors. Although ISO 9000 helped food companies to improve the organizational 
and operational aspects of quality management, it lacked food safety specifics, especially 
reference to HACCP requirements. Subsequently, ISO 22000 was developed in 2005, 
building on previous food-safety-related standards, as an attempt to establish one 
internationally recognized standard for food safety management systems. However, 
to date, it sits alongside the range of other private and public schemes. The ISO 22000 
family of standards contains a number of standards each focusing on different aspects 
of food safety management. 



•	 ISO 22000:2005 contains the overall guidelines for food safety management. 
•	 ISO/TS 22004:2005 contains guidelines for applying ISO 22000
•	 ISO 22005:2007 focuses on traceability in the feed and food chain
•	 ISO/TS 22002-1:2009 contains specific prerequisites for food manufacturing
•	 ISO/TS 22002-3:2011 contains specific prerequisites for farming
•	 ISO/TS 22003:2007 provides guidelines for audit and certification bodies



There has been some collaboration between the ISO and the GFSI. For example, the 
ISO participates in the GFSI Technical Committee. A comparison conducted by the 
GFSI of the GFSI Guidance Document and ISO 2200037 showed strong similarities. 
However, different approaches to accreditation and differences in ownership  – the 
retailer-driven GFSI versus the diverse public–private ISO 22000 membership – were 
cited as the stumbling blocks to formal recognition by the GFSI of ISO 22000. It was 
thought that the retailer-driven GFSI benchmarked schemes had a “specific reactivity” 
and could implement changes agreed in the GFSI, whereas the decision-making 
structures of the ISO were thought to be less conducive to “timely and efficient” 
adjustments in the light of changes in market conditions and demand.



37  “What is ISO 22000?” www.ciesnet.com.
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More recently, the ISO  Technical Group 234 on fisheries and aquaculture has 
developed standards for the traceability of both captured (ISO 12875:2011) and farmed 
(ISO 12877:2011) finfish products.



6.9.3.3 Global Sustainable Seafood Initiative
In February 2013, seventeen leading companies of the seafood industry and the 
Deutsche Gesellschaft für Internationale Zusammenarbeit (GIZ) GmbH on behalf of 
the German Federal Ministry for Economic Cooperation and Devel-opment (BMZ) 
entered a strategic alliance called the Global Sustainable Seafood Initiative (GSSI). The 
mission of GSSI is to deliver a common, consistent and global bench-marking tool 
for seafood certification and labelling programs to ensure confidence in the supply 
and promotion of sustainable seafood to consumers worldwide, as well as promote 
improvement in the certification and labelling programmes.



In the first four months the GSSI formalized its mission and objectives, increased 
its partnership from 17 to 30 companies from around the globe, organized stakeholder 
workshops to collect feedback and recommendations at major seafood shows and 
have created three expert working groups to advise the GSSI Steering Board on the 
development of a benchmark framework (a) to evaluate aquaculture certification 
standards; (b) to evaluate fisheries certification standards; and (c) to to evaluate all other 
aspects (e.g. governance, standard setting procedures, certification, accreditation, chain 
of custody) of a certification programme, as well as describe the benchmark process.



The GSSI is in its infancy and the goal is to complete the benchmarking process over 
a three year period.



6.9.4 calls for international guidance
The above descriptions attest to the multitude of different food safety management 
systems and related private standards that have emerged in the past decade and a half, 
and which are increasingly being applied to fish and seafood. Despite attempts at 
harmonization, there is little evidence to date to suggest that retailers are prepared to 
give up their own mix of specifications and requirements for certification. Instead, it 
appears that global schemes sit over national collaborative schemes, which individual 
retailers sign up to and then add on their own individual product and process 
specifications (related to safety and quality as well as other aspects of their corporate 
social responsibility policies). This is perhaps the clearest evidence that private 
standards are not only designed to provide guarantees against food safety failures, they 
are also tools for differentiating retailers and their products. 



The work of the GFSI and the development of the ISO 22000 family of standards, 
and the specific cooperation between GLOBALG.A.P., the ASC and the GAA in 
aquaculture, are indicators of the need for some harmonization of private standards. 
International organizations have been asked to play a role in this context. Discussions 
on private standards generally have been held in the context of the WTO. The OECD 
has carried out a number of studies on private standards, albeit concentrating on 
agricultural products and excluding fish and seafood. (OECD, 2006). FAO has been 
asked by its Members, in the context of COFI to help clarify and resolve some of the 
challenges related to private standards as they apply to fish and seafood. Discussions 
have been had in the context of two COFI subcommittees: on aquaculture, and on fish 
trade.



6.9.5 Pressure on developing countries to meet private standards 
As noted in earlier chapters, developing countries represent about half of world exports 
of fish and fishery products by value and about 60 percent in terms of quantity (FAO, 
2009a). Developing countries have expressed concerns, for example in the context of 
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COFI and the WTO, that private standards could pose a barrier to their access to 
international markets. 



Research on the implications of private standards and retailer procurement strategies 
on developing country producers and processors is limited. However, it appears that, 
with the exception of aquacultured shrimp, developing countries have so far had 
relatively little exposure to the pressure to comply with private standards. This is due 
to three key factors:



•	 They supply proportionately smaller volumes into markets where private 
standards are most prevalent. 



•	 They supply non-processed, or minimally processed, fish and seafood while 
private standards apply mainly to processed value-added products for brands 
or private labels.



•	 They tend to operate in supply chains with low levels of integration and, 
therefore, limited direct interface with retailers and private standards schemes.



The markets that are most demanding in terms of private standards are the markets 
where imports from developing countries are lowest. For example, the percentage of 
European imports from developing countries that end up in Germany and the United 
Kingdom of Great Britain and Northern Ireland, where private labels and private 
standards are more dominant, are relatively low. These markets tend to prefer North 
Atlantic and North Pacific species to tropical species from developing countries (again, 
with the notable exception of shrimp, catfish and species typically sold as canned 
products: tuna, sardines, etc.). 



Furthermore, an FAO study of developing country products on sale in supermarkets 
in France and Italy found that “One of the striking features is the absence of prepared 
seafood in the developing country range.” (FAO, 2008b). The study estimated that 
processed products from developing countries accounted for less than 10 percent of 
retail sales of processed fish and seafood in those markets. Fish and seafood from 
developing countries tends to be imported as frozen whole fish or fillets. These 
products demand few requirements above those mandated by public regulation. A large 
proportion of value-added seafood products on sale in Europe, with the exception of 
canned fish (tuna, anchovies, mackerel and sardines), has been processed in factories 
located in Europe (or some other third country). This is where the responsibility for 
complying with private standards would fall. 



As noted above, differences in supply chain structures will have most impact and 
result in differences in the implementation of food safety and quality control systems 
and exposure to pressure to comply with private standards. Three types of supply 
chains are discussed below in relation to developing countries.



Vertically	 integrated	 supply	 chains:	 “In the vertically integrated supply chain, 
the chain activities of fish farming/harvesting, processing and transportation to the 
European wholesaler/retailer are fully under the control of one transnational company 
(in most cases of Western origin)” (World Bank, 2005). Large retailers or processors 
typically source fishery products from developing countries through “wholly or partly 
owned processing facilities in these countries or through contracts with independent 
firms in the developing countries” (FAO, 2008b). Under this scenario, information 
about safety and product specifications flows down to producers, sometimes via 
representatives of the company based in the producer country. Producers are therefore 
linked into the production process and are supported in their activities, including with 
compliance to private safety and quality standards. 



This would be the minority scenario for most developing country producers and 
processors. While acknowledging the limited evidence of its own inquiry, an FAO 
study concluded that: “developing countries have yet to exploit the benefits from value 
addition gains associated with product certification”. (FAO, 2008b). 
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Collaborative	 supply	 chain:	A second type of supply chain is characterized by 
larger producers or groups of producers that work with exporters that in turn, via 
their relationships with importers, translate market specifications back down to those 
producers. This can apply to both the wild-catch sector and to aquaculture. In terms 
of developing countries, “most European importers who source fish from a particular 
country or from selected traders have established local offices in the developing 
countries to co-ordinate activities in the supply chain (processing, transportation, 
quality control, export papers)”. (World Bank, 2005). The importer advises the chain 
actors as to food safety and quality requirements, both public and private. This type 
of chain was found to be operating for Nile perch (from Lake Victoria in East Africa) 
and some farmed tilapia. Under this scenario, importers are the link between the source 
and the market, making the complexity and evolving nature of the market requirements 
understood by producers. It is this intermediary that experiences the most pressure 
to respond to private standards, including by seeking additional information about 
methods implemented at earlier stages of the supply chain. 



Importer-driven	or	fragmented	supply	chain:	Where there is a more fragmented 
supply chain, categorized by a range of small-scale suppliers, there are less-direct 
relationships by which information about food safety and quality requirements can be 
passed on to producers. Those producers typically sell into open commodity markets 
via an intermediary buyer/exporter. At the production end, there is little information 
about the specifications required at the import end. Under this scenario, there is a 
reliance on product testing at the point of importation, as safety management systems 
further down the chain cannot be guaranteed. Most of the exports from developing 
countries are traded in this type of supply chain. As the FAO (2007) study in the 
Asia-Pacific area explained: “For small-scale farmers, establishing a direct link with the 
market would be in most cases almost impossible. Farming systems in the Asia-Pacific 
region are in fact dominated by networks of traders which are making quality assurance 
and traceability huge challenges for all stakeholders ... for small-scale producers to have 
access to and benefit from a certification schemes they would have to be part of more 
direct supply chains.”



In conclusion, in terms of the three chains, only producers in the first and the second 
would have any interface with private standards, the first directly, and the second 
indirectly whereby standards are translated via close exporter–importer relationships. 
However, most of the fish from developing countries is traded via the latter type of 
supply chain, that is: “in commodity trade arrangements [where] little is traded in 
more secure supply contracts or conducted as a result of transfer trading between 
companies that relate to each other through shared equity”.38 Therefore, it seems that, 
to date, developing country producers, and most processors, have experienced minimal 
pressure to comply with and be certified to a private standards scheme. However, 
a negative aspect of this is that their limited interface with private standards reflects 
their inability to engage with such schemes. The result is that they are missing out on 
the opportunities such schemes might offer in terms of the potential to produce more 
value-added products and to access lucrative segments of developed country markets.



6.9.6 conclusion and future areas for attention
The impact of private safety and quality standards is likely to increase as supermarket 
chains increasingly dominate the distribution of fish and seafood products, and as 
their procurement policies move away from open markets towards contractual supply 
relationships. These supply relationships are increasingly defined by private standards 
with detailed product and process specifications. As large European retailers (the vast 
majority of leading retail transnationals, with the exception of Wal-Mart, are Western 



38  Alastair MacFarlane, in OECD/FAO (2007,  p. 26).
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European) become increasingly globalized, their buying strategies will influence retail 
markets in East Asia, Africa, Eastern Europe and Latin America.



While there are many opinions on the impacts of private standards on global food 
governance and international trade generally, there remains a dearth of empirical 
evidence. In terms of international trade in and marketing of fish and seafood, the gaps 
in evidence are even more pronounced. Some key questions remain. 



6.9.6.1 Are private standards adding value to food safety governance?
Whether or not private standards are adding value to food safety governance is 
arguably in the eye of the beholder. For retailers seeking quality assurance, robust 
risk management and clear lines of traceability, then the answer is undoubtedly “yes”. 
They do address additional quality requirements, document the implementation 
of good practices and provide a separate level of assurance for liability purposes. 
However, in terms of bottom-line food safety and consumer protection, the answer 
is probably “no”. Most private FSMSs are based on mandatory regulation with 
additional specifications related mainly to quality aspects and the aforementioned risk 
and traceability assurances. While there has been no systematic comparison of the 
private sanitary requirements of individual firms with those encapsulated in public 
regulation, industry sources supplying to those firms suggest that key safety criteria 
(such as “use by” dates, and acceptable levels of additives or contaminants) are not 
more stringent than those required by public authorities. In any case, both public 
and private standards are typically based on Codex and its guidance for HACCP. 
Despite some misconceptions that private standards schemes encapsulate lower levels 
of “tolerance” – or zero tolerance (Box 1) – there is no evidence that they are stricter 
in terms of food-borne hazards, or that they have reduced the incidence of food scares, 
or that they result in safer food. 



Comparing private standards with international public standards, such as Codex, 
as envisaged in WTO discussions, would also be useful. However, it should be noted 
that while these standards are developed in an international context and by consensual 
agreement, the monitoring and verification aspects of compliance are left to individual 
national authorities. As noted above, large-scale retailers requiring certification 
to private standards express a lack of confidence (whether justified or not) in the 
“competence” of some competent authorities.



What is definitely not adding value to global food safety governance is the growing 
proliferation of private standards and certification schemes. It has led to confusion and 
could undermine confidence in standards overall. Various stakeholders at different 
levels of the supply chain have expressed concerns about the number and varying 
quality of schemes. Producers and processors are unsure as to what scheme to seek 
certification against, and even retailers and large brand owners have doubts about 
which FSMSs are most robust. Signing up to a rainbow of schemes – for example, an 
FSMS, a specific aquaculture certification, and some environmental standard, or some 
combination of these – creates inefficiencies and unnecessary costs. A plethora of labels 
on one product is likely to result in confusion rather than customer confidence. 



6.9.6.2 Evaluating the relative quality of private standards certification schemes 
As in the area of ecolabels, industry sources have highlighted the need for a benchmark 
against which to judge the quality and credence of the various certification schemes. 
The aforementioned GFSI has a mechanism for this in terms of FSMSs. A gap exists 
for aquaculture certification schemes, though the recently established (in 2013) Global 
Sustainable Seafood Initiative (GSSI) is addresseong this, both for capture fisheries 
and for aquaculture certification. The FAO Guidelines on Aquaculture Certification 
provide minimum substantive requirements against which aquaculture certification 
schemes can be assessed, and these guidelines form the basis for the GSSI benchmarking 
for aquaculture. 
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While the FAO Members have agreed to guidelines for aquaculture certification, 
there is less agreement – and no clear mandate – as to whether FAO should assess any 
private scheme against those criteria. 



6.9.6.3 Do private standards conflict with, complement or duplicate public 
regulation?
Here again, because there has been no systematic comparison of private standards 
with public regulation, there is no concrete evidence to assess the relationship between 
public and private standards. Several areas are especially pertinent.



Food	safety: As noted above, private standards are typically based on mandatory 
regulation and, therefore, are not likely to demand more in terms of acceptable levels 



BOX 1 



zero tolerance



Zero tolerance is a powerful term, with the intended connotation of the complete absence 
of the hazard1 or inappropriate behavior at issue, and it is popularly perceived as assurance 
of protection against--or at least official intolerance of--that hazard or behavior. The term 
zero tolerance is commonly used in the media in many contexts, including food safety. For 
example, zero tolerance has been used to comment about drug-law enforcement, drug-testing 
policies in sports, crime, and security violations. Businesses frequently highlight their zero 
tolerance of offensive behavior (for example, zero tolerance for hate messages in chat rooms 
and message boards) or consumer protection. 



In food safety, the term zero tolerance often resonates well with the public which is seeking 
assurance of the safety of the products it consumes. Consequently, food safety regulators 
often confront the notion that they should have “zero tolerance” policy for anything that 
is deemed to pose a risk2 to public health or safety, including in reference to a pathogen or 
environmental contaminant to indicate that whenever a particular problem is found, strict 
regulatory action will be taken.



But, zero tolerance in food safety does not always mean zero risk or total absence of 
a contaminant in a food. For example, there can be no zero risk (total absence) for some 
contaminants such as mercury in fish and seafood, because mercury is a natural contaminant 
of the aquatic environment which naturally finds its way through the aquatic food 
chain and bio-accumulation into some seafood. Likewise, certain bacteria such as Vibrio 
paraheamolyticus are part of the normal flora of the aquatic environment, but represent a 
hazard only at high concentrations. In this case, the regulatory zero tolerance policy will aim 
to ensure the presence of the contaminant only at levels far below the hazard level, to ensure 
no health risks to consumers. 



Scientists are often dismayed by the use of this term because they recognize the inability to 
ensure, in many situations, the complete absence of certain pathogens and contaminants from 
the food supply and the limitations of feasible sampling plans to check for their total absence 
(see box 12). But, scientists do recognize that a preference for zero “is influenced by the wish 
to emphasize that absence of the hazard is the desired objective (although it cannot be always 
guaranteed) and by the knowledge that once pathogens or contaminants are found, the finding 
cannot be ignored”. The various uses of and limits of this term, therefore, must be properly 
analyzed and understood.



1.  In food safety, hazard is defined as a biological, chemical or physical agent in, or condition of, food with 
the potential to cause an adverse health effect (Codex alimentarius)



2.  A risk is defined as a function of the probability of an adverse health effect and the severity of the effect, 
consequential to a hazard(s) in food.



Source: Washington and Ababouch (2011).
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of biological or chemical contaminants, or more stringent “use by” dates, etc. Hence, 
they are unlikely to conflict with public food safety regulation. Duplication is more 
likely to be an issue, if not in relation to the content of requirements, then in methods 
of compliance and verification (including multilevel documentation). 



Concerns about having to comply with a variety of standards need to be addressed. 
Those concerns are likely to mirror concerns about the relative lack of harmonization 
of public regulation, including the lack of harmonization between the safety and quality 
requirements of public authorities in various export markets. Some harmonization and 
mutual recognition of public regulatory frameworks for food safety would go a long 
way towards reducing the current complexity in global food safety governance and 
would ease international trade. Improved dialogue between the public and private 
sectors at the international level, with the aim of reducing the complexity of food safety 
governance overall, would be useful (the GFSI and ISO are observers at Codex and 
vice versa, and the dialogue between the ISO and GFSI might act as a harbinger). 



There is little evidence to suggest that compliance with private standards might 
facilitate the implementation of public standards. Indeed, the inverse is a more likely 
scenario. Compliance with public standards provides a baseline, and is therefore 
essential for meeting the requirements included in private standards schemes. 



Do demands from buyers for suppliers to be certified and the certification process 
itself incentivize better food safety management, or are operators that achieve 
certification mainly those that already run effective food safety management systems? 
A further key question for policy-makers, especially in the context of an apparent shift 
in responsibilities from the public to private sector for food safety management is: Are 
profit-maximizing private sector firms the best agents for incentivizing better food 
safety management throughout the supply chain? 



Traceability:	The traceability requirements of private standards schemes  – often 
requiring full traceability from farm/boat to fork – are likely to be as, if not more robust, 
than most public requirements. The traceability requirements of the European Union 
(Member Organization) are arguably the most stringent in terms of public regulatory 
requirements, based on the principle of “one step backwards, one step forwards”,39 and 
requiring all aspects of the supply chain40 to be approved by the competent authority 
approved by the European Commission. However, as noted above, private standards 
schemes require traceability requirements to be verified by private-sector certification 
companies, because public audit reports are not readily available to buyers. Assisting 
with capacity building in countries with weak administrative systems would arguably 
be a more effective strategy than imposing a parallel private system to compensate 
for perceived or real administrative shortcomings. Moreover, a company certified to 
a private standards scheme will still not have access to certain markets, such as the 
European Union (Member Organization), if the competent authority of the country in 
which it operates has not been approved by public authorities in key import markets. 



Audit	and	documentation	–	duplication	and	complexity:	It is in the area of audit 
and verification and the related documentation required where duplication between 
public and private requirements is perhaps most evident. Separate sets of compliance 
documents relating to public and private certification (or even several public and 
several private certifications) amount to heavy compliance costs. Such costs are 
especially burdensome where there is a prescriptive rather than an outcome-based 
approach to compliance. It has been argued that while the public-sector trajectory is 
towards more outcome-oriented systems (defining outcomes or ALOPs, and allowing 
operators the flexibility to choose how to achieve them), private standards schemes 



39  See: Exporting Seafood to the European Union, International Trade Centre, Bulletin No. 84/2008/Rev.1
40  Vessels, landing sites, transporters, processors, etc. for capture fisheries and feed producers, hatcheries, 



farms, transporters, processors, etc. for aquaculture products.
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remain wedded to a substantive checklist approach including precise product and 
process requirements. There is a need to promote more outcome- or performance-
based compliance management and verification. Producing two (or more) compliance 
documents according to who is conducting an audit is not only “… a waste of 
resources, it diminishes the value of true compliance, as it is seen as a paper exercise”,41 
rather than as a tool for continuous management and quality improvement.



6.9.6.4 Areas for attention 
The above sections have highlighted the dearth of empirical evidence and the need 



for further research and some action in the following areas:
•	 Comparing	 public	 with	 private	 standards	 for	 safety	 and	 quality	



management. Comparisons of public with private food safety management 
requirements are needed to determine where there are synergies to be 
exploited, efficiencies to be gained, and duplication to be avoided. Moreover, 
what role can and should the public sector take in regulating the activities of 
private-sector standards schemes?



•	 Private	safety/quality	standards	and	impacts	on	international	trade. There 
is a need for more evidence and analysis on the impacts of private standards 
on international trade based on concrete country evidence. Do they really act 
as non-tariff barriers to trade, generally, and specifically in relation to fish and 
seafood?



•	 Assessment	 tools	 and	 methodological	 advancement. There is a need for 
some guidelines or assessment criteria so that industry players can judge the 
quality of private standards schemes to assess which certification schemes 
carry most value and have most credence in the market. The GFSI provides a 
mechanism for benchmarking FSMSs and food safety generally, which covers 
fish processing activities whether from wild capture or aquaculture sources. 
The forthcoming FAO aquaculture guidelines will provide minimum criteria 
for aquaculture certification schemes. 



•	 Harmonization	 and	mutual	 recognition	 –	 public	 and	 private. There is a 
need for further harmonization of government food safety regulations. This 
is gradually being implemented by the relevant Codex Committees and by 
the OIE. The GFSI goal of “once certified, accepted everywhere” is a step 
towards harmonization of private FSMSs. The FAO aquaculture guidelines 
provide the basis for mutual recognition of certification schemes specific to 
aquaculture and are being used by the GSSI for this purpose. The interface 
between public and private harmonization efforts could be explored further. 
The key question is which overall global food safety governance framework 
will best serve consumer protection and public health, as well as industry 
needs for traceability and risk management, while also promoting efficiencies 
for the various stakeholders in the supply chain. Some sort of roadmap with 
desired outcomes and interim deliverables would need to be developed with 
both public- and private-sector participation. This would facilitate trade and 
decrease the current complexities in global food safety governance.



•	 Support	 to	 developing	 countries. Support to developing countries would 
probably be best in the form of assistance to improve the infrastructure 
(physical, regulatory and institutional) that is a prerequisite for compliance 
with both public and private food safety and quality standards. This 
might involve some supply chain development. The transfer of information, 
technology and expertise from integrated supply chain actors to other 
parts of the industry might help fisheries stakeholders move beyond  



41  Francisco Blaha, FAO, personal communication, 11 February 2009.
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“entry-level commodity trading relationships with international markets” to 
take advantage of opportunities for more value-addition and, subsequently, 
improve access to more lucrative markets or market segments in importing 
countries. Documenting success stories and sharing these with industry 
stakeholders in other developing countries would be valuable. In particular, 
sharing examples of how small-scale fisheries and aquaculture operations have 
organized to achieve export success (including through group certification) 
would be useful (Box 2).



BOX 2



India – clustering fish farms to improve production and market access



Ninety five percent of Indian aquaculture shrimp and prawns are exported. The demands of 
international markets, including for certification, have been problematic for Indian farmers. 
As 90 percent of them operate ponds that are smaller than two hectares, traceability and 
meeting certification requirements and costs is especially difficult. To counter some of these 
problems, the aquaculture industry is now regulated by the Coastal Aquaculture Authority 
Act, which includes codes of practice for aquaculture operators and registration of farms, 
hatcheries and processors. 



In 2006, the Marine Products Export Promotion Authority (MPEDA) of India, which 
operates under the auspices of the Ministry of Commerce and Trade, created the National 
Centre for Sustainable Aquaculture (NACSA), headquartered in Kakinada, Andra Pradesh, 
with the mission to organize small-scale fish farmers into societies that can collectively benefit 
from the NACSA’s technical support and advice to address production and market access 
issues. The aim is to promote sustainable small-scale aquaculture through empowerment 
of farmers to access credit, quality seeds, feeds and other inputs and to implement better 
management and good aquaculture practices to reduce fish diseases, improve product quality 
and access international markets, including through certification.



The farmers’ societies have clear organization with strict conditions for membership and 
elected board members. In addition to training and awareness improvement programmes 
for society farmers, the NACSA technical staff monitor inputs (seed, feed) to ensure the 
use of disease- and residue-free inputs and proper traceability. The NACSA is developing 
a digitalized database supported by GIS for all society farms. Ponds will be identified by a 
nine-digit code, with each society maintaining a complete record from stocking to harvest, 
including traceable seed and feed.



In 2009, the NACSA reported more than 7 000 farmers organized into 250 societies. 
The NACSA aims to organize 75 000 farmers into 1 500 societies by the end of 2012. The 
experience since 2007 has demonstrated major benefits for farmers in terms of access to 
microcredit, better bargaining position for inputs and final product prices, as well a better 
integration of the sector (hatchery–society–processor/exporter).



Source: Washington and Ababouch (2011).



6.10 saFety aNd qUalIty MaNaGeMeNt IN aqUacUltURe (laHsen 
ababOuCH, rOHana subasIngHe and Iddya Karunasagar)
6.10.1 Introduction 
Food safety hazards associated with aquaculture products will differ depending upon 
the farmed species, the region, the habitat, the method of production, management 
practices and environmental conditions. The origins of such food safety concerns are 
diverse, ranging from inappropriate aquaculture practices to environmental pollution 
and cultural habits of food preparation and consumption. 
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Chapter 3 describes the main food safety hazards and their control methods as they 
apply to products of aquaculture. These hazards can be caused by parasites (nematodes 
or round worms, cestodes or tapeworms and trematodes or flukes), bacteria (Vibrio 
spp., Aeromonas and Plesiomonas spp., Listeria monocytogenes, Salmonella spp., 
Escherichia coli, etc.) or chemical contaminants (residues of pesticides, veterinary 
drugs, heavy metals or additives). 



Regarding quality, aquaculture products can develop quality defects similarly 
to the corresponding wild fish species, although the possibility of better control 
in aquaculture production can minimize these defects, particularly flavour quality. 
Moreover, during harvesting and transport of live fish, by reducing stress, fish physical 
damage and bruising will be minimized.



Similarly to wild capture fisheries, the assurance of fish and seafood safety 
and quality in aquaculture requires the adoption and implementation of GAPs as 
prerequisites for the implementation of the HACCP system. Chapter 6 of the Codex 
International Recommended Code of Practice covers aquaculture but only intensive 
or semi-intensive aquaculture systems that use higher stocking densities, stock from 
hatcheries, use mainly formulated feeds and may utilize medication and vaccines. It 
does not cover the extensive fish farming systems that prevail in many developing 
countries or integrated livestock and fish culture systems.



The following applies to all kinds of aquaculture production systems. It covers all 
aquatic animals, except mammalian species, aquatic reptiles and amphibians for direct 
human consumption, but excludes bivalve molluscs. The main stages of aquaculture 
production covered are site selection, growing water quality, source of fry and 
fingerlings, feeding, growing, harvesting and transport.



Prior to the implementation of GAPs and HACCP, aquaculture establishments 
should operate in a responsible way such that they comply with the recommendations 
of the Code of Conduct for Responsible Fisheries (FAO, 1995) in order to minimize 
any adverse impact on human health and the environment, including any potential 
ecological impact.



Fish farms should operate effective fish health and welfare management. Fry and 
fingerlings should be disease-free and should comply with the OIE Codes of Practice 
(International Aquatic Animal Health Code, sixth edition, 2003). Growing fish should 
be monitored for disease. When using chemicals at fish farms, special care should be 
exercised so that these substances are not released into the surrounding environment.



While the implementation of HACCP-based food safety assurance programmes is 
well advanced in the fish-processing sector, the application of such programmes fish 
farms is in its infancy. One possible explanation is linked to the fact that major food 
safety regulatory agencies, such as the FDA or the European Commission Food and 
Veterinary Office have not made the application of HACCP in aquaculture mandatory, 
although Codex supports its application. 



While many recognize that the application of HACCP may be difficult at the “farm 
level”, a number of experts consider the application of HACCP in aquaculture feasible, 
cost-effective, and an effective complement to biosecurity measures taken to prevent 
fish diseases, especially in well-organized farms of suitable size. Currently, in several 
countries around the world, an increasing number of aquaculture farms are applying 
HACCP-based concepts to control food safety issues. The challenge for small-scale 
farmers is being tackled in many countries, such as India, Thailand, Viet  Nam and 
Indonesia, by organizing the farmers into clusters or self-help groups, whereby they 
can reach a size suitable for the application of GAPs and HACCP, and benefit from 
the certification thereof.
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6.10.2 Good aquaculture practice 
Recognizing that aquaculture systems may differ considerably depending on the 
species cultivated, the Codex code of practice offers the general flow chart of Figure 56, 
reproduced here for illustrative purposes. This chart represents the common steps in 
aquaculture production, namely: (1) site selection; (2) growing water supply; (3) source 
of fry and fingerlings; (4) feed supply; (5) veterinary drugs; (6) growing; (7) harvesting; 
(8) holding and transportation; and (9) storage and transport of live fish.



FIgure 56
example of a flow chart for aquaculture



To prevent food safety and quality problems originating at the farm level, the 
following good practices are recommended at each step.



6.10.2.1 Site selection
Fish farms should be located in areas where the risk of contamination by biological, 
chemical or physical food safety hazards is minimal and where sources of pollution 
can be controlled. All potential sources of contamination from the environment should 
be considered. In particular, fish farming should not be carried out in areas where the 
presence of potentially harmful substances would lead to unacceptable levels of such 
substances in fish. 



•	 Food safety hazards can arise from the location of the fish farm as a result of 
its surroundings, through the water supply, direct contact with animals, or 
airborne contamination (i.e. chemical sprays). Nearby agricultural lands that 
use pesticides and heavy fertilization on a regular basis could be a potential 
source of contamination.



•	 Livestock (cattle, ducks, pigs, chickens, etc.) farms or sewage effluents can 
be a serious source of contamination by pathogens (i.e. parasites such as 
Opisthorchis, or pathogenic bacteria such as Salmonella). Fish farms need to be 
located away from any of these activities to eliminate the risk of contamination. 



•	 Soil for the construction of earthen ponds should not contain toxic chemicals 
and other substances that can contaminate the fish. 



•	 All the sites should be operated so as not to cause an adverse impact on human 
health from the consumption of the fish in the farm.
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6.10.2.2 Growing water supply
The water in which fish is raised should be suitable for the production of food that is 
safe for human consumption. Fish farms should not be sited where there is a risk of 
contamination of the water in which fish are reared by chemical and biological hazards. 
Water sources should be protected from contamination by wild and domestic animals, 
effluents and runoffs.



•	 Freshwater fish cultured in certain parts of the world where food-borne 
trematodiasis (Clonorchis, Opisthorchis) is endemic may harbour the infective 
stages of the parasites. 



•	 Aquatic birds are known to harbour pathogenic parasites (Haplorchis, 
Diphyllobothrium and others) and pathogenic bacteria (Salmonella, Vibrio 
cholerae and others) and are possible sources of these organisms on fish 
farms. Wild (lizards, snakes, turtles, rats) and domestic (cattle, pigs, chickens, 
ducks, cats and dogs) animals are other potential sources of such biological 
contamination. 



•	 The use of wastewater for fish farming or the practice of fertilizing ponds 
with human waste and untreated animal manure may result in products that 
harbour pathogenic bacteria and parasites. Manure from animal production 
facilities can be contaminated with drugs added to animal feed for the 
prevention of disease. These substances can potentially pass from the manure 
to fish and cause food safety concerns. The WHO guidelines for the safe use 
of wastewater in aquaculture should be followed (WHO, 2006a).



•	 Fish farms should be designed and constructed to ensure control of hazards 
and prevention of water contamination. Water inlets and outlets to ponds 
should be screened to prevent the entrance of unwanted species.



•	 Water quality should be monitored regularly to prevent fish contamination 
during production. 



6.10.2.3 Source of fry and fingerlings
Sources of post-larvae, fries and fingerlings should be controlled in order to avoid the 
carryover of potential hazards into the growing stocks. 



•	 In endemic fish-borne parasite areas, the source of fries and fingerlings should 
ensure that seeds are free from parasitic infection. Contaminated sources are 
common in endemic trematodiasis areas. 



Feed supply
Feeds can transmit harmful agents directly or by attracting pests.



•	 Feeds used in aquaculture production should comply with the Codex Code 
of Practice on Good Animal Feeding (CAC/RCP 54-2004). Feed ingredients 
should not contain unsafe levels of pesticides, chemical contaminants, microbial 
toxins, or other adulterated substances.



•	 Ingredients should meet acceptable levels of pathogens, mycotoxins, herbicides, 
pesticides and other contaminants that may give rise to human health hazards.



•	 Feed should contain only such additives, growth-promoting substances, fish-
flesh colouring agents; anti-oxidizing agents, caking agents or veterinary drugs 
that are permitted for fish by the official agency having jurisdiction.



•	 Industrially produced feeds and feed ingredients should be properly labelled. 
Their composition must fit the declaration on the label.



•	 Medicated feeds should be clearly identified in the package and stored 
separately, in order to avoid errors.



•	 Products should be registered with the relevant national authority as 
appropriate.
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•	 Storage and transport conditions should conform to the specifications on the 
label.



•	 Feed should not be used after the expiry of shelf-life.
•	 Dry fish feeds should be stored in cool and protected dry areas to prevent 



contamination, mould growth and spoilage. Moist feed or feed ingredients 
should be properly refrigerated and reach the fish farm in an adequate state of 
freshness. 



•	 Fish silage, low-value fish and offal from fish, if used, and where necessary, 
should be properly cooked or treated to eliminate potential hazards to human 
health.



•	 Product tracing of all feed and feed ingredients should be ensured by proper 
record-keeping.



6.10.2.5 Veterinary drugs
All veterinary drugs for use in fish farming should comply with national regulations 
and international guidelines, in accordance with the Recommended International Code 
of Practice for Control of the Use of Veterinary Drugs (CAC/RCP 38-1993) and the 
Codex Guidelines for the Establishment of a Regulatory Programme for Control of 
Veterinary Drug Residues in Foods (CAC/GL 16-1993 – under revision – the revised 
text will also supersede CAC/RCP 38-1993). Products should be registered with the 
appropriate national authority.



•	 Control of diseases with drugs should be carried out only on the basis of 
an accurate diagnosis. Products should only be prescribed or distributed by 
personnel authorized under national regulations.



•	 Veterinary drugs or medicated feeds should be used according to manufacturer’s 
instructions, with particular attention to withdrawal periods.



•	 Prior to administering veterinary drugs, a system should be in place to monitor 
the application of the drug and respect of the withdrawal time for the batch of 
treated fish.



•	 Storage and transport conditions should conform to the specifications on the 
label.



•	 Records should be maintained when veterinary drugs are used. 



6.10.2.6 Growing
The growing phase includes various activities that can significantly affect the safety and 
quality of farmed fish. There is a need to control the growing water quality, the design 
and cleaning of equipment and holding facilities, the maintenance of pond grounds, the 
workers hygienic practices and pests.



•	 Equipment such as cages and nets should be designed and constructed to 
ensure minimum physical damage of the fish during the growing stage.



•	 Equipment and holding facilities should be easy to clean and to disinfect and 
should be cleaned and disinfected regularly and as appropriate.



•	 Farm grounds should be well maintained to reduce or eliminate food safety 
hazards. By keeping plants around the ponds (i.e. mangroves), farmers can 
reduce erosion that carries chemical and biological contamination to the pond. 
At the same time, it is necessary to keep the grounds clean of high, excessive 
weeds, and trash and debris that can attract pests. 



•	 Good hygiene practices in the pond area should be applied to minimize 
faecal contamination of pond water. A major concern is the contamination 
by pathogenic bacteria or parasites from waste materials or faecal matter 
from mammals, animal or humans. Farm personnel should not be allowed to 
defecate in the estuary, ponds, on the groundwater near the estuary or ponds, 
or any place from where rain can wash the faeces into the estuary or ponds. 
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In the absence of toilets, defecation can be done in designated receptacles  
(i.e. plastic buckets), latrines or field toilets that are subsequently treated with 
disinfectant (lime or chlorine) and whose waste is disposed of in a sanitary 
manner. These field sanitary facilities should be located away from ponds or 
water sources, and should be regularly maintained to prevent potential leakage 
into ponds or source water. Another way to dispose of disinfected human 
waste is to burn the excrement in a designated burning receptacle. 



•	 Fish farms should institute a pest control programme. Rodents (rat, mice, 
nutrias, etc.), birds (ducks, cormorants, etc.) and other wild animals (e.g. snakes, 
turtles and lizards) can be a source of microbial or parasite contamination. 
Rodent control, using trap and bait systems, around storage areas is essential. 
Birds can carry microbial and/or parasite concerns to the pond and cause an 
economic problem by preying on fish. Traditionally, birds have been controlled 
by placing nets or wires over small ponds or by using loud noises for larger 
ponds. Domestic animals such as dogs, cats and pigs should receive adequate 
de-worming treatment in endemic parasitic areas such as those affected by 
food-borne trematodiasis. 



•	 Good water quality should be maintained by using stocking and feeding 
rates that do not exceed the carrying capacity of the culture system. Stocking 
densities should be based on culture techniques, fish species, size and age, 
carrying capacity of the fish farm, anticipated survival and desired size at 
harvesting.



•	 Diseased fish should be quarantined when necessary and appropriate, and dead 
fish should be disposed of immediately in a sanitary manner.



6.10.2.7 Harvesting
Appropriate harvesting techniques should be applied to minimize spoilage, physical 
damage and stress (live fish).



•	 Harvesting should be rapid so that fish are not exposed unduly to high 
temperatures. In tropical areas, harvesting should be done at night at a time 
when the temperature is lowest.



•	 Soon after harvest, fish should be washed using clean seawater or freshwater 
under suitable pressure to remove excessive mud and weed.



•	 Soon after harvest, fish should be iced or immersed in ice slurry to reduce their 
temperature to about 0 °C. 



•	 Equipment and utensils such as nets, bags, pumps, baskets, tubs, bins and 
boxes, should be designed and constructed to ensure minimum physical 
damage to the fish during harvesting. All equipment and utensils used during 
harvesting should be easy to clean and to disinfect and should be cleaned and 
disinfected regularly and as appropriate.



•	 Ice should be made from clean potable water. All surfaces that come into 
contact with ice should be easy to clean and to disinfect and should be cleaned 
and disinfected regularly and as appropriate, including storage (rooms, bins) 
and transport (baskets, tubs, boxes) facilities.



•	 Fish should be purged, where necessary, to reduce gut contents and pollution 
of fish during further processing.



•	 Live fish should not be subjected to extremes of heat or cold or sudden 
variations in temperatures and salinity.



6.10.2.8 Holding and transportation
Appropriate holding and transportation techniques should be applied to minimize 
physical damage and stress to live fish.
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•	 Holding and transportation should be rapid so that fish are not exposed 
unduly to undesirable high temperatures.



•	 During holding and transportation, fish should be packed in ice or immersed 
in ice slush, aiming at keeping the temperature as closer as possible to 0 °C.



•	 All equipment for fish holding and transportation should be easy to clean and 
to disinfect and should be cleaned and disinfected regularly and as appropriate.



•	 Fish should not be transported with other products that might contaminate 
them.



•	 Live fish should be handled in such way as to avoid unnecessary stress. 
Equipment for the transport of live fish should be designed for rapid and 
efficient handling without causing physical damage or stress.



•	 Records for transport of fish should be maintained to ensure full product 
tracing.



6.10.2.9 Storage and transport of live fish
This section is designed for the storage and transportation of live fish originating from 
aquaculture.



•	 Only healthy and undamaged fish should be chosen for live storage and 
transport. Damaged, sick and dead fish should be removed before introduction 
to the holding or conditioning tanks.



•	 In order to reduce fish stress, water utilized to fill holding tanks, or to pump 
fish between holding tanks, or for conditioning fish, should be similar in 
properties and composition to the water from where the fish is originally 
taken.



•	 Water should not be contaminated with either human sewage or industrial 
pollution. Holding tanks and transportation systems should be designed and 
operated in a hygienic way to prevent contamination of water and equipment.



•	 Water in holding and conditioning tanks should be well aerated before fish are 
transferred into them.



•	 Where seawater is used in holding or conditioning tanks, for species 
prone to toxic algae contamination, seawater containing a high level of cell 
concentrations should be avoided or filtered properly.



•	 No fish feeding should occur during the storage and transport of live fish. 
Feeding will pollute the water of holding tanks very quickly, and, in general, 
fish should not be fed for 24 h before transporting;



•	 All equipment and facilities should be cleaned and disinfected regularly and 
as needed.



6.10.2.10 Documentation and records
Where necessary, appropriate records should be kept regarding production site, pond 
or cage identification, veterinary drugs or medicated feeds given, withdrawal times, 
harvesting time, and place of destination.



6.10.2.11 Training
Training in fish hygiene and handling is of fundamental importance. All personnel 
at the fish farm level should be aware of their role and responsibility in protecting 
fish from contamination or deterioration. Fish handlers should have the necessary 
knowledge and skills to handle fish hygienically and with proper care. Those who 
handle strong cleaning chemicals or other potentially hazardous chemicals should be 
instructed in safe handling techniques.



•	 Fish farm personnel should be properly trained in hygienic practices to 
prevent fish contamination and spoilage during production, harvesting and 
transportation.
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•	 Periodic assessment of the effectiveness of training and instruction programmes 
should be made, as well as routine supervision and checks to ensure that 
procedures are being carried out effectively.



•	 Training instructors should have the necessary knowledge and skills to be able 
to organize and implement training and extension programmes at the fish farm 
level.



•	 Special training programmes should be developed and implemented in endemic 
areas affected by food-borne trematodiasis (opistorchiasis, clonorchiasis) 
aimed at making all persons aware of their essential role in controlling these 
zoonoses. 



6.10.3 application of HaccP in aquaculture
Application of GAPs is effective for preventing and controlling most food safety and 
quality hazards at the farm level. That is why many regulatory authorities emphasize 
mandatory implementation of GAPs as described above, as sufficient for operating 
fish farms to supply safe and quality fish. However, many experts and the CAC 
stress that integration of GAPs into HACCP-based systems at the farm level leads to 
improved cost-effectiveness and real-time prevention and control of hazards. While 
most control measures and critical limits are well specified in regulatory GAPs, the 
additional requirements such as hazard analysis, identification of corrective actions, 
monitoring and HACCP verification allow the farm to take ownership of its food 
safety and quality programme, respond in real time to safety challenges and develop 
record-keeping and traceability trails necessary for government or private audit and 
certification.



The general principles of HACCP and other elements developed in Section 6.3 are 
also applicable to aquaculture operations and should be consulted for the development 
of an HACCP plan for aquaculture.



6.10.4 example of an HaccP plan development for the aquaculture 
industry
The following is an example that describes how the HACCP principles can be adapted 
to company VWX, which farms shrimp. This example is provided for illustrative 
purposes only and should not be not applied for a given shrimp farm prior to it being 
adapted to the prevailing conditions and validated. 



6.10.4.1 Introduction
Company VWX is specialized in the production of farmed shrimp destined for export.



The farm has a total area of 300 ha, with pond sizes varying between 3.5 and 5.0 ha, 
but mainly 4.0 ha. The most recent annual production was 2 600 tonnes of white shrimp 
(Litopenaeus vannamei). The company operates its own hatchery for post-larvae and 
nauplius production and a shrimp feeds factory. The farmed shrimp is supplied to a 
nearby processing plant. The source of the water used on the farm is bacteriologically 
satisfactory. However, being located in an important agricultural region, chemical 
contamination by agrochemicals is well documented in the region, particularly 
pesticides (aldrin, dieldrin, DDT and others). Some veterinary drugs (oxytetracycline) 
are used to control endemic shrimp diseases. Immediately after harvesting, the shrimp 
are immersed in vats with a mixture of ice and sodium metabisulphite to chill the 
shrimps and prevent black spot. Iced shrimps are placed in boxes and transported to 
the shrimp processing plant (15 km from the farm), where a variety of frozen products 
are produced mainly for the United States market. 



Company VWX has developed its HACCP manual in accordance with: 
•	 The Codex Code of Practice for Fish and Fishery Products. CAC/RCP 



52-2003, Rev 2008).
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•	 The requirements of the Food and Drug Administration FDA: Title 21 of the 
Code of Federal Regulations, parts 123 and 1240, entitled “Procedures for 
the safe and sanitary processing and importing of fish and fishery products”, 
Federal Register, Volume 60 (No. 242, pp. 65095–65202). 



Furthermore, VWX company management has adopted a policy to use HACCP 
and is also implementing the company’s GAPs and SSOPs, and is controlling quality 
problems. 



6.10.4.2 HACCP team
The HACCP team of company VWX consists of:



•	 quality control (QC) manager (AB); 
•	 production manager (DE); 
•	 general manager (GH);
•	 technical adviser (JK);
•	 pond supervisors (MN, PQ and ST).



This team has expertise in shrimp aquaculture, food safety and quality, and 
management. The team has developed formal communication channels with food 
control authorities, extension services, public health authorities and clients to ensure 
appropriate development of the HACCP manual. Table  83 provides the necessary 
information on the HACCP team, its qualifications and duties.



Table 83
HaccP team of aquaculture company vWX



Name background and experience title/responsibility duties



ab Food safety degree 



Certificate of HaCCP course 
from the university of...



10 years experience in food 
and fish safety and quality



QC manager 
responsible for the 
implementation and 
revision/maintenance 
of the company’s 
HaCCP manual



Participates in the elaboration of the HaCCP 
manual



supervision and implementation of QC activities 
(sampling, analyses, supervision of corrective 
actions)



Calibration and validation of control methods



supervision of training of company personnel



Handling complaints of clients and food control 
agencies and follow-up on corrective action to 
these complaints



supervises pest control operations



de aquaculture degree 



gaP certificate from the 
College of Fisheries and 
aquaculture ...



HaCCP certificate from the 
veterinary school ...



7 years experience in food and 
fish safety and quality



Production manager 
responsible for the 
daily running and 
planning of the 
production through 
storage and shipment



Participates in the elaboration of the HaCCP 
manual



Plans and supervises production



Implements control measures and corrective 
actions under the guidance of the QC manager



revises the list of suppliers of inputs (feeds, drugs) 
and packaging



gH no formal advanced 
qualification, but practical 
experience at all levels of the 
business 



general manager in 
charge of managing 
the logistics and 
administration of the 
company



draws up the quality and safety policy of the 
company



approves the HaCCP plan and its revisions



Commits the company to implementing HaCCP



Chairs monthly (regular) meetings of the HaCCP 
team to review progress and address issues. 
Minutes are recorded, filed and distributed to 
HaCCP team



JK degree in food safety and 
quality expert from...



Certificate training in shrimp 
farming from ...



15 years experience in fish and 
seafood safety and quality



Technical adviser supervises the elaboration of HaCCP manual and 
its revision



Carries out the yearly audit of the HaCCP system



Provides relevant information on emerging issues, 
regulations, safety and quality management 
guidance



Mn, 
PQ, sT



In-house training Pond supervisors supervise the daily activities during production



Implement the control measures under their 
respective responsibilities
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Each team member is responsible for carrying out the duties identified for him/her in 
the plan, under the supervision of the QC manager who validates all actions necessary 
for the implementation of the HACCP plan. If needed, the QC manager will refer 
to the general manager for the implementation of cumbersome and costly actions, 
presenting the different options and solutions without any compromise on safety 
and quality, as per company policy. If necessary, the technical adviser is consulted to 
provide scientific and technical advice as seen fit.



6.10.4.3 Product description
Company VWX produces shrimp (Litopenaeus vannamei), which is manually harvested 
from ponds, immersed in a mixture of potable water, ice and sodium metabisulphite 
(concentration of 1.25 percent for 1–3 min), placed in plastic boxes mixed with ice and 
sent by road to a nearby shrimp processing plant.



6.10.4.4 Intended use of the product
The shrimp produced by company VWX is cleaned, graded by size and quality, packed 
in different retail sizes, and frozen to be sold to international markets, mainly the 
United States of America. Before consumption, the shrimp are thawed and cooked, 
roasted or fried. The shrimp are consumed by a large public, with no specific age 
restriction. The products are labelled to indicate the presence of SO2 to preserve the 
shrimp.



6.10.4.5 Construction of the flow diagram
On DD/MM/YYYY, the HACCP team reviewed the current operations used for 
shrimp production at company VWX, collected the necessary information and 
constructed the following flow diagram for shrimp production at the company 
(Figure 57).



FIgure 57
Flow diagram of farmed shrimp for export at company vWX



6.10.4.6 On-site Confirmation of flow diagram
The HACCP team verified carefully on DD/MM/YYYY the different steps of the flow 
diagram, and synthesized them into one diagram that was complemented with data and 
information relevant to HACCP, such as concentration of metabisulphite dip, duration 
of treatment, water quality, and flow rate. All the collected data were consolidated and 
used to update the flow diagram.



6.10.4.7 Hazard analysis
Potential hazards that can compromise safety and quality have been studied and 
analysed by the HACCP team.



To do so, the HACCP team relied on the expertise of its members, the feedback 
of its clients and that of the food control services, the technical specifications of its 
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clients and other information available with public health authorities, extension and 
aquaculture services and on the following authoritative publications:



•	 Code of Practice for Fish and Fishery Products (CAC/RCP 52-2003, Revision 
2008). 



•	 Huss, H.H., Ababouch, L. and Gram, L. 2004. Assessment and management 
of seafood safety and quality. FAO Fisheries Technical Paper No. 444. Rome, 
FAO. 241 pp.



•	 Ababouch, L., Gandini, G. and Ryder, J. 2005. Detentions and rejections in 
international fish trade. FAO Fisheries Technical Paper No. 473. Rome, FAO. 
110 pp.



The potential causes of hazards were identified to be either contamination (from 
the site surroundings, personnel, feed water, ice, birds, and domestic animals), survival 
to sanitation or non-respect of good practices (use of unauthorized drugs, non-respect 
of withdrawal time, non-respect of the concentration of sodium metabisulphite 
and treatment duration). For each cause, the most appropriate control measure was 
identified.



The results of the hazard analysis, including control measures, are summarized in 
Table 84. Most of the control measures relate to GAPs or GHPs (also see Appendix 3, 
Annex  A3.I, of this publication). Although different hazards present varying levels 
of severity and likelihood of occurrence, the HACCP team considered all identified 
hazards and quality defects equally important and identified control measures to 
eliminate each hazard or reduce it to acceptable levels, to meet regulatory requirements 
of importing markets and to avoid rejections or detentions of shipments at international 
borders or by buyers. The details of hazard analysis are presented in Appendix 3 of 
this publication.



Table 84
Hazard analysis for shrimp production at company vWX



Hazard significant Risk control measures



Presence of residues of 
banned veterinary drugs 



yes +++ unapproved veterinary drugs in hatchery and 
ponds shall not be used 



Presence of residues of 
authorized veterinary 
drugs at levels above Mrl



yes +++ Treatments are supervised by licensed 
professionals 



strict respect of withdrawal times



shrimp contaminated with 
pathogenic bacteria



yes ++ application of gaPs and gHPs



shrimp contaminated with 
pesticides



yes + Water and soil testing 



no shrimp farming when risk is high.



High residues of sodium 
metabisulphites



yes + Training of workers in good harvest and post-
harvest practices



Proper application of these practices



6.10.4.8 Identification of critical control points
Once the hazard analysis was carried out, the point where each hazard may appear in 
the flow diagram and its causes were identified by the HACCP team. Then, each of 
the flow diagram steps was assessed to determine whether it was a CCP or not. To do 
this, the HACCP team relied on its expertise and used the decision tree recommended 
by Codex (Figure 42). The details of CCP identification are presented in Appendix 3 
of this publication.



6.10.4.9 Establishment of critical limits
For each identified CCP, the HACCP team designed a critical limit to assess whether 
the control measure was applied correctly to eliminate the hazard or reduce it to an 
acceptable level. Again, the HACCP team relied on its expertise, regulatory limits, 



Notes: + = low; ++ = moderate; +++ = high.











295Implementation and certification of food safety and quality systems



guidance and specifications from clients. As much as possible, critical limits were 
set as operational limits, i.e. limits that indicate a slide towards a loss of control but 
before the manifestation of the hazard. The details of the critical limits are presented in 
Appendix 3 of this publication.



6.10.4.10 Development of a monitoring system
Based on its expertise, experience and advice compiled from relevant documents, 
regulations and clients’ specifications, the HACCP team developed a monitoring 
system to check conformity to the targeted critical limits. The monitoring procedures, 
including sampling plans where relevant, are described in Appendix 3 (Annex A3.II) 
of this publication.



6.10.4.11 Identification of corrective actions
Again, relying on its experience and expertise and relevant documents, regulations and 
clients’ specifications, the HACCP team identified corrective actions to be activated 
when monitoring indicated loss of control, as well as the respective communication and 
command chains to implement the corrective actions. These actions and the procedure 
to implement them are described in Appendix 3 of this publication.



6.10.4.12 Verification procedure
Monthly, and after every production cycle, the HACCP team assesses internally all the 
results of the controls, monitoring and corrective actions, and draws conclusions for 
the following production cycle. 



For the longer time frame, company VWX has set up an annual verification proce-
dure that comprises:



•	 The evaluation of the monitoring and corrective actions data to assess 
performance and analyse the reason for any loss of control or for complaints 
from clients and/or control authorities.



•	 The results of this analysis are used to update the HACCP manual, identify 
any internal need for further training and improved practices, performance and 
maintenance, modify frequency (increase or decrease) of specific monitoring, 
and the revise list of approved suppliers to eliminate unreliable ones.



•	 An audit by the technical adviser to assess the performance of each control, 
monitoring or corrective procedure. The adviser audits the different records, 
including records for monitoring, calibration and maintenance, training, 
complaints and reports from clients and control authorities. The adviser 
prepares a report that is submitted to management and discussed during a 
meeting with management and the HACCP team. The audit exercise is also 
used as an opportunity to introduce new procedures, monitoring techniques 
or critical limits to take into consideration new developments, including new 
regulatory requirements.



6.10.4.13 Record-keeping procedures
Forms are used to record the results of each monitoring activity and any corrective 
actions that are implemented. These forms identify who is responsible for the 
implementation of preventive (control) measures, monitoring and corrective actions 
and who should validate these actions or be informed of their respective outcome as 
per the duties described in Table 83. Example forms can be found in Appendix 3 of 
this publication. 
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7. International regulatory 
systems



The increasing demand for fish and fishery products, coupled with technological 
developments in production, processing, transportation and distribution and the 
increasing awareness and demand of consumers for safe and high-quality food, has 
increasingly put food safety and quality assurance issues in the headlines. This has been 
exacerbated by the recurrent food safety scares since the 1990s. 



Amidst the expansion of globalization, internationally traded fish have been subject 
to close scrutiny for safety and quality. For example, the alert system for food and 
feed in the European Union (Member Organization) indicated that fish and fishery 
products were often responsible for a large proportion (up to 25 percent) of food safety 
and quality alerts in the period 2000–05. Similar safety problems have been reported 
by the control authorities of other major fish-importing countries. However, several 
exporting countries challenge these assertions and claim they constitute technical 
barriers to trade. 



International harmonization of safety and quality requirements and equivalence 
of certification systems can facilitate international fish trade, increase transparency 
and prevent the use of these requirements as disguised barriers to trade. However, 
the safety requirements should be based on sound science to provide the appropriate 
level of consumer protection. Reconciling these objectives requires an international 
regulatory and technical framework to support the development of harmonized 
standards and equivalence recognition systems.



What follows is a description of the international regulatory framework for fish 
safety and quality. It includes how this framework and other scientific developments 
have been enacted into regulations and operating procedures by the major fish and 
seafood markets in the world, namely the United States of America, Japan, the 
European Union (Member Organization), and Australia and New Zealand. 



7.1 The InTernaTIonal regulaTory framework
7.1.1 The world Trade organization (Lahsen Ababouch)
The WTO was established in 1995 as the successor to the GATT (founded after the 
Second World War). The WTO was established as the final act of the Uruguay Round 
of negotiations, which began in Punta del Este, Uruguay, in September 1986 and 
concluded in Marrakech, Morocco, in April 1994. The Uruguay Round was the first 
to deal with the liberalization of trade in agricultural products, an area excluded from 
previous rounds of negotiations.



Significant implications for food safety and quality arise from the Final Act of 
the Uruguay Round, especially from two binding agreements: the Agreement on the 
Application of Sanitary and Phytosanitary Measures (the SPS Agreement) and the 
Agreement on Technical Barriers to Trade (the TBT Agreement)42.



The SPS Agreement confirms the right of WTO member countries to apply 
measures necessary to protect human, animal and plant life and health. This right was 
included in the original 1947 GATT as a general exclusion from the provisions of the 
agreement provided that “such measures are not applied in a manner which would 



42 www.wto.org/english/res_e/booksp_e/agrmntseries4_sps_08_e.pdf www.wto.org/english/docs_e/
legal_e/17-tbt.pdf
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constitute a means of arbitrary or unjustifiable discrimination between countries where 
the same conditions prevail, or a disguised restriction on international trade”. Despite 
this general condition for the application of national measures to protect human, 
animal and plant life and health, such measures had become effective trade barriers, 
whether by design or accident.



The purpose of the SPS Agreement is to ensure that measures established by 
governments to protect human, animal and plant life and health in the agriculture 
sector, including fisheries, are consistent with obligations prohibiting arbitrary or 
unjustifiable discrimination on trade between countries where the same conditions 
prevail and are not disguised restrictions on international trade. It requires that, 
with regard to food safety measures, WTO members base their national measures on 
international standards, guidelines and other recommendations adopted by the CAC 
where they exist. (This does not prevent a member country from adopting stricter 
measures if there is a scientific justification for doing so, or if the level of protection 
afforded by the Codex standards is inconsistent with the level of protection generally 
applied and deemed appropriate by the country concerned.)



The SPS Agreement states that any measures taken that conform to international 
Codex standards, guidelines or recommendations are deemed to be appropriate, 
necessary and not discriminatory. In addition, the SPS Agreement calls for a 
programme of harmonization based on international standards. This work is guided 
by the WTO Committee on SPS Measures. Membership includes representatives of 
the CAC, the International Office of Epizootics (OIE), which deals with animal health 
(including fish), and the International Plant Protection Convention, which deals with 
plant protection.



Finally, the SPS Agreement requires that SPS measures shall be based on an 
assessment of the risks to humans, animal and plant life and health using internationally 
accepted risk assessment techniques. Risk assessment should take into account the 
available scientific evidence, the relevant processes and production methods, the 
inspection/sampling/testing methods, the prevalence of specific illnesses and other 
matters of relevance.



The TBT Agreement is a revision of the agreement of the same name, first 
developed under the Tokyo Round of negotiations (1973–79). The objective of the 
TBT Agreement is to prevent the use of national or regional technical regulations and 
standards as unjustified technical barriers to trade. The agreement covers standards 
relating to all types of products including industrial products and quality requirements 
for foods (except requirements related to SPS measures). It includes numerous measures 
designed to protect the consumer against deception and economic fraud. 



The TBT Agreement basically provides that standards and technical regulations 
must have a legitimate purpose and that the impact or the cost of implementing the 
standard must be proportional to the purpose of the standard. It also states that, if 
there are two or more ways of achieving the same objective, the least trade-restrictive 
alternative should be followed. The agreement also places emphasis on international 
standards – WTO members are encouraged to use international standards or parts of 
them except where the international standard would be ineffective or inappropriate in 
the national situation.



The SPS and TBT Agreements call on WTO member countries to:
•	 promote international harmonization and equivalence agreements;
•	 promote the use of scientifically sound risk assessment to develop SPS 



measures;
•	 facilitate the provision of technical assistance, especially to developing countries, 



either bilaterally or through the appropriate international organizations;
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•	 take into consideration the needs of developing countries, especially the 
least-developed countries, when preparing and implementing SPS and quality 
measures. 



The aspects of food standards that TBT requirements specifically cover are 
quality provisions, nutritional requirements, labelling, packaging and product content 
regulations, and methods of analysis. Unlike the SPS Agreement, the TBT Agreement 
does not specifically name international standard-setting bodies whose standards are 
to be used as benchmarks for judging compliance with the provisions of the TBT 
Agreement.



7.1.2 The Codex alimentarius Commission (Iddya Karunasagar)
Since 1962, the Codex Alimentarius Commission (CAC)43 has been responsible for 
implementing the Joint FAO/WHO Food Standards Programme. The CAC’s primary 
objectives are the protection of the health of consumers, the assurance of fair practices 
in food trade, and the coordination of the work on food standards.



The CAC is an intergovernmental body with a membership of 184 member countries 
and one member organization (as of September 2012). In addition, observers from 
international intergovernmental organizations (e.g. OIE, WTO and the International 
Atomic Energy Agency) and international NGOs (i.e. scientific organizations, food 
industry, food trade and consumer associations) may attend sessions of the CAC and 
of its subsidiary bodies. An executive committee, six regional coordinating committees 
and a secretariat assist the CAC in administering its work programme and other related 
activities (Figure 58).



The work of the CAC is divided between three basic types of committees:
•	 general subject committees that deal with general principles, hygiene, veterinary 



drugs, pesticides, food additives, contaminants, labelling, methods of analysis 
and sampling, nutrition and foods for special dietary uses and import/export 
inspection and certification systems; 



•	 commodity committees that deal with a specific type of food class or group, 
such as dairy and dairy products, fats and oils, or fish and fishery products;



•	 ad hoc intergovernmental task forces (whose number is variable) that are 
established to deal with specific issues within a limited time frame (usually five 
years).



The work of the committees on food hygiene, contaminants, fish and fishery 
products, veterinary drugs and import/export inspection and certification systems are 
of paramount interest to the safety and quality of internationally traded fish and fishery 
products.



In the environment of the WTO agreements, concluded at the end of the Uruguay 
Round of multilateral trade negotiations, the work of the CAC has taken on 
unprecedented importance with respect to consumer protection and international 
food trade. Codex standards, guidelines and codes of practice relating to food safety 
are specifically recognized by the WTO SPS Agreement, including the MRLs for 
pesticides and veterinary drugs, the maximum limits of food additives, the maximum 
levels of contaminants, and food hygiene requirements of Codex standards.



In the specific area of food hygiene, the CAC has revised its main document on 
food hygiene (CAC/RCP 1-1969, Revision 2003) to incorporate the principles of risk 
analysis and to include specific references to the HACCP system.



43  www.codexalimentarius.org
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FIgure 58
Joint fao/who food Standards Programme



Since 1992, the Codex Committee on Fish and Fishery Products (CCFFP) has 
been developing a new Code of Practice for Fish and Fishery Products (CAC/RCP 
52-2003) (CPFFP) that is based on risk analysis principles and that merges and updates 
the previous individual codes of practice. All sections of the CPFFP aim at providing a 
user-friendly document with background information and guidance. 
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It will be completed within a few years and contain the following general and 
specific sections: 



•	 Section 1. Scope
•	 Section 2. Definitions
•	 Section 3. Prerequisite Programme
•	 Section 4. General Considerations for the Handling of Fresh Fish and Shellfish 



and other Aquatic Invertebrates
•	 Section 5. Hazard Analysis Critical Control Point (HACCP) and Defect 



Action Point (DAP) Analysis
•	 Section 6. Aquaculture Production
•	 Section 7. Live and Raw Bivalve Molluscs
•	 Section 8. Processing of Fresh, Frozen and Minced Fish
•	 Section 9. Processing of Frozen Surimi
•	 Section 10. Processing of Quick Frozen Coated Fish Products
•	 Section 11. Processing of Salted and Dried Salted Fish
•	 Section 12. Smoked Fish (under development)
•	 Section 13. (a) Lobsters (b) Crabs (both under development)
•	 Section 14. Processing of Shrimps and Prawns
•	 Section 15. Processing of Cephalopods
•	 Section 16. Processing of Canned Fish and Shellfish
•	 Section 17. Transportation
•	 Section 18. Retail



The CPFFP is designed to assist all those engaged in the handling and production of 
fish, shellfish and their products, or concerned with their control, storage, distribution, 
export, import and sale to:



•	 attain safe and wholesome products, which can be sold on national or 
international markets;



•	 meet the requirements of the Codex standards, both in terms of health and 
safety requirements and essential quality, composition and labelling provisions.



The Codex Alimentarius includes a number of product standards, such as those for 
dried fish, salted fish, quick-frozen fish, and canned fish. Codex has also adopted a 
Model Certificate for Fish and Fishery Products (CAC/GL 48-2004)44.



In addition, the Recommended International Code of Practice for the Processing 
and Handling of Quick Frozen Foods, totally revised in 2008, provides useful advice 
for the safe handling for quick-frozen fishery products (CAC/RCP 8-1976)45.



The Codex standards and related texts are voluntary by nature  – they can 
become mandatory only when converted into national legislation or regulations. 
However, under the SPS and TBT Agreements, the Codex standards play a role as 
the international benchmark for harmonization and may be used for reference when 
settling trade disputes (Box 3). There is concern that this may bring more politics into 
the CAC. The CAC’s unchanging role should be to act as an international risk manager 
and to continue to provide sound and science-based recommendations to its member 
countries. In doing so, the CAC depends on the scientific advice in risk assessment 
provided by expert bodies convened by FAO and WHO. 



44  www.codexalimentarius.net/download/standards/10127/CXG_048e.pdf
45  www.codexalimentarius.net/download/standards/285/CXP_008e.pdf
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7.1.3 The fao Code of Conduct for responsible fisheries (Lahsen 
Ababouch)
In recent decades, world fisheries have become a market-driven, dynamically developing 
sector of the food industry, and coastal States have striven to take advantage of their 
new opportunities by investing in modern fishing fleets and processing factories in 
response to the growing international demand for fish and fishery products. However, 
by the late 1980s, it had already become clear that fisheries resources could no longer 
sustain such rapid and often uncontrolled exploitation, and that new approaches to 
fisheries management embracing conservation and environmental considerations were 
urgently needed.



At its Nineteenth Session (in March 1991), COFI called for the development of 
new concepts that would lead to responsible, sustained fisheries. Subsequently, the 
International Conference on Responsible Fishing, held in 1992 in Cancún (Mexico), 
further requested FAO to prepare an international code of conduct to address these 
concerns. The outcome of this Conference, particularly the Declaration of Cancún, was 



BOX 3



example of a wTo trade dispute: the sardine case



Codex standards have already been used as the benchmark in international trade disputes, 
and they are expected to play an increasing role. Although such disputes generally involve a 
limited number of countries, they have a direct impact on international fish trade.



A dispute regarding canned sardine labelling illustrates the importance of both WTO 
agreements and the Codex Alimentarius.



The dispute arose when Peru started to export canned products from the clupeid species 
Sardinops sagax to the then European Communities; the canned products were labelled as 
“Pacific sardines”. According to the European Commission (EC) regulation in force at that 
time, the term “sardine” was exclusively reserved for the species Sardina pilchardus. The 
Sardinops products were not allowed to enter the market of the European Communities as 
“Pacific sardine”.



Peru and the European Communities held consultations but failed to reach a mutually 
satisfactory solution. Then, Peru requested the WTO Dispute Settlement Body to establish a 
panel to examine the issue. 



Peru claimed that, according to the relevant Codex standard for canned sardine and 
sardine-type products, the species “Sardinops sagax sagax” is listed among those species that 
can be traded as “sardines”. Peru, therefore, considered that the EC Regulation constituted an 
unjustifiable barrier to trade, and, hence, in breach of Articles 2 and 12 of the TBT Agreement. 



The Panel Report concluded that the EC Regulation was inconsistent with Article 2.4 
of the TBT Agreement. The WTO Appellate Body upheld the Panel’s finding that Codex 
Stan 94 (1981) is a “relevant international standard” and is effective and efficient in pursuing 
the legitimate objectives of promoting market transparency, consumer protection and fair 
competition.



Finally, the EC and Peru reached a mutually agreed solution to the dispute, which was 
notified to the Dispute Settlement Body. The EC consequently amended its regulation in 
order to bring it into conformity with Codex and the TBT Agreement. The dispute settlement 
took two years to be resolved. The revised EC regulation includes in particular:
•	 a definition of “preserved sardine-type products”, which may be prepared from 



various clupeiforme species (same list as in the Codex standard);
•	 preserved sardine-type products may be marketed in the European Communities 



under a trade description consisting of the word “sardines” joined together with the 
scientific name of the species.
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an important contribution to the 1992 United Nations Conference on Environment 
and Development (UNCED), in particular its Agenda 21. 



Noting these and other important developments in world fisheries, the FAO 
Governing Bodies recommended the formulation of a global Code of Conduct for 
Responsible Fisheries (the Code), which would be consistent with these instruments 
and, in a non-mandatory manner, establish principles and standards applicable to the 
conservation, management and development of all fisheries. The Code, which was 
unanimously adopted on 31 October 1995 by the Twenty-eighth Session of the FAO 
Conference, provides a necessary framework for national and international efforts 
to ensure sustainable exploitation of aquatic living resources in harmony with the 
environment (FAO, 1995). 



Article 6 (General principles, provisions 6.7 and 6.140) and article 11 (Post-harvest 
practices and trade) are of particular relevance to fish trade, safety and quality. 
Provisions 11.1.2, 11.1.3 and 11.1.4 encourage States to establish and maintain effective 
national safety and quality assurance systems, to promote the implementation of the 
CAC standards and codes of practice and to cooperate to achieve harmonization 
or mutual recognition, or both, of national sanitary measures and certification 
programmes.



The same Twenty-eighth Session of the FAO Conference requested the elaboration 
of technical guidelines in support of the implementation of the Code in collaboration 
with Members and relevant organizations. FAO has published technical guidelines 
for responsible fish utilization (FAO, 1998) and for responsible fish trade (FAO, 
2009b). For safety and quality, both sets of guidelines confirm the basic principles of 
the SPS and TBT Agreements and highlight the necessity to base safety and quality 
requirements on the standards, guidelines and codes of practice of the CAC.



Because of the increasing contribution of aquaculture to the supply of fish for 
human consumption, safety and quality issues in this sector have been receiving special 
attention. For example, aquaculture products were involved in 28–63 percent of alert 
cases in the European Union (Member Organization) in the period 2000–05, mainly 
because of the presence of high residues of veterinary drugs, unauthorized chemicals 
and bacterial pathogens. For the 2005 alone, 177 alert cases were due to aquaculture 
products that contained bacterial pathogens (37  percent), nitrofurans (27  percent), 
green malachite (20 percent), excess residues of sulphites (13 percent) and unacceptable 
residues of veterinary drugs (3 percent) (Figure 59) (Ababouch, 2012).



These concerns have spurred the development of private standards and certification 
schemes to be used in business-to-business transactions between suppliers and buyers. 
However, this has led to the proliferation of market standards and confusion of 
consumers and producers as to which certification programmes carry the most value. 
It also raises questions about which certification programmes best serve consumer 
protection, the environment, the public and the producers. 



Consequently, in 2006, FAO was requested to develop international guidelines for 
certification in aquaculture. These guidelines were finalized and adopted in 2011 by 
the Twenty-ninth Session of COFI. They can be used by government, private-sector 
or other organizations to develop transparent and reliable certification standards and 
schemes in aquaculture.
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7.1.4 world organisation for animal health (rohana Subasinghe and 
Melba reantaso)
The World Organisation for Animal Health,46 an intergovernmental organization 
created on 25 January 1924 as the Office International des Epizooties (OIE) and based 
in Paris, had 178  member countries and territories as of September 2012. The OIE 
has the objectives of ensuring transparency in the global animal disease and zoonosis 
situation by each member country undertaking to report the animal diseases that it 
detects on its territory. The information, which also includes diseases transmissible to 
humans, is disseminated by the OIE to other countries, immediately or periodically 
depending on the seriousness of the diseases, so that countries can take the necessary 
preventive actions. The latest scientific information on animal disease control is also 
collected by the OIE and such information is then made available to member countries 
and territories to help improve the methods used to control and eradicate these 
diseases. Technical support is provided by the OIE to member countries requesting 
assistance with animal disease control and eradication operations, including diseases 
transmissible to humans. With regard to aquatic animal diseases, the main normative 
works produced by the OIE are the Aquatic Animal Health Code47 and the Manual of 
Diagnostic Tests for Aquatic Animals.48 Standards issued by the OIE are recognized by 
the WTO as reference international sanitary rules.



The OIE Aquatic Animal Health Code (the Aquatic Code) sets out standards for 
the improvement of aquatic animal health and welfare and veterinary public health 
worldwide, including through standards for safe international trade in aquatic animals 
(amphibians, crustaceans, fish and molluscs) and their products. The health measures 
in the Aquatic Code should be used by the veterinary authorities of importing and 
exporting countries to provide for early detection and reporting and to control agents 
pathogenic to aquatic animals and, in the case of zoonotic diseases, to humans, and 
to prevent their transfer via international trade in aquatic animals and aquatic animal 
products, while avoiding unjustified sanitary barriers to trade.



46  www.oie.int
47  www.oie.int/international-standard-setting/aquatic-code/
48  www.oie.int/manual-of-diagnostic-tests-for-aquatic-animals/



FIgure 59
alert cases involving fish exported to the european union (member organization), 2000–05
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The Aquatic Code deals with general obligations related to certification and 
certification procedures during trade (import and export) and movement of aquatic 
animals and animal products. An international aquatic animal health certificate is a 
document, drawn up by the exporting country in accordance with the Aquatic Code, 
describing the aquatic animal health requirements for the exported commodity. 
The assurance given to the importing country that diseases will not be introduced 
through the importation of aquatic animals or aquatic animal products depends on 
the quality of the exporting country’s aquatic animal health infrastructure and the 
rigour with which international aquatic animal health certificates are issued in the 
exporting country. These international aquatic animal health certificates are intended 
to facilitate safe trade and should not be used to impede it by imposing unjustified 
health conditions. In all cases, the exporting country and the importing country should 
refer to the health conditions recommended in the Aquatic Code before agreeing on 
the terms of the certificate. They should also respect their rights and obligations under 
the SPS Agreement.



One of the key objectives of the Aquatic Code is to help OIE members trade 
safely in aquatic animals and animal products by developing relevant aquatic animal 
health measures. These recommendations address aquatic animal health hazards and 
food safety hazards in aquatic animal feed. A key objective is to prevent the spread, 
via aquatic animal feed, of diseases from an infected area to a disease-free area. These 
recommendations complement the CAC Code of Practice on Good Animal Feeding 
(CAC/RCP 54-2004). The FAO Technical Guidelines for Responsible Fisheries 
Aquaculture Development: 1. Good Aquaculture Feed Manufacturing Practice (FAO, 
2001) and the FAO / International Feed Industry Federation Good Practices for the 
Feed Industry (FAO/IFIF, 2010) may be relevant sources of guidance. 



The Aquatic Code also provides guidance for members to address appropriately 
the selection and spread of resistant micro-organisms and antimicrobial resistance 
genes due to the use of antimicrobial agents in aquatic animals. The Aquatic Code 
also provides principles on the responsible and prudent use of antimicrobial agents in 
aquatic animals, with the aim of protecting both animal and human health. 



Another aspect that the Aquatic Code addresses is fish welfare. The OIE is currently 
developing recommendations for the welfare of farmed fish (excluding ornamental 
species) during transport, slaughter, and destruction for disease control purposes. 



In response to the demand from consumers worldwide for safe food, the OIE is 
working with relevant organizations to reduce food-borne risks to human health due 
to hazards arising from animal production. In this context, a hazard is defined as a 
biological, chemical or physical agent in food with the potential to cause an adverse 
health effect in humans, whether or not it causes disease in animals. The Third OIE 
Strategic Plan (2001–2005)49 recommended that “OIE should be more active in the 
area of public health and consumer protection” and noted that this should include 
“zoonoses and diseases transmissible to humans through food, whether or not animals 
are affected by such diseases”, with the object of improving the safety of the “food 
production to consumption continuum” worldwide. 



In 2002, the director-general of the OIE established a permanent Working Group 
on Animal Production Food Safety (APFSWG) to coordinate the food safety activities 
of the OIE. The APFSWG’s membership includes internationally recognized experts 
from FAO, WHO and the CAC, and reflects a broad geographical basis. 



The Fourth OIE Strategic Plan (2006–2010), firmly established the OIE’s role and 
work programme relevant to food safety in animal production and the arrangements 
for cooperation with the CAC in the provision to member governments and 
other interested parties of consistent, coherent and complementary advice on the 



49  www.oie.int/doc/ged/D2128.PDF
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management of food safety risks from the farm to the fork. The Fifth OIE Strategic 
Plan (2011–2015) confirms the mandate of the APFSWG to continue working with 
relevant organizations, especially the CAC, FAO and WHO, with the goal of reducing 
risks to human health due to hazards arising from animal products. The APFSWG will 
continue its programme for the development of standards relevant to the pre-slaughter 
sector of the food chain, with a primary focus on food safety measures applicable at the 
farm level. This work covers pathogens and other hazards that do not normally cause 
disease in animals.



7.2 euroPean unIon (member organIzaTIon) (ALAn reILLy)
7.2.1 Introduction
Following the publication of the White Paper on Food Safety in 2000,50 and the 
subsequent review of the food hygiene regulations of the European Union (Member 
Organization), new rules, which were accompanied by regulations on the organization 
of official food controls, came into force in 2006. The approach taken in the legislation 
is to separate aspects of food hygiene from animal health, and it aims to remove any 
duplication and inconsistencies that could cause difficulties for both businesses and 
regulatory authorities. The legislation focuses on the need to protect public health in a 
way that is effective, proportionate and based on risk. 



A key aspect of the legislation is that all food and feed business operators, 
from farmers and processors to retailers and caterers, have principal responsibility 
for ensuring that food placed on the market in the European Union (Member 
Organization) meets the required food safety standards. The regulations apply at 
every stage in the food chain, including primary production (i.e. farming, fishing and 
aquaculture) in line with the “farm to fork” approach to food safety in the European 
Union (Member Organization). The regulations apply to food businesses that catch 
and farm fish and crustaceans, that farm and handle live bivalve molluscs and those 
handling and processing fish and fishery products. The responsibilities of food business 
operators are clearly set out the in the regulations, which also require appropriate own-
checks to be carried out and include the taking of samples by industry to ensure the 
marketing of safe fishery products. The regulations also include provisions for guides 
to good practice to be developed by industry with support from other stakeholders. 
The legislation applies directly to food businesses, and the effect the legislation will 
have depends on the size and nature of the business.



The food hygiene regulations constitute a complementary set of rules to harmonize 
food safety measures in the European Union (Member Organization). They are a suite 
of several regulations including Regulation EC/852/2004 (EC, 2004c), which lays 
down the general hygiene requirements for all food business operators, and Regulation 
EC/853/2004 (EC, 2004a), which lays down additional specific requirements for food 
businesses dealing with foods of animal origin, including live bivalve molluscs and 
fishery products. Regulation EC/854/2004 (EC, 2004b) lays down the official controls 
for foods of animal origin. The basis for the regulations is set down by the General 
Food Law Regulation EC/178/2002 (EC, 2002a), which provides a framework to 
ensure a coherent approach in the development of food legislation. The General Food 
Law Regulation set down definitions, principles and obligations covering all stages of 
food and feed production and distribution. Other related recent legislation includes the 
regulation on microbiological criteria for foodstuffs, the regulation on official feed and 
food controls, and the regulation on feed hygiene.



50  http://ec.europa.eu/food/food/intro/white_paper_en.htm
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7.2.2 exporting fish and fishery products to the market of the european 
union (member organization) 
For all food and feed, including fish and fishery products, the general principle is that 
the product meets or is equivalent to the standards of the European Union (Member 
Organization). In addition, under current arrangements, in order to export products 
of animal origin to the European Union (Member Organization), the country must be 
approved for the relevant commodity and the products must originate in an establishment 
that is approved to export to the European Union (Member Organization).51 Lists are 
maintained at the level of European Union (Member Organization) of countries and 
establishments from which imports are permitted.52 Countries and establishments 
approved in this manner are commonly referred to as “listed”. In order to be listed, 
the third country concerned must provide guarantees that exports to the European 
Union (Member Organization) meet, or are equivalent to, the standards prescribed in 
the relevant legislation of the European Union (Member Organization). 



All consignments of live animals and products of animal origin introduced into 
the territory of the European Union (Member Organization) must be presented at an 
approved border inspection post53 of the European Union (Member Organization) 
to undergo mandatory veterinary checks, and they must be accompanied by a health 
certificate.



7.2.3 food business registration and approval
Under the current legislation, primary producers involved in fishing and aquaculture 
must be registered with the national competent authority as food business operators. 
Operators will need to register before starting at a new location and will also 
need to inform the competent authority of the nature of their business. Moreover, 
establishments must be approved if they handle products of animal origin for which 
specific hygiene conditions are laid down in the legislation of the European Union 
(Member Organization). This includes those handling live bivalve molluscs and 
fishery products. Premises in compliance with the new regulations should be issued an 
approval number that must accompany all shipment documentation.



7.2.4 Identification marking and labelling
A food business must apply its identification mark before the product leaves the 
establishment of production. This mark must be legible, indelible and clearly visible 
for inspection. It must show the name or two-letter code of the country (for example, 
IE for Ireland) and the approval number of the premises. 



7.2.5 Primary production
The farm-to-fork approach of the legislation of the European Union (Member 
Organization) embraces primary production, and the general principles of food 
hygiene legislation now extend to all operations engaged in the primary production of 
food.



“Primary production” is defined as the production, rearing or growing of primary 
products up to and including harvesting, hunting, fishing, milking and all stages of 
animal production prior to slaughter. Fish and shellfish farmers are primary producers 
and are required to follow good farming practices and manage their operations as set 
out in Annex 1 of Regulation EC/852/2004 (EC, 2004c). Primary producers are not 
required to implement an HACCP system.



51  http://ec.europa.eu/food/international/trade/guide_thirdcountries2006_en.pdf
52  http://ec.europa.eu/food/food/biosafety/establishments/third_country/index_en.htm
53  http://ec.europa.eu/food/animal/bips/approved_bips_en.htm
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In practical terms, the requirements for primary producers amount to the application 
of good standards of basic hygiene. Primary producers must ensure that hazards are 
acceptably controlled and that they comply with existing legislation. Under current 
rules, primary producers need to take steps, for example, to:



•	 prevent contamination arising from water, soil, feed, veterinary products, 
waste, etc;



•	 keep animals (fish) intended to be placed on the market for human consumption 
clean;



•	 take account of results from tests relevant to animal and human health;
•	 use medicines appropriately.



The requirements for food business operators in Annex 1 of Regulation EC/852/2004 
(EC, 2004c) also apply to certain associated activities that include:



•	 the transport, handling and storage of primary products at the place of 
production, where their nature has not been substantially altered;



•	 the transport of live animals, where this is necessary;
•	 transport, from the place of production to an establishment, of products of 



plant origin, fishery products and wild game, where their nature has not been 
substantially altered.



7.2.6 general requirements for food business operators
Food business operators, such as fish processors and manufacturers, carrying out 
activities other than primary production have to comply with the general hygiene 
provisions of Annex II of Regulation EC/852/2004 (EC, 2004c). This annex sets out 
the details for the hygiene requirements for:



•	 food premises, including outside areas and sites;
•	 transport conditions;
•	 equipment;
•	 food waste;
•	 water supply;
•	 personal hygiene of persons in contact with food;
•	 food;
•	 wrapping and packaging;
•	 heat treatment, which may be used to process certain foodstuffs;
•	 training of food workers.



7.2.7 requirements for live bivalve molluscs and fishery products
Food business operators making or handling products of animal origin must also 
comply with the provisions of Regulation EC/853/2004 and where appropriate, certain 
specific rules concerning microbiological criteria for foodstuffs, temperature control 
and compliance with the cold chain, and sampling and analysis requirements. Foods 
of animal origin include live bivalve molluscs and fishery products. The provisions 
of Regulation EC/853/2004 apply to unprocessed and processed products of animal 
origin, but do not apply to composite foods, i.e. foods containing both products 
of plant origin and processed products of animal origin (EC, 2004a). However, the 
processed products of animal origin used in composite foods must be obtained and 
handled in accordance with the requirements of Regulation (EC) No 853/2004. 



Regulation EC/854/2004 lays down specific rules for the organization of official 
controls on products of animal origin intended for human consumption (EC, 2004b). 
This regulation supplements Regulation EC/852/2004 on hygiene of foodstuffs and 
Regulation EC/853/2004 on specific hygiene rules for foodstuffs of animal origin (EC, 
2004c, 2004a). This official control regulation gives details of the controls to be carried 
out on live bivalve molluscs and fishery products. 
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Details in relation to the approval of establishments and the withdrawal of approval 
if serious deficiencies are identified on the part of the food business operator are also 
set out in Regulation EC/854/2004 (EC, 2004b). Food business operators must provide 
authorized officers with all assistance needed to carry out the controls, notably as 
regards access to premises and the presentation of documentation or records. The 
official controls include audits of GHPs and HACCP principles, as well as specific 
controls that have requirements determined by sector (including live bivalve molluscs 
and fishery products).



Regulation EC/2074/2005 sets out implementing measures for certain provisions 
of the hygiene regulations that apply to fish and fishery products (EC, 2008). This 
regulation includes rules for fishery products encompassing detection of parasites, 
maximum levels for total volatile nitrogen for certain species as a determinant of 
“fitness”, testing methods for marine biotoxins and labelling with cooking instructions 
for specified fish. 



7.2.8 live bivalve molluscs
Harvested live bivalve molluscs intended for human consumption must comply with 
high health standards applicable at all stages of the production chain. With the exception 
of the provisions on purification, the rules also apply to live echinoderms, tunicates 
and marine gastropods. The regulations include provisions for cooperation by food 
business operators in the classification system. Approved dispatch and purification 
centres are now required to establish an HACCP system as explained below.



Regulation EC/853/2004 (EC, 2004a) specifies requirements for the following areas:
•	 production of live bivalve molluscs from Class A, B or C production areas;
•	 harvesting of molluscs and their transport to a dispatch or purification centre, 



relaying area or processing plant;
•	 relaying of molluscs in approved areas under optimal conditions of traceability 



and purification;
•	 essential equipment and hygiene conditions in dispatch and purification 



centres;
•	 health standards applicable to live bivalve molluscs: freshness and viability; 



microbiological criteria, evaluation of the presence of marine biotoxins and 
harmful substances in relation to the permissible daily intake;



•	 health marking, wrapping, labelling, storage and transport of live bivalve 
molluscs;



•	 rules applicable to scallops harvested outside classified areas.
Regulation EC/854/2004 (EC, 2004b) specifies that new production areas require a 



sanitary survey and the establishment of a representative sampling programme based 
on the sanitary survey data. 



7.2.9 fishery products
Specific requirements for fish and fishery products cover the following elements:



•	 equipment and facilities on fishing vessels, factory vessels and freezer 
vessels: areas for receiving products taken on board, work and storage areas, 
refrigeration and freezing installations, pumping of waste and disinfection;



•	 hygiene on board fishing vessels, factory vessels and freezer vessels: cleanliness, 
protection from any form of contamination, washing with water and cold 
treatment;



•	 conditions of hygiene during and after the landing of fishery products: 
protection against any form of contamination, equipment used, auction and 
wholesale markets;



•	 fresh and frozen products, mechanically separated fish flesh, parasites harmful 
to human health (visual examination), and cooked crustaceans and molluscs;
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•	 processed fishery products;
•	 health standards applicable to fishery products: evaluation of the presence of 



substances and toxins harmful to human health;
•	 wrapping, packaging, storage and transport of fishery products.



Record-keeping – under current regulations, food business operators are required to 
keep records relevant to food safety, including:



•	 the nature and origin of animal/fish feed (if used);
•	 any veterinary products administered and their withdrawal dates (if used);
•	 any occurrence of disease that may affect food safety;
•	 the results of any analyses carried out;
•	 the health status of the animals prior to slaughter.



7.2.10 hazard analysis and Critical Control Point (haCCP)
The legislation of the European Union (Member Organization) on hygiene regulations 
requires food business operators (except primary producers) to put in place, implement 
and maintain a permanent procedure, or procedures, based on the principles of 
HACCP. The requirements take a risk-based approach and can be applied flexibly in 
all food businesses regardless of the size or nature of the business. 



7.2.11 Training
Food business operators are responsible for ensuring that food handlers have received 
adequate instruction and/or training in food hygiene to enable them to handle food 
safely. Training should be appropriate to the tasks of staff in a particular food business 
and be appropriate for the work to be carried out. Training can be achieved in different 
ways. These include in-house training, the organization of training courses, information 
campaigns from professional organizations or from regulatory authorities, guides to 
good practice, etc. With regard to HACCP training for staff in small businesses, it must 
be kept in mind that such training should be proportionate to the size and the nature of 
the business and should relate to the way that HACCP is applied in the food business. 
If guides to good practice for hygiene and for the application of HACCP principles 
are used, training should aim to make staff familiar with the content of such guides.



7.2.12 microbiological criteria of foodstuffs
The Microbiological Criteria for Foodstuffs Regulation (EC/2073/2005a) includes 
limits for certain micro-organisms in specified foodstuffs and sets down limits for 
food safety criteria and process hygiene criteria (EC, 2005). The regulation sets down 
the E. coli and Salmonella limits for placing live bivalve molluscs and live echinoderms, 
tunicates and gastropods on the market for human consumption. It also sets down 
limits for fishery products for the following:



•	 Listeria monocytogenes for RTE food;
•	 Salmonella for cooked crustaceans and molluscan shellfish;
•	 Histamine for species associated with high amounts of histidine;
•	 E. coli and coagulase-positive staphylococci for shelled and shucked products 



of cooked crustaceans and molluscan shellfish (process criteria).
Regulation EC/2073/2005 contains detailed controls encompassing sampling and 



analysis requirements (EC, 2005a). It is structured so that it can be applied flexibly in 
all food businesses, regardless of their type or size. Food business operators should 
apply the criteria within the framework of procedures based on HACCP principles. 
The criteria can be used by food business operators to validate and verify their food 
safety management procedures and when assessing the acceptability of foodstuffs, or 
their manufacturing, handling and distribution processes. 
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7.2.13 Traceability and withdrawal of food products
In accordance with Regulation EC/178/2002, food business operators must set up 
traceability systems and procedures for ingredients, foodstuffs and, where appropriate, 
animals used for food production (EC, 2002a). Similarly, where a food business 
operator identifies that a foodstuff presents a serious risk to health, it shall immediately 
withdraw that foodstuff from the market and inform users and the relevant competent 
authority.



7.2.14 animal health rules
Council Directive 2002/99/EC lays down the animal health rules governing the 
production, processing, distribution and introduction of products of animal origin for 
human consumption (EC, 2002b). 



Council Directive 2006/88/EC covers health requirements for aquaculture animals 
and controls of certain fish and bivalve diseases (EC, 2006c). The main aim of the 
directive is to raise standards of aquaculture health throughout the European Union 
(Member Organization) and to control the spread of disease while maintaining 
freedom for trade. While its focus is primarily aquaculture production businesses, it 
also contains provisions relating to stocked fisheries for angling, installations that keep 
fish but do not intend to market them, smaller-scale farmers who produce directly for 
human consumption, and fish kept for ornamental purposes.



7.2.15 animal and fish feeds
Regulation EC/183/2005 lays down the requirements for feed hygiene (EC, 2005b). It 
ensures that feed safety is considered at all stages of the feed chain that may have an 
impact on feed and food safety. The regulation requires the compulsory registration of 
all feed business establishments and the approval of those operators that are involved 
in the production of certain feed additives, pre-mixtures and compound feeding 
stuff. It also requires the application of GHPs at all levels of feed production and the 
introduction of the HACCP principles for the feed business operators other than at 
the level of primary production.



The regulation provides for a framework for the European Union (Member 
Organization) for guides to good practice in feed production, and such a guide has 
been published.54



7.2.16 residue monitoring programmes
Regulations of the European Union (Member Organization) include requirements for a 
wide range of food monitoring for residues of veterinary drugs, pesticides and chemical 
contaminants. Much of the legislation in this area refers to food animal production that 
would include farmed fish but does not always specifically refer to fish. In European 
Union (Member Organization), complex regulations exist for the approval of use of 
medicines for prevention or cure of animal diseases, for setting MRLs of permitted 
animal remedies and to check for compliance with these MRLs, for monitoring for 
levels of banned animal remedies, for monitoring levels of pesticides in farmed fish and 
for monitoring levels of chemical contaminants such as dioxins and heavy metals in 
fishery products. Methods of analyses and sampling plans for use during monitoring 
are also included in the regulations. 



Among the key regulations, Directive 2001/82/EC (EC, 2001c) stipulates that 
veterinary medicinal products can only be authorized or used in food producing 
animals if pharmacologically active substances contained therein have been assessed 
as safe according to Regulation EC 470/2009 which establishes MRLs for these 
products (EC, 2009b). Directive 1996/23/EC on residues monitoring contains specific 



54  http://ec.europa.eu/food/food/animalnutrition/feedhygiene/efmc_1_0_en.pdf











Assessment and management of seafood safety and quality - current practices and emerging issues312



requirements for the control of pharmacologically active substances that may be used 
as veterinary medicinal products in food animal production (EC, 1996a). This includes 
primarily sampling and investigation procedures, requirements on the documentation 
of use, indication for sanctions in case of non-compliance, requirements for targeted 
investigations and for the establishment and reporting of monitoring programmes. 
Directive 1996/22/EC prohibits the use of certain substances in food-producing 
animals (EC, 1996b). 



Sample frequencies for testing farmed fish for compliance with regulations of 
the European Union (Member Organization) have been published by the European 
Commission.55 For those countries where fish and fishery products from any farm are 
eligible to be exported to the European Union (Member Organization), the proportion 
of animals sampled should be taken relative to the annual national production figures. 
The minimum number of samples to be collected each year for veterinary drug residue 
analysis must be at least 1 per 100 tonnes of annual production. 



Food contaminants are substances that may be present in fish and fishery products 
due to environmental contamination, cultivation practices or production processes. 
If present above certain levels, these substances can pose a threat to human health. 
Regulations of the European Union (Member Organization) ensure that food placed 
on the market is safe to eat and does not contain contaminants at levels that could 
threaten human health. Maximum levels for certain contaminants in fishery products 
are set in Regulation EC/1881/2006 (EC, 2006a). This regulation includes MRLs 
for heavy metals such as lead, cadmium and mercury and for dioxins and PCBs and 
polycyclic aromatic hydrocarbons. Methods for sampling and analysing fish for 
the control of levels of lead, cadmium, mercury and benzo-α-pyrene are included 
in Regulation EC/333/2007 (EC, 2007b) and for dioxin and dioxin-like PCBs in 
Regulation EC/1883/2006 (EC, 2006b).



7.2.17 Inspections and auditing to verify compliance 
The European Commission has three main instruments at its disposal to ensure that 
legislation of the European Union (Member Organization) is properly implemented and 
enforced. It verifies the transposition by member States of legislation of the European 
Union (Member Organization) into national laws, and it analyses reports received 
from member States and third countries on the application of aspects of legislation, 
such as national residue programmes and animal feed controls. In addition, it carries 
out inspections in member States and third countries to check the implementation and 
enforcement of legislation of the European Union (Member Organization) by national 
competent authorities.



The control function at the level of the European Union (Member Organization) 
is mainly the responsibility of the Food and Veterinary Office (FVO),56 a directorate 
of DG Health and Consumers. Its main task is to carry out on-the-spot inspections 
to evaluate national control systems, to report on its findings and to follow up on the 
action taken by national competent authorities in response to its reports. The European 
Commission has published guidance for the importation of fish and fishery products 
from third countries.57



7.2.18 Conclusion
The integrated approach of the European Union (Member Organization) to food 
safety aims to ensure a high level of food safety, animal health, animal welfare and 
plant health within the European Union (Member Organization) through coherent  



55  http://ec.europa.eu/food/food/chemicalsafety/residues/sampling_levels_frequencies_jme.doc
56  http://ec.europa.eu/food/fvo/index_en.cfm
57  http://ec.europa.eu/food/international/trade/im_cond_fish_en.pdf
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farm-to-fork measures and adequate monitoring, while ensuring the effective 
functioning of the internal market. Regulations, directives and decisions in the food 
safety control area are regularly updated and published by the European Commission 
on its website.58



7.3 The unITed STaTeS of amerICa (TIM HAnSen)
7.3.1 The structure of regulatory authority in the united States of america
The United States of America has a decentralized system for food safety and quality 
regulation. There are no fewer than 17 federal government agencies involved in food 
regulation. The two most important agencies are the Food and Drug Administration 
(FDA) of the Department of Health and Human Services, which regulates all food 
except meat and poultry, and the Food Safety Inspection Service (FSIS) of the United 
States Department of Agriculture (USDA), which is primarily responsible for meat 
and poultry. The Environmental Protection Agency (EPA) regulates the safety of 
water. The Agricultural Marketing Service (AMS) offers product quality and grading 
services for a fee to all food commodity groups except seafood. Seafood quality and 
safety services for a fee are provided by the Seafood Inspection Program of National 
Oceanic and Atmospheric Administration (NOAA) Fisheries within the Department 
of Commerce. The Department of Homeland Security is involved in ensuring that 
intentional product adulteration does not occur.



7.3.1.1 Food and Drug Administration
The FDA exercises regulatory control over most food, drugs, biologics and medical 
devices. It derives its authority from the Federal Food Drug and Cosmetic Act, the 
Public Health Act and the Bioterrorism Act. Upon entry to the United States of 
America, all imported food products are subject to inspection and possible detention 
or refusal of entry. The FDA also monitors the domestic food supply through a system 
of laboratory analysis of randomly selected food products. More importantly, the FDA 
performs regulatory inspections of all food establishments to determine whether the 
conditions of manufacturing are sufficiently controlled to prevent food safety hazards.



7.3.1.2 United States Department of Agriculture
Food Safety Inspection Service: The FSIS of the USDA has regulatory control over 
meat and poultry consumed in the United States of America. It derives its authority 
through the Federal Meat Inspection Act, the Poultry Products Inspection Act and 
the Egg Products Inspection Act. Any “amenable species”, which includes beef, pork, 
sheep, chickens and turkeys, covered under these acts is closely regulated through an 
in-plant inspection presence at least at the slaughter operation. The animals undergo an 
anti-mortem health evaluation and their carcasses a post-mortem evaluation for food 
safety.



Agricultural Marketing Service (AMS): The AMS of the USDA offers product 
grading and quality services on a fee-for-service basis to the food industry. It has 
programmes in most food areas including meat grading, fruits and vegetables, milk and 
dairy and processed products. The AMS does not normally evaluate firms and products 
for food safety but relies on the FDA or FSIS to perform these functions.



7.3.1.3 Environmental Protection Agency
The EPA is a stand-alone cabinet-level organization of the United States Federal 
Government. Its director is a political appointee who reports directly to the President. 
The EPA regulates water safety and pesticide residues in foods. It is authorized to do 
so under the Clean Water Act and the Federal Food, Drug and Cosmetic Act. 



58  http://ec.europa.eu/food/index_en.htm
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7.3.1.4 Department of Homeland Security
Customs and Border Protection: Customs and Border Protection (CBP) works to 
prevent terrorist acts, including intentional adulteration of food shipped to the United 
States of America. It also monitors imports to ensure that they are legitimate goods and 
that appropriate duties are paid.



7.3.1.5 Seafood Inspection Program of NOAA Fisheries, Department of Commerce
The Seafood Inspection Program (SIP) offers a variety of services on a voluntary 
fee-for-service basis to the seafood industry both domestically and internationally. 
These services include product grading and quality evaluation, auditory oversight of 
HACCP programmes to ensure compliance to FDA laws and regulations and to allow 
the SIP to rely on the results of the firm’s system of control to issue certificates and 
grade marks. The SIP also ensures that contractual firms adhere to all appropriate laws 
and regulations, including labelling, sanitation and process controls. This programme 
inspected about 2.1 billion pounds (almost 1 million tonnes) of seafood in 2010, about 
41 percent of the total consumption in the United States of America.



In 2009, the SIP and FDA signed a memorandum of understanding that better 
defined the working relationship between the two agencies in the area of seafood 
regulation.59



7.3.1.6 State regulation
Most state governments have food safety laws that are applicable to seafood products. 
These are usually general food safety, food handling and sanitation requirements 
although some states do require the implementation of HACCP systems. State 
food safety officials tend to pay more attention to economic factors than do federal 
regulators, e.g. correct labelling, net weights, breading percentages. Two states, Alaska 
and Maine, have mandatory seafood inspection programmes. These states export large 
amounts of wild-caught seafood and want to ensure that the product is acceptable to 
consumers in other states and countries.



7.3.2 Important laws, regulations and guidance
7.3.2.1 Food, Drug and Cosmetic Act
This law60 covers all food (except meat and poultry), drugs and cosmetics.



7.3.2.2 Public Health Act
This act61 is a compendium of laws that promote public health.



7.3.2.3 Agricultural Marketing Act
The act62 provided for voluntary grading programmes for all food commodities under 
the AMS that promoted the safety and quality of food. 



7.3.2.3 Fish and Wildlife Act
This act63 transferred seafood inspection from the USDA to the Department of the 
Interior (DOI) Bureau of Commercial Fisheries (later the NOAA). It also gave the 
DOI the authority to perform food safety inspections.



59  www.seafood.nmfs.noaa.gov/2009_FDA-NOAA_MOU_seafood%20inspection.pdf
60  www.fda.gov/opacom/laws/fdcact/fdctoc.htm
61  www.fda.gov
62  http://edocket.access.gpo.gov/cfr_2008/janqtr/pdf/7cfr53.1.pdf
63  www.fws.gov/laws/lawsdigest/FWACT.HTML
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7.3.2.5 Bioterrorism Act 2002
This act64 calls for security measures for food, drugs and drinking-water and national 
preparedness for terrorist acts.



7.3.2.6 Lacey Act
This act65 is designed to protect wildlife from illegal exploitation. It allows any federal 
or state law to be used as a basis of prosecution. It is useful to fisheries enforcement 
officers and food and drug officers in taking legal action against illegally caught or 
misbranded wild seafood.



7.3.2.7 Food Safety Modernization Act
This newly enacted law is designed to better enable the FDA to enforce food safety 
and better protect public health. See a complete description of this law below 
(Section 7.3.4.3).



7.3.2.8 Country of Origin Labeling Act
The following explanation may be found at the website operated by the AMS.66



“Country of Origin Labeling (COOL) is a labeling law that requires retailers, 
such as full-line grocery stores, supermarkets and club warehouse stores, notify their 
customers with information regarding the source of certain foods. Food products 
(covered commodities) contained in the law include muscle cut and ground meats: 
beef, veal, pork, lamb, goat, and chicken; wild and farm-raised fish and shellfish; fresh 
and frozen fruits and vegetables; peanuts, pecans, and macadamia nuts; and ginseng. 
Regulations for fish and shellfish covered commodities (7 CFR Part 60) became 
effective in 2005. The final rule for all covered commodities (7 CFR Part 60 and Part 
65) went into effect on March 16, 2009. AMS is responsible for administration and 
enforcement of COOL.”



The COOL law requires that:
 “Under this final rule, a fish or shellfish imported covered commodity shall retain 



its origin as declared to CBP at the time the product enters the United States, through 
retail sale, provided it has not undergone a substantial transformation (as established 
by CBP [Custom Border Protection]) in the United States.”



“[W]ild fish and shellfish, if a covered commodity was imported from country X 
and substantially transformed (as established by CBP) in the United States or aboard 
a United States flagged vessel, the product shall be labelled at retail as ‘‘From [country 
X], processed in the United States.’’ Alternatively, the product may be labelled as 
‘‘Product of country X and the United States’’. The covered commodity must also 
be labelled to indicate that it was derived from wild fish or shellfish. In the case of 
farm-raised fish, if a covered commodity was imported from country X at any stage of 
production and substantially transformed (as established by CBP) in the United States, 
the product shall be labelled at retail as ‘‘From [country X], processed in the United 
States.’’ Alternatively, the product may be labelled as ‘‘Product of country X and the 
United States’’. The covered commodity shall also be labelled to indicate that it was 
derived from farm-raised fish or shellfish.”



7.3.2.9 21 Code of Federal Regulation 110
This regulation67 specifies GMPs for food production.



64  www.fda.gov/regulatoryinformation/legislation/ucm148797.htm
65  www.aphis.usda.gov/plant_health/lacey_act/
66  www.ams.usda.gov/AMSv1.0/COOL
67  www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm?cfrpart=110
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7.3.2.10 21 Code of Federal Regulation 113
This regulation68 addresses low-acid canned food requirements. 



7.3.2.11 21 Code of Federal Regulation 123
This regulation69 is the seafood HACCP requirements for all seafood produced or 
shipped to the United States of America. 



7.3.2.12 50 Code of Federal Regulation 260
This is the regulation70 covering inspection and certification of establishments and 
fishery products for human consumption. 



7.3.2.13 The Fish and Fishery Products Hazard Guide
In April 2011, the FDA published the fourth edition of the Fish and Fishery Product 
Hazard Guide. This guidance is intended to advise the seafood industry on how to 
conduct a hazard analysis, and develop a suitable preventive HACCP plan that will 
satisfy regulators and ensure food safety. The guide has chapters describing all the 
major known food safety hazards for seafood including process-related hazards and 
species-related hazards. This publication is essential in applying the HACCP concept 
and regulatory compliance. As there is no other publication that has the scope and 
detail to design and implement an adequate HACCP plan, it is recognized worldwide 
as the best source of information for this complex and difficult subject.



7.3.3 food law implementation for seafood
7.3.3.1 Domestic implementation for seafood
Currently, the two federal agencies that regulate the product and conditions of 
production are the FDA and the NOAA Fisheries Seafood Inspection Program. 
The FDA focuses its inspection effort on the conditions of production that may 
affect the safety of the product, e.g. sanitation and preventive HACCP programmes. 
Investigators from the FDA take samples of seafood on a routine basis for analysis for 
any possible hazard that may occur in that product. The SIP concentrates on ensuring 
compliance with FDA laws and regulations and also evaluates product for safety and 
quality. 



The two most important regulations for seafood are the current GMPs 21  Code 
of Federal Regulation 110 and the seafood HACCP Regulation 21 Code of Federal 
Regulation 123. The current GMPs deal mainly with sanitation, food handling and 
hygiene. These requirements are applicable to all food products. These are the so-called 
prerequisite programmes for preventive control systems that are the basic tenet of 
any food safety system. The seafood HACCP regulations are specific to seafood and 
require that appropriate preventive controls of likely hazards are established for the 
processing of all seafood products. A system of systems verification including records 
review is also required to ensure that the system is working properly. 



This regulation is supported by the Fish and Fishery Products Hazard Guide, 
which gives detailed instruction about how to identify hazards, write and implement 
a HACCP plan and other regulatory requirements that seafood producers need to be 
aware of.



Inspections by the FDA are auditory in nature. Inspectors will visit a plant 
unannounced and evaluate its sanitation conditions and HACCP systems. These 
inspections will generally take 1–5  days to complete. When the investigator has 
completed the inspection, a so-called form 483 will be issued that lists objectionable 



68  www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm?cfrpart=113
69  www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm?cfrpart=123
70  www.seafood.nmfs.noaa.gov/50CFR260-261.PDF
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observations. The investigator will usually advise the firm to submit a written 
description of how it intends to correct the problems. 



It is advisable that the firm responds immediately to the observations and submits 
appropriate corrections. In many cases, responsiveness by the firm will convince 
FDA officials that further regulatory action is unnecessary. If the firm believes that 
the FDA investigator’s observations are incorrect or not scientifically based, it should 
inform the FDA in writing of its reasoning. The FDA has a policy related to HACCP 
controls that it has called the “continuation policy”, which states that the firm may 
petition the FDA if it believes that its system of control has a sound scientific basis but 
does not conform to the Fish and Fishery Product Guide. If the reasoning appears to 
be valid, scientists at the Center for Food Safety and Applied Nutrition will evaluate 
the information submitted by the firm for scientific validity. If the firm’s reasoning is 
acceptable, no further regulatory actions are likely to take place for that issue.



The FDA also requires that all food manufacturers register under the Bioterrorism 
Act of 2002. The process is accomplished by filling out a web-based form and 
submitting the information to the FDA.



The SIP oversees about one-third of the United States consumption of seafood. 
It has contracts with many of the larger firms in the United States of America and, 
depending on the type of service, it will be in the plant and inspect on a continuous 
basis or will audit the firm four or more times per year. In either case, firms will 
undergo a rigorous systems audit for preventive controls and sanitation at least four 
times per year. The SIP will also require that a firm submit written corrective actions 
to systems audit checklists. If corrections are not made, the contract may be suspended 
or revoked and the firm will not receive the certifications and grade marks that its 
customers require.



7.3.3.2 Import implementation for seafood
Imported seafood is subject to the regulatory oversight of the FDA. Any consignment 
offered for entry into the United States of America is subject to inspection by FDA 
import officers. These officers use a digital system for selection of seafood products 
that is based on the relative risk of the product to the consumer. Theoretically, a cooked 
RTE product should be sampled and analysed at a much higher rate than raw products 
with no inherent hazards. Once a consignment is targeted for inspection and analysis, 
it may be subject to a visual examination or more rigorous analytical testing for 
contaminants. If the officer sees any discrepancy with the product that constitutes an 
“appearance of adulteration”, the importer then assumes the burden of proof that the 
product is not adulterated and it may be tested at the expense of the importer or denied 
entry. In any case, the product will be placed in expensive bonded warehouse until the 
matter is resolved. An appearance can be mislabelling, inadequate packaging protecting 
the product or anything that seems to be non-compliant with the regulations and laws. 
If contaminants are found and there is a reasonable way to eliminate them, e.g. cooking 
raw product with microbiological contamination, then the importer may petition the 
FDA to do so with specific explanations about how the processing will eliminate the 
hazard.



If the FDA believes that product imported from a particular firm, country or 
region has a high probability of adulteration, it may issue an import alert. An import 
alert will list all the affected firms, countries or regions and it will require appropriate 
analytical testing on each lot offered for importation into commerce of the United 
States of America. Firms, countries or regions will have to show that the root cause of 
the problem that created the adulteration has been eliminated. For seafood firms that 
are subject to the Seafood HACCP Regulation, this usually requires that the FDA 
or a reliable third party has verified that the correction has occurred. This may cause 
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problems if there are many affected firms as it may take the FDA a significant period 
to verify the corrections.



Importers must give prior notice to the CBP that a shipment is going to be offered 
for entry under the food protection provisions of the Bioterrorism Act. The time 
limitations vary according to what conveyance the product is transported in.



Importers also must comply with “21 Code of Federal Regulation 123.12 Special 
requirements for imported products”. The purpose of this provision in the HACCP 
regulations is to ensure that products entering into United States commerce are in 
compliance with the Seafood HACCP Regulation similar to domestically produced 
seafood. The importer of record must buy seafood from a country with an active 
memorandum of understanding with the FDA or have written verification procedures 
that outline product food safety specifications and affirmative steps as follows:



•	 obtaining from the foreign processor the HACCP and sanitation monitoring 
records required by this part that relate to the specific lot of fish or fishery 
products being offered for import; 



•	 obtaining either a continuing or lot-by-lot certificate from an appropriate 
foreign government inspection authority or competent third party certifying 
that the imported fish or fishery product is or was processed in accordance 
with the requirements of this part; 



•	 regularly inspecting the foreign processor’s facilities to ensure that the 
imported fish or fishery product is being processed in accordance with the 
requirements of this part; 



•	 maintaining on file a copy, in English, of the foreign processor’s HACCP plan, 
and a written guarantee from the foreign processor that the imported fish or 
fishery product is processed in accordance with the requirements of this part; 



•	 periodically testing the imported fish or fishery product, and maintaining 
on file a copy, in English, of a written guarantee from the foreign processor 
that the imported fish or fishery product is processed in accordance with the 
requirements of this part or other such verification measures as appropriate that 
provide an equivalent level of assurance of compliance with the requirements 
of this part;



•	 an importer may hire a competent third party to assist with or perform any or 
all of the verification activities specified above, including writing the importer’s 
verification procedures on the importer’s behalf.



7.3.3.3 Monitoring and analysis for seafood
The FDA does not perform a large volume of analytical monitoring for domestic 
product. The Center for Food Safety and Applied Nutrition has an annual compliance 
plan that specifies, among other inspection activities, what products will be sampled 
and what analysis will occur. There is also a standing sampling plan called Toxic 
Elements, where appropriate chemical analysis is performed at a specified rate.



Imported products are more likely to be monitored and analysed than domestic 
products although the overall monitoring rate is about one percent. Import officers use 
a digital risk assessment system to make random choices of consignment for sampling, 
and the appropriate analysis is then performed.



7.3.3.4 Regulatory actions for seafood 
During routine inspections of seafood manufacturing facilities, FDA investigators 
may find conditions of production or lack of preventive controls that they judge to 
be serious or critical in nature. The investigator will note the egregious condition on 
Form 483 List of Observations. If the firm does not correct the deficiency, the FDA 
will issue a Warning Letter. This is an official letter informing the firm that the FDA 
intends to take regulatory action through the court system. If the FDA finds similar 
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conditions on a follow-up inspection, regulatory action will probably occur. This will 
mean that the FDA will pursue a court action. However, the agency must go through 
an exhaustive review process before the court action can go forwards. This will include 
a review of the sufficiency of the evidence by the district that will classify the action 
and send the case file to the Center for Food Safety and Applied Nutrition, which 
will again look at the evidence development through the Office of Compliance and 
send it to the Office of Food Safety Division of Seafood for scientific review. If the 
investigator and district scientific reasoning is sound, the case file goes to the Office 
of General Counsel for final legal review. Once the Office of General Counsel is 
satisfied that a sufficient case exists, the assigned attorney will refer the case to the 
United States Attorney (who works for the Department of Justice) near the location 
of the manufacturing plant who may or may not choose to prosecute the case. If the 
prosecution is successful, the federal court will generally issue an injunction against the 
firm, which is an order by the court to stop all processing until the FDA is satisfied 
that the egregious conditions are corrected. As this is an elaborate process, only a few 
regulatory actions are adjudicated in court each year.



If the FDA has knowledge that a lot of food is adulterated, it may take action against 
the product itself and seek a seizure of the product by federal officials. As the FDA 
does not do a great deal of product inspection for domestic seafood, this is generally 
a rare event. However, imports are routinely analysed for appropriate hazards. If an 
imported consignment is found to be adulterated, it can be reprocessed to eliminate 
the hazard (if possible), destroyed or not allowed in commerce and shipped out of the 
United States of America.



7.3.4 recent changes in seafood regulation
7.3.4.1 Proposed regulatory changes for catfish 
The 2008 Farm Bill granted the FSIS regulatory control over catfish. It amended the 
Federal Meat Inspection Act (FMIA) to include catfish as an “amenable species” 
similar to beef, pork and lamb. It requires that a federal inspector be present during 
the slaughter operation and that food safety preventive controls be in place as well as 
controls for labelling and marks. The 2002 Farm Bill defined catfish as North American 
catfish in the Ictaluridae family. The 2008 Farm Bill allows the Secretary of Agriculture 
to define the scope of the catfish regulation. That decision has yet to be made although 
Congress mandated that it be decided by early 2009. The new definition may be as 
broad as the order Siluriformes which encompasses all catfish including Pangasius or 
limited to Ictaluridae. 



The FMIA also requires that imports be produced under equivalent controls to the 
United States of America before the product can be allowed into the United States 
market. As equivalent controls do not currently exist in catfish-producing countries, 
this provision would effectively stop importation until such a system was established 
by the exporting country’s competent authority and audited and verified by the FSIS. 
This process typically takes two to three years or longer.



The 2008 Farm Bill legislation also allows the Secretary of Agriculture to expand 
regulation to all farm-raised fishery products if so petitioned by the interested public. 
If such a decision were made, this could include other commodity areas such as 
shrimp, tilapia and other cultured species. These species would then also be subject to 
import restrictions until an equivalent level of control was established by the exporting 
country.



This legislation, if enacted, has the potential for a significant effect on the regulation 
of aquaculture products for food safety and the ability for exporting nations to 
penetrate the United States market with the species concerned.



As of summer 2013, the FSIS has not implemented this legislation nor has the 
Secretary of Agriculture decided the scope of the USDA regulatory oversight. It 
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appears unlikely that implementation will occur. The United States Government 
is experiencing significant budgetary problems and new and duplicative federal 
programmes will be targets for eliminating wasteful spending. Moreover, the FSIS did 
not receive funding for this programme in the Fiscal Year 2012 budget. It is estimated 
that it would cost about US$160 million to implement fully. This money will have to 
come from the meat and poultry inspection budget, which is also underfunded. As 
important food safety controls will be affected, it does not appear likely that there 
will be any funding for catfish regulatory programmes. In spring 2013, legislation was 
proposed to repeal the amendment to the FMIA.



7.3.4.2 Cross-cutting food safety activities in the United States Federal Government
Since mid-2007, there have been several food safety incidents that have caused 
considerable public concern. These incidents have generated interest from the federal 
government. In summer 2007, the Office of Management and Budget, the executive 
branch of the White House, asked the various agencies to form an ad hoc group 
to examine the safety problems of imports and what measures the United States 
Government might take to ensure safety to the American consumer. This group also 
looked at food safety measures as well as toys and other commodities. The FDA 
also published the Food Protection Plan71 that outlined its plan to better protect the 
consumer from food safety risks. At this time, several legislative acts were proposed 
that would enhance food safety in the United States of America. Because of the concern 
over food safety risks, it is likely that food regulation, including seafood, will change 
significantly in the years ahead. The authorizing of the FSIS to regulate catfish is 
perhaps the first example of this change. Anyone selling seafood to customers in the 
United States of America should pay careful attention to regulatory requirements.



7.3.4.3 Food Safety Modernization Act Public Law 111-353 21 USC 2201
In January 2011, the President of the United States of America, Barack Obama, signed 
the Food Safety Modernization Act (FSMA) into law. This is a significant new law that 
enables the FDA to implement much stronger enforcement of food safety measures to 
better protect public health. This will include new regulatory tools and enforcement 
authorities.



The FDA website for the act72 has the following description of the new act. 
The following are among the FDA’s key new authorities and mandates. Specific 
implementation dates specified in the law are noted in parentheses: 



“Prevention: For the first time, FDA will have a legislative mandate to require 
comprehensive, science-based preventive controls across the food supply. This 
mandate includes: 



•	 Mandatory preventive controls for food facilities: Food facilities are required 
to implement a written preventive controls plan. This involves: (1) evaluating 
the hazards that could affect food safety, (2) specifying what preventive steps, 
or controls, will be put in place to significantly minimize or prevent the 
hazards, (3) specifying how the facility will monitor these controls to ensure 
they are working, (4) maintaining routine records of the monitoring, and (5) 
specifying what actions the facility will take to correct problems that arise. 
(Final rule due 18 months following enactment) 



•	 Mandatory produce safety standards: FDA must establish science-based, 
minimum standards for the safe production and harvesting of fruits and 
vegetables. Those standards must consider naturally occurring hazards, as well 
as those that may be introduced either unintentionally or intentionally, and 



71  www.fda.gov/Food/GuidanceRegulation/FoodProtectionPlan2007/default.htm
72  www.fda.gov/Food/GuidanceRegulation/FSMA/ucm239907.htm
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must address soil amendments (materials added to the soil such as compost), 
hygiene, packaging, temperature controls, animals in the growing area and 
water. (Final regulation due about 2 years following enactment) 



•	 Authority to prevent intentional contamination: FDA must issue regulations to 
protect against the intentional adulteration of food, including the establishment 
of science-based mitigation strategies to prepare and protect the food supply 
chain at specific vulnerable points. (Final rule due 18 months following 
enactment).



Inspection and Compliance: The FSMA recognizes that preventive control 
standards improve food safety only to the extent that producers and processors comply 
with them. Therefore, it will be necessary for FDA to provide oversight, ensure 
compliance with requirements and respond effectively when problems emerge. FSMA 
provides FDA with important new tools for inspection and compliance, including: 



•	 Mandated inspection frequency: The FSMA establishes a mandated inspection 
frequency, based on risk, for food facilities and requires the frequency of 
inspection to increase immediately. All high-risk domestic facilities must be 
inspected within five years of enactment and no less than every three years 
thereafter. Within one year of enactment, the law directs FDA to inspect at 
least 600 foreign facilities and double those inspections every year for the next 
five years. 



•	 Records access: FDA will have access to records, including industry food 
safety plans and the records firms will be required to keep documenting 
implementation of their plans. 



•	 Testing by accredited laboratories: The FSMA requires certain food testing 
to be carried out by accredited laboratories and directs FDA to establish a 
program for laboratory accreditation to ensure that United States food testing 
laboratories meet high quality standards. (Establishment of accreditation 
program due 2 years after enactment).



Response: The FSMA recognizes that FDA must have the tools to respond 
effectively when problems emerge despite preventive controls. New authorities include: 



•	 Mandatory recall: The FSMA provides FDA with authority to issue a 
mandatory recall when a company fails to voluntarily recall unsafe food after 
being asked to by FDA. 



•	 Expanded administrative detention: The FSMA provides FDA with a more 
flexible standard for administratively detaining products that are potentially 
in violation of the law (administrative detention is the procedure FDA uses to 
keep suspect food from being moved). 



•	 Suspension of registration: FDA can suspend registration of a facility if it 
determines that the food poses a reasonable probability of serious adverse 
health consequences or death. A facility that is under suspension is prohibited 
from distributing food. (Effective 6 months after enactment) 



•	 Enhanced product tracing abilities: FDA is directed to establish a system that 
will enhance its ability to track and trace both domestic and imported foods. 
In addition, FDA is directed to establish pilot projects to explore and evaluate 
methods to rapidly and effectively identify recipients of food to prevent or 
control a food-borne illness outbreak. (Implementation of pilots due 9 months 
after enactment) 



•	 Additional Recordkeeping for High Risk Foods: FDA is directed to issue 
proposed rulemaking to establish recordkeeping requirements for facilities 
that manufacture, process, pack, or hold foods that the Secretary designates as 
high-risk foods. (Implementation due 2 years after enactment). 
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Imports: The FSMA gives FDA unprecedented authority to better ensure that 
imported products meet United States standards and are safe for United States 
consumers. New authorities include: 



•	 Importer accountability: For the first time, importers have an explicit 
responsibility to verify that their foreign suppliers have adequate preventive 
controls in place to ensure that the food they produce is safe. (Final regulation 
and guidance due 1 year following enactment) 



•	 Third Party Certification: The FSMA establishes a program through which 
qualified third parties can certify that foreign food facilities comply with 
United States food safety standards. This certification may be used to facilitate 
the entry of imports. (Establishment of a system for FDA to recognize 
accreditation bodies is due 2 years after enactment) 



•	 Certification for high risk foods: FDA has the authority to require that  
high-risk imported foods be accompanied by a credible third party certification 
or other assurance of compliance as a condition of entry into the United States 
of America 



•	 Voluntary qualified importer program: FDA must establish a voluntary 
program for importers that provides for expedited review and entry of foods 
from participating importers. Eligibility is limited to, among other things, 
importers offering food from certified facilities. (Implementation due 18 
months after enactment) 



•	 Authority to deny entry: FDA can refuse entry into the United States of 
America of food from a foreign facility if FDA is denied access by the facility 
or the country in which the facility is located.



Enhanced Partnerships: The FSMA builds a formal system of collaboration with 
other government agencies, both domestic and foreign. In doing so, the statute explicitly 
recognizes that all food safety agencies need to work together in an integrated way to 
achieve our public health goals. The following are examples of enhanced collaboration:



•	 State and local capacity building: FDA must develop and implement strategies 
to leverage and enhance the food safety and defence capacities of State and local 
agencies. The FSMA provides FDA with a new multi-year grant mechanism to 
facilitate investment in State capacity to more efficiently achieve national food 
safety goals. 



•	 Foreign capacity building: The law directs FDA to develop a comprehensive 
plan to expand the capacity of foreign governments and their industries. One 
component of the plan is to address training of foreign governments and food 
producers on United States food safety requirements.



•	 Reliance on inspections by other agencies: FDA is explicitly authorized to rely 
on inspections of other Federal, State and local agencies to meet its increased 
inspection mandate for domestic facilities. The FSMA also allows FDA to 
enter into interagency agreements to leverage resources with respect to the 
inspection of seafood facilities, both domestic and foreign, as well as seafood 
imports. 



Additional partnerships are required to develop and implement a national agriculture 
and food defence strategy, to establish an integrated consortium of laboratory 
networks, and to improve food-borne illness surveillance.”



There are several other food safety provisions that are not discussed or elaborated 
on the FDA website that will be important for all seafood producers who do business 
in the United States of America.



Authority to collect fees: For the first time, the FDA will be able to collect fees 
under the following circumstances:



•	 for any domestic re-inspection; 
•	 for any domestic party that does not comply with a recall order;
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•	 each importer participating in the voluntary qualified importer programme 
will be charged for administrative fees;



•	 importers subject to re-inspection. 
The tentative rate for these fees will be US$224 per hour, which will probably have 



a significant economic impact on the seafood industry.
Sanitary transportation of food: The FDA is directed by the United States 



Congress to enact regulations covering the safe transportation of food and to conduct 
a study of transportation of food safety related to transportation.



Laboratory accreditation and integrated consortium of laboratory networks: 
The United States Congress has directed the FDA to establish a programme for testing 
food by accredited laboratories and to create an available registry of accredited bodies 
and laboratories recognized by the accredited bodies.



Voluntary qualified importer programme: Section 302 of the FSMA provides for 
the establishment of a programme to provide for expedited review and importation of 
food offered for importation by importers that have voluntarily agreed to participate. 
This programme will be entirely voluntary. Interested parties must submit an 
application to the Secretary of Health and Human Services. The applicant’s eligibility 
will be determined by the Secretary based on the following factors: known safety risks 
of the food, compliance history of the foreign supplier, capability of the regulatory 
system of the country of export, compliance of the importer to United States food 
safety standards, the record-keeping, testing, inspections and audits of facilities, 
traceability of articles of food, temperature controls, and sourcing practices of the 
importer and, finally, any other factor the Secretary determines appropriate.



Participants in this programme should be able to bring food products into United 
States commerce faster than those importers that do not participate and opt for the 
traditional import procedures.



Authority to require import certifications for food: Section  303 of the FSMA 
empowers the FDA to require that imported food be accompanied by a shipment 
specific certification or other assurance that the food meets applicable requirements 
of the FSMA. The FDA may require certification if the Secretary believes that the 
food is not compliant to FSMA or other food safety laws after assessing the food 
safety programmes, systems, and standards in the foreign country or region where the 
consignment is manufactured. 



Inspection of foreign food facilities: Section  306 directs the Secretary of Health 
and Human Services to direct resources to inspection of foreign facilities, suppliers and 
food types that represent a high risk to ensure food safety and security of the United 
States food supply. Any foreign firm that refuses an inspection request by the FDA 
shall have all import consignments refused entry into commerce of the United States 
of America. 



7.3.4.4 Possible impact of the FSMA on the seafood industry
Implementing this legislation will be a major undertaking for the FDA. It will probably 
take many years to complete. The more immediate concern is funding. The resources 
required for implementation will be considerable. At the same time, the United States 
Congress is concerned about recent increases in the budget deficit, so the needed 
funding may not be available. One way the FDA could generate funds is through the 
collection of fees. The FDA will have the ability to collect fees for many non-routine 
activities such as re-inspections, detentions, analytical tests and foreign inspections. In 
general, industry can expect:



•	 more cost due to fee collection;
•	 more requirements, e.g. regulation of transportation and HACCP for all firms;
•	 more detentions owing to increased scrutiny of imports;
•	 more facility inspections owing to mandated inspection frequencies;
•	 more testing as analytical capacity is increased. 
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7.3.5 Summary of the regulatory climate in the united States of america
The authority for seafood regulation in the United States of America is distributed 
among several federal agencies. This has resulted in a patchwork of regulatory 
oversight that has not always been as effective as it could be in ensuring safe seafood 
to the consumer. The decision by the United States Congress to grant authority for 
seafood COOL to the AMS and catfish regulation to the FSIS has furthered this 
trend. However, in recent years, regulatory control has been strengthened by better 
cooperation among the various agencies and by the FSMA of 2011. The FDA and the 
NOAA Seafood Inspection Program have been working more closely on seafood issues 
through a revamped memorandum of understanding that was completed in 2009. The 
FSMA will greatly increase the FDA’s ability to strongly regulate all food and seafood. 
The recent mood in the United States Congress is to focus on reducing the overall debt 
of the United States Government, which will probably reduce the resources available 
to all seafood regulatory in the immediate future. It remains to be seen whether the 
United States Congress will grant the budget to increase the regulatory control of 
foods despite new, stronger regulatory food laws.



7.4 JaPan (HAjIMe ToyoFuKu)
7.4.1 Introduction
In Japan, the administration of food safety is based on the Food Safety Basic Law 
(enacted in May 2003), the Food Sanitation Law, the Abattoir Law, the Poultry 
Slaughtering Business Control and Poultry Inspection Law and other related laws.



There has been growing concern and distrust of regulatory food safety among the 
Japanese public, triggered by various problems, including the occurrence of bovine 
spongiform encephalopathy (BSE) in 2001. Against this background, Japan enacted 
the Food Safety Basic Law, a comprehensive law to ensure food safety to protect the 
health of the public. In the wake of the development of the basic law and other related 
laws, Japan has introduced a risk analysis approach to the national food safety control 
programme.



The approach is to scientifically assess risks (expressed as the probability and degree 
of adverse health effects) and identify and implement risk management options based 
on the outcomes of the risk assessment. The Food Safety Basic Law is responsible for 
the risk assessment, and the Food Sanitation Law and other related laws are responsible 
for risk management. The risk assessment is, in practice, conducted by the Food Safety 
Commission established under the Food Safety Basic Law.



The Food Sanitation Law covers two major responsibilities: 
•	 The establishment of standards and specifications for food, food additives, 



equipment and food containers/packages, standards for food establishments 
and GHP, and specific manufacturing standards for certain foods; 



•	 Inspections to see whether these established standards are met; the hygiene 
control programme from primary production to the retail sale of food; 
business licences, and advice to food-related businesses. 



Health departments of local governments are mainly responsible for domestically 
produced food. In contrast, the border inspection for imported food is conducted by 
the central government (Ministry of Health, Labour and Welfare). The purpose of 
the law is to prevent health hazards arising from consumption of food, by making 
necessary regulations and taking any measures to protect public health.



7.4.2 Setting standards and specifications
Food safety must principally be ensured by a more preventive approach, such as 
product and process design and the application of GHPs and GMPs. In addition, 
under the Food Sanitation Law to ensure public health (MHLW, 1959), the Minister 
of Health, Labour and Welfare established the specifications and standards, including 











325International regulatory systems



microbiological criteria and standards for manufacturing methods, processing, 
preparing or preserving food, or for food additives intended for sale, and specifications 
for food utensils or containers/packages for sale or for use in business. Once it is 
recognized that a food and or food additive is not compliant with the specification and 
standards, the sale, distribution, import, use, preparation, and/or holding of the food 
is prohibited. Specifications and standards have been established for seafood categories 
indicated below (Article 11 of the Food Sanitation Law – Standards and specifications 
for food in general and specific foods). In fish and fisheries products, the specific 
standards and specifications are listed in Table 85.



TAbLe 85
Seafood-related standard and specifications



food categories Standards and 
specifications description



Surimi products Specifications regarding surimi products (except for uncooked surimi as a raw 
ingredient for cooked surimi products), coliforms shall be negative. For 
fish sausage and fish ham, the level of sodium nitrite should be not more 
than 0.05 g/kg (residual level as no2). 



Standards of 
manufacturing



The process standard for cooking is that the centre part should reach 
more than 75 ºC, or equivalent, and for fish sausage and fish ham, the 
centre part should reach 80 ºC for 45 min, or equivalent.



Standard of storage below 10 ºC (except for retorted products).



Ikura (salmon roe), 
sujiko (salmon roe 
still in its sac), and 
tarako (cod roe)



Specifications Sodium nitrite in these foods shall be not more than 0.005 g/kg. There 
are no microbiological criteria for these food categories.



boiled crab and 
octopus



Specifications of 
composition



For boiled, then chilled, crab and octopus, the only microbiological 
criterion is Vibrio parahaemolyticus – negative in a 25 g sample.



For boiled, then frozen, crab and octopus, a standard plate count 
should be less than 100 000/g), coliforms should be negative and Vibrio 
parahaemolyticus negative in a 25 g sample.



Standards of 
processing



The octopus used for processing must be fresh.



The water used for the processing must be potable water, sterilized 
seawater or artificial seawater prepared using potable water.



The crab must be cooked at the centre part to a temperature of more 
than 70 ºC for 1 minute, or equivalent. After the crab and/or octopus 
have been boiled, they must be promptly and sufficiently cooled using 
potable water.



After cooling, boiled octopus and crab must be packed and kept in clean 
and easily washable, impermeable, covered containers made of metal, 
synthetic resin, etc. or otherwise protected from contamination.



Standard of storage boiled octopus/crabs shall be stored at a temperature below 10 ºC. 



Frozen boiled octopus/crab shall be stored at temperatures below minus 
15 ºC.



Fresh fish and 
shellfish intended 
to be consumed 
raw



Specifications of 
composition



Microbiological criteria for fresh fish and shellfish for raw consumption 
are:



Vibrio parahaemolyticus: < 100 MPn count/g, alkaline peptone broth, 
37 ºC, overnight, then TCbS plate, 37 ºC, overnight.



Standards of 
processing



Water used for processing shall be potable, or pasteurized seawater, or 
artificial seawater made from potable water.



In cases where fish and shellfish that are used as raw materials are 
frozen, they shall be thawed in a clean environment or in a water tank 
using potable water, pasteurized seawater, or artificial seawater made 
from potable water, and the water should be changed frequently.



Fish and shellfish, as raw materials, shall be sufficiently washed with 
potable water, pasteurized seawater, or artificial seawater made from 
potable water to remove anything that might contaminate the product.



During processing, no synthetic chemical additive shall be used (except 
sodium hypochlorite).



Standard of storage Fresh fish and shellfish must be placed in clean and hygienic containers 
and stored below 10 ºC.
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TAbLe 85 (continued)



food categories Standards and 
specifications description



oysters intended 
to be consumed 
raw



Specifications of 
composition



Vibrio parahaemolyticus: < 100 MPn/g.



E. coli: < 230 MPn/100 g product eC broth 5 tube fermentation tube, 
44.5 ºC, 24 h.



Standard plate count: < 50 000/g product (by plate count agar, 35 ºC, 
48 ± 3 h).



Standards of 
processing



oysters used as raw material must be collected from waters where the 
most probable number (MPn) of coliform bacteria is no more than 
70 per 100 ml of seawater, or collected from other waters but cleaned 
using either seawater, where the MPn of coliforms is no more than 
70/100 ml or artificial saltwater with a 3% salinity.



The same microbiological quality of water should be used for temporary 
storage of the oysters.



oysters must be thoroughly washed in clean water after they are caught 
or landed.



oysters must be processed in a hygienic location.



The apparatus used for shucking must be easy to wash and sterilizable. 
before use, it must be cleaned and sterilized.



Standard of storage oysters must be packed in a clean and sanitary container and stored at a 
temperature of 10 ºC or below for chilled products, and minus 15 ºC or 
below for frozen products.



Frozen fish or 
shellfish intended 
to be consumed 
raw



Specifications of 
composition



Standard plate count: < 100 000 /g product by plate count agar, 35 ºC, 
48 ± 3 h.



Coliform: negative (means dark red colonies are not identified on the 
desoxycolate agar plates).



Vibrio parahaemolyticus: < 100 MPn count/g.



Standards of 
processing



The water used for the processing must be potable water, sterilized 
seawater or artificial seawater prepared using potable water.



In cases where fish and shellfish that are used as raw materials are 
frozen, they shall be thawed in a clean environment or in a water tank 
by using potable water, pasteurized seawater, or artificial seawater 
made from potable water, and the water should be changed frequently.



Fish and shellfish that are used as raw materials shall be sufficiently 
washed with potable water, pasteurized seawater, or artificial seawater 
made from potable water to remove anything that might contaminate 
the product.



During processing, no synthetic chemical additive shall be used (except 
sodium hypochlorite).



Processed fish and shellfish for raw consumption shall be frozen 
immediately after processing.



Standard of storage Frozen product shall be stored at minus 15 ºC or below.



Frozen product shall be wrapped in clean and sanitary plastic, aluminium 
foil or waterproof processed paper for storage.



Frozen food Specifications of 
composition



regarding frozen food, there are three categories in the standard. 
The key factors to be considered when microbiological criteria are to 
be applied are: whether cooking is needed before consumption, and 
whether a cooking process is involved immediately before freezing.



(a)  served after cooking and cooked immediately before freezing: 
 aerobic micro-organisms: 30 ºC < 100 000, 
 coliforms: not detectable; 
(b)  served without cooking: 
 aerobic micro-organisms: 30 ºC < 100 000, 
 coliforms: not detectable; 
(c)  served after cooking and not cooked immediately before 
freezing: 
 aerobic micro-organisms: 30 ºC < 3 000 000, 
 Escherichia coli: not detectable (gas not produced in any of 3 
tubes of eC medium.
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7.4.3 food additives
In Japan, only food additives designated by the Minister of Health, Labour and 
Welfare are allowed, and then only under strict usage standards. To export seafood to 
Japan, care is needed in the use of food additives, as the use of some food additives is 
controlled by strict conditions. For example, benzoic acid, a well-known preservative, 
can only be used for caviar, with the maximum concentration of 2.5 g/kg. The use of 
sulphur dioxide is limited to shrimp flesh and frozen crab meat, at a concentration of 
less than 0.1 g/kg. The use of sorbic acid is limited to cooked surimi products (not more 
than 2.0 g/kg), sea urchin (not more than 2.0 g/kg), smoked squid and octopus (not 
more than 1.5 g/kg) and dried fish and shellfish (not more than 1.0 g/kg).



In addition, artificial food colours are not permitted in raw fish and shellfish. 
Tertiary butylhydroquinone, azorubine and polysorbate are typical examples of food 
additives that are not permitted under the Food Sanitation Law. 



7.4.4 environmental contaminants and marine biotoxins
Provisional regulatory limits of environmental contaminants and natural toxins in fish 
and shellfish have been established. 



Regarding PCBs, the provisional regulatory limit for fish and shellfish from pelagic 
or offshore waters is 0.5 ppm, while the limit for fish and shellfish from coastal waters 
or freshwater is 3 ppm.



Regarding mercury, provisional regulatory limits of total mercury and methylmercury 
were established in 1973 at 0.4  ppm and 0.3  ppm, respectively. However, these 
regulatory limits of mercury do not apply to tuna (tuna, swordfish and bonito), fish 
and shellfish from rivers and inland water areas and deep-sea fish and shellfish. 



Regarding shellfish toxins, regulatory limits for PSP are set at less than 4 mouse 
units/g, (where 1 mouse unit is the amount of toxin required to kill a 20 g mouse in 
15 min). The limit for DSP is less than 0.5 mouse units per gram. These are no regula-
tory limits established for other marine biotoxins.



7.4.5 Inspection of imported food at quarantine stations 
The inspection system at quarantine stations for imported foods into Japan is illustrated 
in Figure 60. In principle, all food importers should submit import notifications to the 
Minister of Health, Labour and Welfare of Japan through quarantine offices upon 
arrival of the cargo (Article 26 of the Food Sanitation Law). 



At the quarantine offices, the food safety inspectors examine the notification and 
attached documents in order to determine the necessity for on-site, organoleptic, 
chemical, physical and microbiological examinations. If the inspector does not 
recognize any potential violation of the Food Sanitation Law, e.g. there has been no 
past history of food safety hazards in the food, the inspector accepts the notification. 



About 10  percent of any cargo is subject to monitoring tests, which are planned 
to monitor the prevalence and concentration of chemical residues, indicator micro-
organisms and pathogens in food. If the notified food is under the category of 
100  percent mandatory testing, the food will be examined to make sure it complies 
with the Food Sanitation Law and its standards and specifications, and it will be held 
in warehouses around the port of entry until the test result indicates that the food 
complies with the Food Sanitation Law and regulations. 



If it is found that the notified food does not comply with the Food Sanitation Law, 
it must be shipped back to the country of origin or discarded.



The trends in import food notifications, the weight of imported food notified, the 
number of total analyses and the number of rejected cases are summarized in Table 86. 
The total notifications in the 2009 fiscal year were 1.82  million, a 19-fold increase 
compared with that of 1965 and a 4.7-fold increase compared with 1985. The total 
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weight in 2009 was 30.6 million tonnes, which was a 2.4-fold increase compared with 
that of 1965 and a 1.35-fold increase compared with 1985. 



In 2009, 12.7 percent of notified imported foods were analysed, and 1 559 (0.086 percent 
of the notifications) were rejected due to violations of the Food Sanitation Law. Out of 
the total of 30.4 million tonnes of imported food, fish and fishery products accounted 
for 2.2 million tonnes (7.3 percent) (MHLW, 2010a). Data for 2010 and 2011 are also 
presented, and this shows drops in rejections from a larger number of notifications.



FIGURE 60
Inspection of import food at quarantine stations in Japan



 
TABLE 86
Number of notifications, analyses and rejections of imported food in Japan



Year Notifications Year ratio Weight No. of 
total 



analyses



Analysis sites (laboratories)
No. 



rejectedGovernment Private Official 
foreign



(cases) (%) (1 000 
tonnes) (cases)



1965 94 986 – 12 765 – 5 574 – – 679



1975 246 507 – 20 775 – 21 461 – – 1 634



1985 384 728 105.6 22 665 39 817 14 892 26 054 1 904 308



2000 1 550 925 110.5 30 034 112 281 52 244 63 789
(37 484)



3 796 1 037



2005 1 864 412 104.1 33 782 189 362 66 147 125 083
(73 589)



7 919 935



2006 1 859 281 99.7 34 096 198 936 61 811 139 991 
(87 779)



6 953 1 530



2007 1 797 086 96.7 32 261 198 542 58 299 144 846 
(94 598)



5 818 1 150



2008 1 759 123 97.9 31 551 193 917 58 706 140 878 
(95 490)



6 208 1 150



2009 1 821 269 103.5 30 605 231 638 56 518 184 726 
(110 308)



5 925 1 559



2010 2 001 020 109.9 31 802 247 047 57 359 195 954
(118 721)



6 200 1 376



2011 2 096 127 104.8 33 407 231 776 58 941 180 023
(99 117)



5 546 1 257
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There are 31 quarantine offices in Japan where import notifications are submitted, 
examined and accepted. In 2009, 368  food inspectors with tertiary qualifications in 
agriculture, chemistry, veterinary science, livestock, fisheries or food science and 
technology were involved with document inspections, on-site inspections and chemical 
and microbiological examinations (MHLW, 2010b).



The test scheme for imported food is illustrated in Figure 61. If during monitoring 
tests, violations of the Food Sanitation Law, such as exceeding MRLs of pesticides 
or veterinary drug residues as in the example in the figure, are identified for the first 
time in a specific food item imported from a specific country, the food-pesticide /  
veterinary-drug / exporting-country combination will be the subject of strict 
monitoring. This means that 50  percent of the notified food / exporting-country 
combination will be analysed for the pesticide / veterinary drug in the specific 
food. If a second violation case (e.g. exceeding the MRL) is identified, the same  
food-pesticide / veterinary-drug / exporting-country combination will then be the 
subject of mandatory 100  percent testing, because it is considered that the same  
food-pesticide / veterinary-drug / exporting-country combination has a high probability 
of exceeding the MRL in the future.



FIgure 61
Test scheme for imported food in Japan  – process that invokes mandatory testing



In order to lift the mandatory test once mandatory inspections have been 
implemented, it is necessary to implement control measures in the exporting country 
to eliminate the risk factors associated with the series of violations, and for food safety 
authorities of the exporting country to provide evidence of effective implementation 
of control measures.



As shown in Table  87, in fiscal year 2011, 6  482  seafood and 15  943  processed 
seafood samples were taken for monitoring tests for veterinary drug residues, food 
additives and food standards including microbiological criteria, and only 38 violations 
were identified.



7.4.6 results of imported-seafood inspections
The list of mandatory inspection food/country/hazard combinations associated with 
seafood is summarized in Table  88 (MHLW, 2011a). Forty-one seafood/hazard/
country combinations were under mandatory inspection, which means 100 percent of 
the notifications of the food/country combination in this list must be examined for the 
hazards to show compliance with the Food Sanitation Law and related specifications 
and standards. Illegal and excessive levels of veterinary drugs detected in the food 
trigger the majority of mandatory tests. 
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TAbLe 87
annual monitoring plan, Japan (fiscal year 2011)



food type analyses undertaken number of 
samples tested



number of 
violations



Meat (beef, pork, chicken, etc.) Veterinary drugs, pesticides, food 
standards, etc.



9 381 1



Processed food of animal origin 
(natural cheese, meat products, ice 
cream, etc.)



Veterinary drugs, food additives, 
food standards, etc.



7 806 9



Seafood (bivalves, fish and 
shellfish, crustaceans)



Veterinary drugs, food additives, 
food standards, etc.



6 482 7



Processed seafood (surimi, frozen 
fish, fish roe, etc.)



Veterinary drugs, food additives, 
food standards, etc.



15 943 34



Agricultural products



(grain, vegetable, fruit)



Pesticides, food additives, 
aflatoxin, genetically modified 
organisms



20 866 44



Processed agricultural products Pesticides, food additives, food 
standards, aflatoxin, genetically 
modified organisms, etc.



20 400 33



other food (soup, seasoning, oil, 
snacks, confectionery)



Food additives, food standards, 
etc.



5 248 9



Drinks (mineral water, soft drinks, 
alcoholic drinks)



Food additives, food standards, 
etc.



2 473 1



Food additives, utensils, etc. Food standards, etc. 2 731 18



50% monitoring foods 5 000



Total 91 330 156



TAbLe 88
outcomes of seafood inspection from mandatory (100%) inspection, Japan – 40 food/country/
hazard combinations



hazard number



Veterinary drug residues 18



Food additives 2



Foreign matter 1



Pesticide residues 8



Paralytic shellfish poisoning 2



Paralytic shellfish poisoning and diarrhoeic shellfish poisoning 2



V. parahaemolyticus 4



Salmonella spp. 1



Shigella 1



Puffer fish 1



nitrogen dioxide in ikura 1



Total (as of 14 April 2011) 41



In 2006, 195 violations were identified from imported fish, shellfish and processed 
seafood through monitoring tests and examinations at the port of entry (Table  89). 
When violations were found during regular inspections at quarantine stations and the 
foods were held in the designated bonded area, those foods were not permitted to be 
imported into Japan. Where the violations were identified during the monitoring test 
and foods had been imported into Japan, the foods were recalled and withdrawn from 
the market. 



A total of 131 (67.2 percent) of the violations were due to veterinary drug residues, 
and 69 out of 131 (52.7 percent) veterinary drug violations were due to detection of 
chloramphenicol in squid and shrimp. Except for one case, all products were exported 
from Viet Nam. Out of 131 veterinary drug violations, 23 were due to detection of 
AOZ from shrimp shipments from India, Indonesia and Viet Nam, eel shipments from 
China and Taiwan Province of China and a crab shipment from China. Out of the 
131 veterinary drug residues violations, 12 were due to the detection of leucomalachite 
green in eels and frozen baked eel imported from China.
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TAbLe 89
Violations of the food Sanitation law, Japan – cases involving seafood (2006 and 2007)



hazard Violations



2006 2007



number Specific hazard / number number Specific hazard / number



natural toxin 19 Diarrhoeic shellfish poisoning 8



Paralytic shellfish poisoning 2



Puffer fish 6



Ciguatera 3



25 Diarrhoeic shellfish poisoning 7



Paralytic shellfish poisoning 12



Puffer fish 4



Ciguatera 2



Microbiological 
criteria



28 bacterial count  7



Coliform group  18



Vibrio parahaemolyticus  3



17 bacterial count 3 



bacterial count & coliform group  2 



Coliform group 12



Veterinary 
drug residues



131 AoZ 23



AMoZ 1



AoZ & semicarbazide  2



endosulphan  10



Chloramphenicol  69



Semicarbazide 2



Tetracycline 5



Malachite green 6



Leucomalachite green 12



Leucomalachite green & AoZ  1



136 AoZ 34 



AMoZ 3 



endosulphan 1



enrofloxacin 1 



over-the-counter drugs 1



Chloramphenicol 67



Chloramphenicol & semicarbazide  1



Semicarbazide 15



Chlortetracycline 2



Tetracycline 4



Malachite green &  
leucomalachite green 1



Leucomalachite green 6



Food additives 15 Tertiary butylhydroquinone 2



Cyclamic acid  2



Sulphite 6



nitrite 5



20 eDTA2na 1 



Sulphite  6



nitrite 6



Carbon monoxide  2



Hydrogen peroxide 2



Sodium dehydroacetic acid:  2



boric acid (caviar)1 1



Pesticide 
residues



1 10 endosulphan  9



Chlorpyrifos 1



others 1 1



Total 195 209



Note: AMoZ = 3-amino-5-morpholinomethyl-1,3-oxazolidin; AoZ = 3-amino-2-oxazolidinone; eDTA2na = ethylene 
diamine tetraacetic acid disodium.
1 boric acid is not allowed for use in caviar in japan.



Regarding microbiological criteria, coliforms were detected in 13 cases of cooked 
surimi products imported from various Asian countries and in 5 lots of frozen, boiled 
octopus. In three cases, an MPN for Vibrio parahaemolyticus of more than 100 MPN/g 
was detected in two lots of ark shell from the Republic of Korea and one lot of tilapia 
from Thailand, both intended for raw consumption (MHLW, 2007).



In 2007, 209 violations were identified from fish, shellfish and processed seafood 
through monitoring tests and examinations at the port of entry (Table  89). Of the 
violations, 136  (65.4  percent) were due to veterinary drug residues, and 67  out of 
136 (49.3 percent) veterinary drug violations were due to detections of chloramphenicol 
in squid and shrimp, and except for two cases all were exported from Viet Nam. Out of 
136 veterinary drug violations, 34 were due to detection of AOZ in shrimp shipments 
from Indonesia and eel shipments from Taiwan Province of China. Of 136 veterinary 
drug residues violations, six were due to the detection of leucomalachite green in 
frozen, baked farmed eel, wild Chinese perch and frozen cut mackerel imported from 
China.
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Regarding microbiological criteria, coliforms were detected in six cases of cooked 
surimi products imported from various Asian countries (in four cases of frozen, 
boiled octopus and in two cases from frozen fish for raw consumption). No cases 
of exceeding MPN levels (more than 100  MPN/g) of Vibrio parahaemolyticus were 
detected (MHLW, 2008).



More recently, in 2009, 233 violations were identified from imported fish, shellfish 
and processed seafood through monitoring tests and examinations at the port of entry. 
Of the violations, 64 (27.5 percent) were due to veterinary drug residues, and of these, 
19  were due to detection of AOZ in shrimp, eels and crab shipments from various 
Asian countries. Of these 64 veterinary drug residues violations, four were due to the 
detection of leucomalachite green in frozen, baked farmed eel, wild Chinese perch and 
frozen cut mackerel imported from China.



Chloramphenicol was detected from one clam shipment imported from China and 
ten shrimp and eight squid shipments from Viet Nam. One hundred and twenty-eight 
violations were due to non-compliance with microbiological criteria (MHLW, 2010b).



7.4.7 haCCP
Traditionally, Japanese seafood processors only implemented GHPs, based on the 
Codex General Principles of Food Hygiene. However, since the late 1990s, the 
HACCP system has been introduced into the Japanese food industry. Especially at 
the start of this shift to use of the HACCP system, seafood processors that wanted to 
export their products to the European Union (Member Organization) and the United 
States of America were the trigger for the introduction of the HACCP system into 
Japan. All the seafood establishments exporting to the European Union (Member 
Organization) were certified by the Ministry of Health, Labour and Welfare, and a part 
of those for the United States market were also certified by the Ministry of Health, 
Labour and Welfare. Below is the number of the seafood establishments certified by 
the Ministry of Health, Labour and Welfare (MHLW, 2011b, 2011c).



•	 Certified seafood processors exporting to the European Union (Member 
Organization): 28 establishments.



•	 Certified seafood processors exporting to the United States of America: 
74 establishments.



Furthermore, in 1995, the Ministry of Health, Labour and Welfare introduced, on a 
voluntary basis, a GHP/HACCP certification programme under the Food Sanitation 
Law (Article 13). At this time, among fish and fishery products, only surimi products 
and canned seafood were designated as target food categories for this certification 
programme. In April 2013, 23 surimi establishments were certified.



7.4.8 Positive list system
On 29 May 2006, the Ministry of Health, Labour and Welfare introduced a “positive list 
system” for agricultural chemical residues in foods in order to prohibit the distribution 
of foods that contain agricultural chemicals (including pesticides, feed additives and 
veterinary drugs) above 0.01 ppm, where MRLs have not been established. 



Before this date, foods found to contain chemicals were not prohibited for sales if 
an MRL for the chemical had not been established. 



Now, foods in which any agricultural chemical residues are found in excess of 
0.01 ppm should not be produced, imported, processed, used, cooked, stored for sale, 
or sold. In addition, if the specific residue limit levels of chemical substances in certain 
food categories are articulated in the compositional specification for foods separately, 
the specific MRLs should be applied.



This amendment was based on the fact that if a pesticide was detected at a certain 
level from a processed food, but there was no established MRL for the processed food, 
there were no legal powers to recall or withdraw the food from the market. For this 
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reason, the uniform limit was introduced in the “positive list system”. Now, if more 
than 0.01  ppm of veterinary drugs and/or pesticides are detected in seafood, even 
without an MRL for the chemical, the seafood is prohibited from sale and distribution.



7.5 auSTralIa and new zealand (ALLAn breMner)
7.5.1 Introduction
7.5.1.2 Food standards
In recent years, the food regulatory and legal systems in Australia and New Zealand 
have been harmonized through the instrument of a Joint Food Standards Treaty 
to provide a joint food standards system covered by the Australia New Zealand 
Food Standards Code. As a joint authority, Food Standards Australia New Zealand 
(FSANZ) has been formed to draw up the science-based standards and to administer 
this code. Each country retains some independent functions within its own “Food 
Act” for differing local situations and the agencies involved may have different names 
and structures. The code, which covers all foods, domestic and imported, can be 
obtained online and on CD–ROM by subscription and in an unofficial consolidated 
form through FSANZ. Amendments to the code are published and obtainable for legal 
purposes through FSANZ. 



7.5.1.3 Imports
The two nations are differently constituted in that Australia is a federation of separate 
states, each with its own food authority and legislation, but covered by a national set of 
import rules. New Zealand has no separate states and is a single sovereign entity under 
the one national authority.



Australia imports a considerable amount of seafood, mostly finfish, in processed, 
part-processed and RTE forms. New Zealand is more self-sufficient and is a net 
exporter of seafood, a large proportion of which goes to Australia.



Both nations are members of the WTO and adhere to its Arrangements, are 
signatories to the SPS Agreement, are members of the CAC and have free-trade 
agreements and mutual recognition arrangements with other countries.



The two countries have signed a Trans-Tasman Mutual Recognition Act, which 
allows food products made in or imported into one country, and which meet its 
legal requirements, to be also sold in the other. However, each country has a list of 
exemptions for products it considers to be high-risk. Because of their geographical 
isolation and historically recent settlement by Europeans, both nations are free from 
many of the animal and plant diseases that are endemic in the rest of the world. This 
status is protected by strict quarantine regulations so that the quarantine (biosecurity), 
customs and food authorities have to work very closely together.



Both countries have deliberately endeavoured to move away, as much as possible, 
from sampling, inspection and testing at the borders and to eliminate tests for potential 
contaminants that have proved to be insignificant, e.g. a review of years of analyses of 
prawns in New Zealand for heavy metal contamination revealed not one instance of 
imports being above permitted limits and, consequently, this is no longer a criterion. 
The two countries, in line with others across the globe, are adopting the more rational 
and effective approach of recognizing overseas controls on exported product where 
they meet, and are equivalent, to the required standards. This places the responsibility 
on the authorities that manage food safety and control in the exporting countries. In 
addition to placing emphasis on the foods that are classed as high-risk and ignoring 
those of lower risk, this risk-based approach seeks to classify all imported foods into 
the three groups of high-, medium- and low-risk and then establish standards to ensure 
their safety and reliability.
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7.5.2 The situation in new zealand
The New Zealand Food Safety Authority (NZFSA) is part of the Ministry of Food 
Safety, which has a wide brief and is part of the super Ministry for Primary Industries73 
(MPI) covered by the “Ministerial Statement of Responsibility: Statement of Intent  
2013–2018”. This overarching MPI also incorporates the former Ministries of Agriculture 
and Forestry, thus including the quarantine system. The document Imported Food and 
Food Related Products – A Blueprint for Change and Implementation (NZFSA, 2007) 
is still current, having become effective in 2008. It has four major aspects:



•	 an Import Management Decision Making Framework, which covers the 
standards, risk management and the underpinning science;



•	 an Import System in which the mandatory requirements are described to 
ensure imported foods comply with the standards;



•	 a monitoring and review process to ensure the regime is kept up to date to meet 
changing circumstances;



•	 a communication programme to provide appropriate continuing communication 
to all parties involved.



The New Zealand Food Act sets out the standards for imported foods to which all 
foods must comply. The Minister for Food Safety is the responsible authority who 
can issue Prescribed Food Standards and Emergency Food Standards in addition to 
standards contained in the Joint Food Standard.



The role of coordination of public health units in the inspection, sampling and 
testing of high-risk foods is contracted to the Auckland Public Heath Unit’s Central 
Clearing House.



The regime is based on the following premises that:
•	 The standard setting process will be based on scientific input. 
•	 Mechanisms for standard setting will be reviewed, updated and developed in 



line with the New Zealand Standards Group. 
•	 The Imported Food System covers all arrangements – delivery, determination 



of equivalences, pre-clearance arrangements with approved authorities in 
exporting countries and consultation.



•	 A consultative reference group is formed, comprising mainly government and 
importers.



Two major components are involved: (i) an Import Management Decision Making 
Framework, which includes risk profiling, risk assessment and ranking of all foods 
into high-, medium- and low-risk categories; and (ii) an Import System, which enables 
importers and all interested parties to comply with the standards efficiently and 
effectively.



A National Imported Food Programme and relevant Food Control Plans are 
designed to aid importers to meet the requirements of the standards, of which there 
will be four types: Generic Standards, Medium Interest Standards, High Interest 
Standards and Emergency Food Standards.



The Import System is based on the three principles that:
•	 the importer or import agency must be a New Zealand entity;
•	 the importer is responsible for ensuring the food is fit for purpose;
•	 the importer (or agent) must lodge correct and accurate documentation.



Importers and agents must be registered with the MPI, and any party that is 
unregistered must use a registered importer for “one-off” imports. Importers operate 
under a Food Control Plan, each of which is designed to be compatible with the 
New Zealand domestic Food Control Plan, thus reducing paperwork and providing 
access to the whole food chain. High-risk foods require pre-clearance arrangements 
before they can be imported. These can be where the country and/or exporter meet 



73  Ministry for Primary Industries (Manatū Ahu Matua) – www.mpi.govt.nz
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the New Zealand standards or have equivalence, or where a pre-existing arrangement 
has been made. The competent export authorities must provide valid certification of 
their procedures. Verification, which may include sampling and testing, may occur at 
the border, coordinated through the New Zealand Customs Service and quarantine 
system. 



Imports without clearance cannot be assured of entry if they are already in transit. 
Specific clearance permits may be applied for raw materials being imported for further 
processing and then exported. They will not be allowed to enter the domestic market. 
Returned exports must comply with New Zealand import standards.



Another aspect is the publication of a Scanning List detailing suspect foods or areas, 
complaints, incidents and listing. These will be given extra monitoring, and decisions 
made when and if they can be removed from the list.



In addition to meeting the requirements of customs and biosecurity, New Zealand 
importers have responsibilities under the Food Act 1981. Importers must ensure that 
products imported for human consumption are safe and suitable.



7.5.2.1 Prescribed foods
The NZFSA has specific options and clearance procedures available for importers of 
prescribed food. These procedures are known as imported food requirements. Persons 
who import food must ensure that the food complies in all respects with:



•	 all relevant provisions of the Food Act 1981;
•	 all relevant provisions of any regulations made pursuant to the Food Act 1981;
•	 all applicable food standards.



The NZFSA clearance options for prescribed foods may include:
•	 acceptance of recognized assurances/certification;
•	 clearance sampling and testing on arrival in New Zealand;
•	 multiple release permits.



The imported food requirements of prescribed foods to New Zealand are shown in 
Table 90.



TAbLe 90
Imported food requirements for prescribed foods, new zealand



fish hazard



Fish – species susceptible to production of 
histamine



Histamine



Fish – manufactured fish products (surimi and 
marinara mix)



Listeria monocytogenes



Fish – smoked (vacuum packed) Listeria monocytogenes and Clostridium botulinum 
Type e



Seafoods hazard



bivalve molluscan shellfish Metal contaminants, biotoxins, pathogenic bacteria 
and pathogenic viruses



Crustaceans – lobsters, crabs, bugs and their 
products



Listeria monocytogenes and Salmonella sp. 



Crustaceans – shrimps and prawns Salmonella sp., Listeria monocytogenes and other 
pathogens



Hijiki seaweed Inorganic arsenic



Note: The commodities listed in the table can be found by following the links on the nZFSA webpage and searching 
for the commodity listed in the left-hand column of the table. updates are available from: www.foodsafety.govt.nz/
industry/importing/whats-new/
Source: www.foodsafety.govt.nz/industry/importing/guide/index.htm



7.5.2.2 Single Use Permits
Importers of prescribed food that is of interest to the NZFSA are referred to the 
Central Clearing House to apply for a “NZFSA Single Use Permit”. Application forms 
need to be emailed to the Central Clearing House. A Single Use Permit is the final 
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NZFSA clearance and permits full release to the domestic market. A Single Use Permit 
is issued if the Food Act Officer has been satisfied that the prescribed food complies 
with the Food Act.



7.5.2.3 Conditional Release Permit
If sampling and testing (or other evidence) is required, a Conditional Release Permit 
will be issued to allow the prescribed food to be moved to a holding facility. The 
condition of the release is that the prescribed food must be held until an officer is 
satisfied that the prescribed food complies with the Food Act. This may include 
provision of documentation, sampling and testing or inspection.



Control of product prior to final clearance, sampling and testing should be in 
accordance with the NZFSA’s sampling and testing protocol (available from the 
NZSFA website74). 



7.5.2.4 In practice
In practice, customs are notified prior to importation and identify the product by its 
tariff code for inspection by an officer. The officer then examines the status of the 
origin, the supplier and the product itself and decides what further action is required.



The requirements for many products are similar and, as an example, those for surimi 
and marinara mix are shown in Box 4, which highlights the main components of the 
imported food requirements. The full details can be found on the MPI website for food 
safety.75



7.5.2.5 Summary
New Zealand has a comprehensive and proactive system to deal with imports of 



seafoods and is transparent in these controls. All regulations, conditions, requirements, 
permit applications, details of tests and explanations are detailed and are available 
online.76



7.5.3 The situation in australia
The Australian system differs slightly in organization from that of New Zealand. 
All imported foods must meet the standards and requirements of the Australia New 
Zealand Food Standards Code, the same as for domestic foods. In addition they must 
also meet the requirements of state and territory legislation e.g. Fair Trading Acts.



The import area falls under the oversight of the Minister for Agriculture, Fisheries 
and Forestry and is administered through the Department of Agriculture, Fisheries 
and Forestry (DAFF) under the framework of the Imported Food Control Act 1992.77 
The Imported Food Control Regulations 1993 and Amendments made under the act 
govern the imports of all foods. The Imported Food Control Orders 2001 are issued 
under these regulations and contain various schedules and notices, as required for 
explanatory purposes or to meet changing circumstances, e.g. Imported Food Notice 
05/11 dated 12 April 2011 – Testing of some Japanese food imports for radionuclides.



74 www.foodsafety.govt.nz/industry/importing/
75 www.foodsafety.govt.nz
76 www.foodsafety.govt.nz/industry/importing/
77  www.comlaw.gov.au
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The regulations made under the act describe foods as being:
•	 risk food – food classified by FSANZ that has the potential to pose a high or 



medium risk to public health; or
•	 compliance agreement food – food to which a compliance agreement applies to 



the extent of the agreement; or
•	 surveillance food – food is classified as a surveillance food if it is not a risk 



food, not a compliance agreement food; or is the subject of a holding order.
These classifications are applied to imported food controlled through the Import 



Food Inspection Scheme, a joint service of FSANZ and the Australian Quarantine 
and Inspection Service (AQIS) of the DAFF, which is responsible for sampling and 
inspection control.78



78  www.daff.gov.au/biosecurity/import/food/inspection-scheme



BOX 4



example for imported food requirements for new zealand



Fish: manufactured fish products (surimi and marinara mix)
Edited from detailed requirements



1.0   Scope 
Covering the purpose of the Imported Food Requirement, the legislative requirements, the 
clearance options and procedures for importers of prescribed foods, the specific products 
covered (in this case, surimi and marinara mix), the tariff codes targeted, the targeted food 
safety hazard and specific import conditions.



2.0   Importer clearance options 
2.1  The clearance options and procedures in this Imported Food Requirement apply to 



manufactured fish products and are in addition to clearance requirements detailed in 
the Import Clearance Procedure. 



2.2  Importers must also meet the requirements of the Food (Importer Listing) Standard 
2008, the Food (Importer General Requirements) Standard 2008 and importers should 
also read and understand the Food Importer Standards Guidance before sourcing 
products to import. 



2.3   For manufactured fish products, importers have a responsibility under the Food 
(Importer General Requirements) Standard 2008 to ensure that imports are not 
contaminated with pathogens. The processing method used in the manufacture of 
manufacture fish products can provide opportunities for Listeria contamination. 
Good manufacturing practices during processing can greatly reduce the likelihood 
of contamination. Manufactured fish products may not be heat treated prior to 
consumption, which would inactivate the pathogenic bacteria. 



2.4    The following three options are available to importers:
  Option 1 - Acceptance of recognised assurances / certification 
  Option 2 - Clearance sampling and testing on arrival in New Zealand
  Option 3 - Multiple Release Permits (MRPs) 



3.0   Clearance procedures 
3.1   Certification checks 
3.2   Physical inspections 
3.3   Clearance sampling and testing on arrival in New Zealand 
3.4   Multiple Release Permit (MRP) 
3.5   Management of non-compliant consignments Consumer demand – reliable?
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The minister makes the orders that classify the foods into the groups; FSANZ 
supplies the advice behind these decisions and the authority makes recommendations 
to the minister.



Thus, FSANZ sets the standards and provides information on the category of risk 
for specific foods under the regulations, and AQIS ensures compliance with these 
standards through sampling and inspection. States and territory food enforcement 
agencies take physical responsibility for enforcing the requirements of the code for 
all food available for sale within their jurisdiction, including both imported and 
domestically produced food.



Upon entry of the food into the country, the Australian Customs Service inspects 
it according to the tariff code and determines whether it is in the risk, compliance or 
surveillance categories. Items classed as risk are all referred by the Australian Customs 
Service to AQIS for inspection. Those in the surveillance category may also be referred 
according to the nature of the items, or to their countries of origin, or to particular 
suppliers.



All consignments of risk foods are initially inspected against a range of hazards, 
but when five consecutive consignments have passed inspection, the inspection rate 
reduces to 25  percent, and after a further 20  consecutive passes the rate is further 
reduced to 5 percent of all consignments. However, it will return to 100 percent if the 
consignment fails an inspection, and it will remain at 100  percent until a history of 
compliance is re-established. Consignments that fail the 100 percent test are destroyed. 
Consignments of surveillance foods are inspected at a rate of about 5  percent on a  
test-and-release basis.



Imported food that does not comply with the standards may be subjected to a 
holding order, and the inspection rate rises to 100  percent to ensure that further 
imports meet requirements and that appropriate action has been taken. Generally, five 
subsequent consignments that comply are necessary to remove the holding order.



The amendment79 to the Orders 2001 under Schedule 1 lists the following seafoods 
as risk foods:



•	 crustaceans, including prawns, that are cooked (whether or not chilled or 
frozen), but are not canned;



•	 fish of the following kinds:
 – tuna, including canned tuna (whether dried or not),
 – tuna products,
 – mackerel,
 – RTE finfish;



•	 marinara mix (whether or not chilled or frozen);
•	 bivalve molluscs (whether cooked or uncooked);
•	 seaweed – hijiki only.



The tests applied to risk foods are currently described in the DAFF website.80



7.5.3.1 Import conditions, permits and documentary requirements
The conditions that imports must meet are contained in an Import Conditions 
database, named ICON, which is available online.81 This is an important website for 
all intending importers to obtain up-to-date information and from which to download 
applications to import foodstuffs.



Equally important, it is the website for the posting of alert notices from AQIS and 
for impending changes in permit conditions, e.g. Public Quarantine Alert PQA 0722 
“Changes to uncooked peeled prawn import permit conditions”. In this alert, the 



79  Amendment FC2010C00170
80  www.daff.gov.au/biosecurity/import/food/notices/2009/2012/ifn-0912
81  www.daff.gov.au/biosecurity/import/icon-icd
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importer or authorized agent must inform AQIS of the white spot syndrome virus and 
yellow head virus test results by laboratory report before the release from quarantine 
of the consignment is considered.



The Minimum Documentary Requirements Policy and the Non-commodity 
Information Requirements Policy (relating to the packaging, container and cleanliness 
requirements, etc.) are also found in the AQIS database or through the link from 
ICON.



7.5.3.2 Imported Food Consultative Committee
The Imported Food Consultative Committee provides a consultative forum for a 
variety of stakeholders, including industry – a variety of different importers (ethnic 
foods, specialty foods, food for retail or further processing, seafood, fruits and 
vegetables), processors, analysts  – and representation from AQIS, FSANZ and the 
DAFF Cargo Consultative Committee.



For finfish, the range of commodity categories and the conditions pertaining to their 
commercial import are listed in Table 91, which is an extract from ICON. 



TAbLe 91
a list of finfish commodities for human consumption in australia and the countries to which 
the conditions apply



Commodity Country



Finfish – consumer-ready form All countries



Finfish – eviscerated, head off All countries excluding new Zealand



Finfish – non-specified finfish All countries excluding new Zealand



Finfish – specified and non-specified finfish new Zealand



Finfish – specified finfish All countries excluding new Zealand



Finfish – canned/retorted (family Salmonidae) All countries



Fish – elasmobranch (shark, skates, rays) All countries



Fish – uncanned/unretorted (family Salmonidae) All countries excluding Canada, Denmark, new 
Zealand, norway, Ireland, united Kingdom and 
united States of America



Source: Compiled from ICon, May 2011.



There is much common ground in many of the conditions. Despite the commonality, 
there are particular compliance requirements for each commodity. 



These conditions often also apply to most non-commercial imports, but for some 
fish commodities small amounts of non-commercial imports are allowed without the 
need for an import licence, provided that: 



•	 the fish is accompanied into Australia by the person importing it;
•	 the fish is imported in an amount up to 5 kg;
•	 the fish is eviscerated (gilled and gutted) or processed further than evisceration; 



and
•	 the product is for human consumption only.



For unaccompanied consignments, and consignments of greater than 5  kg, the 
commercial conditions must be met. These conditions are for human consumption 
only. If the fish is being used for aquaculture, bait or animal food, an import permit is 
required.



These conditions for commercial imports apply to the importation from all 
countries, other than New Zealand, of non-salmonid finfish that have had the head, 
gills and viscera removed and of further processed product that does not meet 
AQIS’s specifications for consumer-ready product. Box 5 provides an example of the 
conditions required for consumer-ready finfish.
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BOX 5



example of conditions that apply to finfish in consumer-ready form  
– imports into australia



An example of the conditions (from ICON) that apply to finfish in the consumer ready form 
follows and that applies to all countries.



1.   An Import Permit is not required for non-salmonid, consumer ready finfish products 
for human consumption. This includes finfish flesh including attached bone, cartilage, 
skin and blood. An Import Permit is required for fish products imported for 
aquaculture, animal feed or bait.



2.   Consumer ready product is defined as product that is ready for the householder to 
cook/consume and includes the following examples:



 (a)  cutlets, including the central bone and external skin 
but excluding fins, each cutlet weighing no more than 
450 grams; or



 (b)   skinless fillets, excluding the belly flap and all bone except the pin bones, of any 
weight; or



 (c)   skin-on fillets, excluding the belly flap and all bone except the pin bones, each fillet 
weighing no more than 450 grams; or 



 (d)   eviscerated, headless ‘pan-size’ fish, each fish weighing no more than 450 grams; or
 (e)   fish that is headless and eviscerated which has been salted, dried or smoked, of any 



weight; or
 (f)   product that is processed further than the stage described in points 2 a) to e), 



including commercially canned product.
3.   Each consignment must be packed in clean and new packaging and must be free of live 



insects, seeds, soil, mud, clay, animal material (such as faeces), plant material (such as 
straw, twigs, leaves, roots, bark) and other debris prior to arrival in Australia.



4.   Consignments should be packaged to facilitate import inspection.
5.   All consignments must be accompanied by documentation to verify that the product 



is in a consumer ready form as outlined above. Documentation may be in the form 
of an invoice, manufacturer’s declaration or government health certificate. All 
documentation must be consignment specific. Scientific names are not required, 
however if the quarantine officer cannot determine from the common name that 
the fish is a non-salmonid species, documentation stating the scientific name may be 
requested.



6.   Where consignments are not covered by valid documentation or are covered by 
documentation with an incorrect statement, consignments will be subject to inspection 
to ensure that the goods are in consumer ready form. An inspection fee will apply.



7.   All consignments of dried or salted fish, must be inspected on arrival to ensure freedom 
from contamination and/or infestation by extraneous materials. If contamination 
and/or infestation is found, the material will be treated by an AQIS approved 
method, as applicable to the type of contamination (outlined in C9911 ‘Treatment of 
contaminants’).



8.   Where consignments do not fit any of the consumer ready categories above, refer to 
other ICON cases for finfish. Alternatively, the Biologicals Program, Canberra office 
may be contacted by email, phone (02 6272 4578) or fax (02 6249 1798) for further 
advice.



9.   Timber packaging, pallets or dunnage in FCL containers will also be subject to 
inspection and treatment on arrival, unless certified as having been treated by an AQIS 
approved method (refer to the AQIS publication ‘Cargo Containers - Quarantine 
aspects and procedures’).
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Finfish products from New Zealand are generally excluded from the requirements. 
For salmonid species, a range of countries (including Canada, Denmark, New Zealand, 
Norway, Ireland, the United Kingdom of Great Britain and Northern Ireland, and 
the United States of America) enjoy an exclusion from permit conditions. Other 
conditions that relate to packaging, processing and sale are included and must be met. 



Molluscs and crustacea are often associated with greater hazards of contamination 
in that they often reside in the sediment and/or are filter feeders and, thus, safety is very 
dependent on environmental conditions. The requirements for mollusc and crustacean 
products for human consumption listed in ICON are presented in Table 92. 



TAbLe 92
a list of seafood commodities, other than finfish, including molluscs and crustacea for human 
consumption in australia and the countries to which the requirements apply



Commodity Country



Molluscs



Marine molluscs other than oysters or snails (note: this 
category includes octopus and squid)



All countries



oyster meat All countries



oysters in full shell – dead All countries



oysters in half shell – dead All countries excluding new Zealand



oysters in half shell – dead new Zealand



Crustacea



Crustaceans (other than brine shrimp eggs, raw prawns, raw 
freshwater crayfish and crustacean meal)



All countries



Foods – re-imported Australian foods (excluding whole seeds 
and fresh fruit and vegetables)



Australia



Prawns – cooked or dried All countries



Prawns – uncooked, whole, partially peeled, peeled or highly 
processed



new Caledonia



uncooked prawns–highly processed All countries excluding new Caledonia



uncooked prawns – peeled All countries excluding new Caledonia



uncooked prawns – whole or partially peeled All countries excluding new Caledonia



Scampi All countries



Source: Compiled from ICon May 2011.



Requirements and exclusions for commodities that are not for human consumption, 
such as for use in pet food, fertilizer, bait, aquaculture, human therapeutics, 
complementary medicine or cosmetics, are searched for separately in ICON and are 
not listed here.



7.5.4 Conclusion
Australia and New Zealand have strict quarantine, biosecurity and safety provisions to 
safeguard their disease-free status and protect their consumers. 



As a closing statement, this section provides an overview of the major requirements 
for importing seafoods into Australia and New Zealand, including some examples, 
but much more detail is available from the webpages of the relevant authorities. These 
details include such matters as the egg and dairy content of batter composition, the 
protocol for fumigation of wooden pallets, the cleanliness of shipping containers, 
lists of test protocols, restricted species related to resource protection (e.g. Patagonian 
toothfish), and so on. 



The safety of the imported food supply and the prevention of the spread of  
non-indigenous diseases are of considerable concern to the governments of Australia 
and New Zealand. Therefore, both countries have comprehensive, science-based 
requirements relating to the import of seafoods.
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Appendix 1



example of a hazard analysis 
worksheet



Firm Name:



Firm Address:



Product Description:



Method of Storage and Distribution



Intended Use and Consumer



(1) (2) (3) (4) (5) (6)



Ingredient/ 
processing step



Identify 
potential 
hazards 
introduced, 
controlled or 
enhanced at this 
step



Are any 
potential food-
safety hazards 
significant? (yes/
No)



Justify your 
decisions for 
column 3.



What preventive 
measures can 
be applied to 
prevent the 
significant 
hazards?



Is this step a 
critical control 
point? 



(yes/No)



Step 1



Biological



………………



………………



Chemical



………………



………………



Physical



………………



………………



Step 2



Biological



………………



………………



Chemical



………………



………………



Physical



………………



………………



Step 3 (etc.)



Biological



………………



………………



Chemical



………………



………………



Physical



………………



………………
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Appendix 2



Summary of HACCp plan 
development for canned fish



The HACCP plan of company XYZ is presented in Table A2.1. Where necessary, the 
table refers to annexes that describe in sufficient detail the relevant control, monitoring 
or corrective action or to record-keeping forms. The annexes to this appendix are as 
follows:



•	 Annex A2.I: Control measures adopted by company XYZ
•	 Annex A2.II: Monitoring system of the company XYZ – some examples.
•	 Annex A2.III: Record-keeping at the company XYZ – an example form.



The following is the hazard analysis and ensuing steps of CCP identification and 
development of critical limits, monitoring procedures and corrective actions that was 
applied to the production flow diagram (Figure 45 in the main text of the document 
to which this is an appendix) and resulted in the summary HACCP plan (Table A2.1).
 
Step 1: Receiving of fish at the plant



HAZARD 1: Fish with high histamine content.



Control measures: 
1.	 Purchase of fish with acceptable freshness. 
2.	 Proper fish icing. 
3.	 Refrigerated truck transportation.
4.	 Regular maintenance of the truck’s refrigeration system.
5.	 Histamine analysis at receiving and reject lots with unacceptable levels of 



histamine. 



Is step 1 a CCP for the considered hazard or not?



Question 1: Does any control measure exist for the 
identified hazard?



Yes. See measures 1–5 above. 



Question 2: Does this step eliminate or reduce the likely 
occurrence of the hazard to an acceptable level?



No.



Question 3: Could contamination with the identified 
hazard occur in excess of acceptable levels or could these 
increase to unacceptable levels?



Yes. A delay during unloading can lead to 
further histamine accumulation



Question 4: Will a subsequent step eliminate the 
identified hazard or reduce its likely occurrence to an 
acceptable level?



No. Once in fish, histamine cannot be 
removed.



Conclusion Receiving fish is a CCP where the hazard of 
high histamine levels can be controlled.



Critical limit: 
1. Temperature < 5 °C.
2. Fish freshness grade > 1.5. 
3. TVB < 25 mg-N/100 g. 
4. Histamine content < 7 mg/100 g.
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Monitoring procedure: 
1. Fish temperature is checked.
2. Fish freshness is assessed.
3. TVB is determined.
4. Histamine is analysed.



Corrective action: 
1. If the lot has an average freshness score higher than the critical limit but 



acceptable TVB and histamine levels, qualified workers will sort fish and 
keep only the good-quality ones, under the supervision of the QC manager. 



2. If the lot has high TVB or histamine levels, it will be rejected, unless it is 
proved chemically that some sublots are acceptable in terms of TVB and his-
tamine levels.



Verification procedure: 
See section 6.4.13.12.



Record-keeping:
See section 6.4.13.13 (also see Annex A3.III Form 13 in Appendix 3).



Step 2: Receiving empty cans



HAZARD 1: Contamination of finished products, with pathogens or toxic mate-
rials, because of leaking or dirty cans.



Control measures: 
1. Verification of cans upon reception and before utilization.



Is step 2 a CCP for the considered hazard or not?



Question 1: Does any control measure exist for the 
identified hazard?



Yes, verification of cans upon reception and 
before utilization.



Question 2: Does this step eliminate or reduce the likely 
occurrence of the hazard to an acceptable level?



Yes. The systematic verification of each 
lot of empty cans will reduce the likely 
occurrence of the hazard.



Question 3: Could contamination with the identified 
hazard occur in excess of acceptable levels or could 
these increase to unacceptable levels?



–



Question 4: Will a subsequent step eliminate the 
identified hazard or reduce its likely occurrence to an 
acceptable level?



–



Conclusion Checking cans is critical to control post-
process contamination.



Critical limit: 
      1. Only acceptable cans will be cleaned and stored.



Monitoring procedure: 
1. Visual verification of 5 containers per pallet received from supplier and of 



5 empty containers per 30 min, during packing.



Corrective action: 
      1. Refuse pallets with defective containers. 
      2. Isolate and inspect containers closed since last control and discard defective  
 ones.
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Verification procedure: 
See section 6.4.13.12.



Record-keeping:
See section 6.4.13.13 (also see Annex A3.III Form 13 in Appendix 3).



Step 3: Preparatory steps (heading, gutting, brining)



HAZARD 1: Contamination of fish by, and multiplication of, pathogenic 
bacteria.



Control measures: 
1. This hazard is reduced to acceptable levels through strict adherence to the 



company’s SSOP (Annex A2.I). Some relevant SSOP monitoring records are 
presented in Annex A2.III.



Step 4: Mechanical marking of can lids



HAZARD 1: Post-process contamination because of leakage following micro-
puncturing of the lid.



Control measures: 
1. Maintenance of the mechanical marking equipment.



Is step 4 a CCP for the considered hazard or not?



Question 1: Does any control measure exist for the 
identified hazard?



Yes. Regular maintenance of the 
mechanical equipment used for marking 
lids.



Question 2: Does this step eliminate or reduce the likely 
occurrence of the hazard to an acceptable level?



Yes. Regular maintenance of the 
mechanical equipment will allow proper 
marking of lids.



Question 3: Could contamination with the identified 
hazard occur in excess of acceptable levels or could these 
increase to unacceptable levels?



–



Question 4: Will a subsequent step eliminate the identified 
hazard or reduce its likely occurrence to an acceptable 
level?



–



Conclusion Lid marking is a CCP where proper 
maintenance of the equipment will allow 
proper marking of the lids.



Critical limit: 
1. Acceptable non-leaking markings.



Monitoring procedure: 
1. Check visually marking of 10 lids at the beginning of each production.



Corrective actions: 
1. Find the reason for bad marking and remedy to the situation. 
2. Isolate all suspect cans and verify one by one. Discard any can likely to be 



leaking.



Verification procedure: 
See section 6.4.13.12.
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Record-keeping:
See section 6.4.13.13 (also see Annex A3.III Form 13 in Appendix 3).



Step 5: Packing fish manually in cans



HAZARD 1: Contamination of fish by, and multiplication of pathogenic bacteria.



Control measures: 
1. This hazard is reduced to acceptable levels through strict adherence to the 



company’s SSOP (Annex A2.I). Some relevant SSOP monitoring records are 
presented in Annex A2.III.



Step 6: Rinsing packed fish



HAZARD 1: Contamination with pathogenic bacteria from water.



Control measures:
      1. This hazard is reduced to acceptable levels through strict adherence to the  
 company’s SSOP (Annex A2.I). Some relevant SSOP monitoring records are  
 presented in Annex A2.III.



Step 7: Loading cans on trays and carts



There is no significant chemical, physical or biological safety hazard at this step.



Step 8: Cooking



There is no significant chemical, physical or biological safety hazard at this step.



Step 9: Draining of cooked fish



HAZARD 1: Cross-contamination of fish and multiplication of pathogenic bacte-
ria, especially S. aureus as cooking has destroyed the normal fish flora. 



Control measures:
1. This hazard is reduced to acceptable levels through strict adherence to the 



company’s SSOP (Annex 2.I). Some relevant SSOP monitoring records are 
presented in Annex 2.III.



Step 10: Filleting mackerel-based products or removing skin and bones for skinless 
boneless sardines



HAZARD 1: Contamination by workers of fish and multiplication of pathogenic 
bacteria, especially S. aureus as cooking has destroyed the normal fish flora. 



Control measures: 
1. This hazard is reduced to acceptable levels through strict adherence to the 



company’s SSOP (Annex 2.I). Some relevant SSOP monitoring records are 
presented in Annex 2.III.



Step 11: Hot filling



There is no significant chemical, physical or biological hazard at this step.
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Step 12: Container closure



HAZARD 1: Leaking containers, leading to contamination and growth of patho-
genic bacteria.



Control measures: 
1. Training of container closure equipment supervisor. 
2. Regular maintenance of the container double-seaming equipment.



Is step 12 a CCP for the considered hazard or not?



Question 1: Does any control measure exist for the 
identified hazard?



Yes. Training of container closure 
equipment supervisor. Regular maintenance 
of the container closure equipment.



Question 2: Does this step eliminate or reduce the likely 
occurrence of the hazard to an acceptable level?



Yes, Proper container closure will eliminate 
the risk of re-contamination of packed 
products.



Question 3: Could contamination with the identified 
hazard occur in excess of acceptable levels or could these 
increase to unacceptable levels?



–



Question 4: Will a subsequent step eliminate the 
identified hazard or reduce its likely occurrence to an 
acceptable level?



–



Conclusion Container closure is a CCP where proper 
seaming operating procedures will 
eliminate the risk of re-contamination of 
finished product.



Critical limits: 
1. Certified and experienced container closure equipment supervisor.
2. Well maintained container closure equipment.
3. Non-leaking containers (see Annex A2.I for double-seaming standards).



Monitoring procedure: 
1. At the start of each shift, check 5 closed containers. 
2. Afterwards, inspection of 5 cans every 30 min and a detailed verification of a 



can every two hours.



Corrective actions: 
1. If a closure defect is detected, the operator will stop the machine, check the 



cause and make the appropriate adjustments and controls. 
2. The supervisor will inspect all containers closed since the last inspection and 



discard any suspect ones.



Verification procedure: 
See section 6.4.13.12.



Record-keeping:
See section 6.4.13.13 (also see Annex A3.III Form 13 in Appendix 3).
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Step 13: Washing seamed cans



HAZARD 1: Contamination with pathogenic bacteria from water.



Control measures: 
1. This hazard is reduced to acceptable levels through strict adherence to the 



company’s SSOP (Annex A2.I). Some relevant SSOP monitoring records are 
presented in Annex A2.III.



Step 14: Sterilization



HAZARD 1: Survival of pathogenic bacteria, especially C. botulinum spores, 
which may germinate later on, grow and produce their deadly neurotoxins.



Control measures: 
1. Regular maintenance of the sterilization equipment. 
2. Training of the retort operating supervisor.



Is step 14 a CCP for the considered hazard or not?



Question 1: Does any control measure exist for the 
identified hazard?



Yes. Regular maintenance of the 
sterilization equipment. Training of the 
retort operating supervisor.



Question 2: Does this step eliminate or reduce the likely 
occurrence of the hazard to an acceptable level?



Yes, proper sterilization will inactivate all 
bacteria, including Cl. botulinum spores.



Question 3: Could contamination with the identified 
hazard occur in excess of acceptable levels or could these 
increase to unacceptable levels?



–



Question 4: Will a subsequent step eliminate the 
identified hazard or reduce its likely occurrence to an 
acceptable level?



–



Conclusion Sterilization is a CCP for the elimination of 
bacterial or spore survival.



Critical limits: 
1. F0 = 7–14 min, certified and registered thermal process.
2. Well-maintained retorts.
3. Certified retort operation supervisor through, for example, BPCS or 



equivalent.



Monitoring procedure: 
1. Run twice a year, and as seen fit, a heat penetration and distribution test on 



each retort. 
2. For each retort cycle, record automatically time–temperature data on a ther-



mograph, and record manually temperature at the mercury thermometer, 
pressure at the manometer, time for steam-on, steam-off, beginning and end 
of sterilization, expected sterilization time and temperature. 



Corrective actions: 
1. Identify the cause of underprocessing and solve the problem. 
2. Re-sterilize if acceptable or discard and destroy understerilized product.



Verification procedure: 
See section 6.4.13.12.











411Appendix 2



Record-keeping:
See section 6.4.13.13 (also see Annex A3.III Form 13 in Appendix 3).



Step 15: Cooling hot sterile cans (only when vertical discontinuous retorts are 
used. Not applicable for Steriflow)



HAZARD 1: Post contamination of can content with pathogenic bacteria from 
water.



Control measures: 
1. This hazard is reduced to acceptable levels through strict adherence to the 



company’s SSOP (Annex A2.I). Some relevant SSOP monitoring records are 
presented in Annex A2.III.



Step 16: Storage before shipment



There is no significant biological, chemical or physical safety hazard at this step.
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ANNEXES



As indicated above, the HACCP plan contains three annexes developed by the 
HACCP team to address, respectively: control measures, monitoring procedures, and 
record keeping. The table of contents of each annex is presented below, along with 
some elements of each annex for illustrative purposes only. 



Annex A2.I: Control meAsures



Company XYZ has adopted control measures to promote the application of good 
hygiene, handling and sanitation practices by the employees and good manufacturing 
practices during processing. 



The control measures used at company XYZ comprise: 
•	 standard sanitation operating procedures (SSOPs);
•	 standard handling and icing of fresh fish;
•	 standard sterilization procedure;
•	 maintenance of container closure equipment;
•	 maintenance of sterilization retorts.



Examples to illustrate the content of Annex A2.I are provided here for illustrative 
purposes only.



Standard handling and icing fresh fish
Before buying fish, the purchase supervisor checks the freshness of fish. The quality 
control (QC) manager and the purchase supervisor are in close contact to ensure that 
only quality raw material is purchased. Before loading the truck, fish is iced in 25 kg 
plastic boxes, by alternating a layer of ice and a layer of fish.



Ice is purchased from reliable suppliers that use potable water and the appropriate 
containers. The ratio of fish to ice depends on whether the truck is refrigerated or 
insulated and on the transport duration. These ratios are as shown in Table A2.2.



TABLe A2.2
The ratio of fish to ice in transport vehicles



Type of truck Kilograms of ice to preserve 100 kg of fish for:
3 hours 6 hours 12 hours 18 hours 24 hours



Insulated 22(1) to 35(2) 38 to 45 40 to 65 53 to 85 65 to 105



Refrigerated 17(1) to 25(2) kg of ice for 100 kg of fish regardless of the duration



(1) This amount of ice is used when the outside temperature is relatively low, about 15 °C.
(2) This amount of ice is used when the outside temperature is high, about 30 °C. 



Fish temperature is kept around that of melting ice during transportation. The 
melted ice is allowed to drain freely. Hired trucks are generally not used for carrying 
other products that may contaminate fish. In the unlikely event of this happening, 
drivers are instructed to use these trucks to carry fish only after their thorough cleaning 
and sanitation



Standard sterilization procedure
Product sterilization at company XYZ uses three retorts of the type Steriflow. These 
retorts use cascading high-pressure water and recycle it, after a cooling step through 
the Steriflow heat exchanger, to be used to cool the cans. This eliminates the problem 
of post-process contamination from water and allows substantial savings in water 
consumption. On very rare occasions, sterilization is done using vertical retorts that 
operate under pressure in steam. Table  A2.3 presents the technical parameters of 
thermal processing at company XYZ. 
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The retorts are maintained at least once a year, under contract with the manufacturing 
company. Before resuming production and whenever needed, a heat penetration and 
distribution test is carried out to ensure proper functioning of each retort. The Fo 
is calculated after each sterilization cycle, and records are kept for the duration of 
product shelf-life.



Annex A2.II: monItorIng proCedures



The monitoring system of company XYZ comprises:
•	 control of cleaning and sanitation; 
•	 determination of water chlorine level;
•	 measurement of fish temperature;
•	 sensory evaluation of fresh fish;
•	 determination of total volatile bases (TVB);
•	 determination of histamine;
•	 verification of the container closure;
•	 determination of the heat penetration and distribution.



Examples to illustrate content of Annex A2.II are provided hereafter for illustrative 
purposes only.



TABLe A2.3
Technical parameters of thermal processing



Technical parameters of the Steriflow retorts Thermal processing target values
Retort type Steriflow using overheated water



Minimal Fo 7 to 14 min, generally > 10 min



Can format ¼ P22 (115 g), 1/6 P 25 (125 g); 1/6 P 30 (125 g); ½ P oval 
(375 g); ½ H 40 (365 g); ½ HL (425 g); ½ B (425 g)



Sterilization temperature 122.5 °C, with an overshooting at 123.5 °C



Heating duration 23 to 55 min at 122.5 °C



Minimal initial temperature 30 °C



Filling method Manual fish packing and overfilling with liquid



Ratio solid/liquid 75% fish; 25% liquid (oil, water, tomato sauce)



Stacking of the cans in the retort basket In bulk



Number of basket per retort 4 baskets



Sterilization system Water is overheated to a pressure of 6 bars 



Cooling method The heating water is cooled through a heat exchanger 
and recycled to be used for cooling



Technical parameters of the vertical steam retorts Thermal processing target values



Retort type Vertical retorts using steam



Minimal Fo 7 to 14 min, generally > 10 min



Can format 1/6 P 30 DAS (125 g); ½ HL (425 g)



Sterilization temperature 115 °C



Heating duration 55 to 85 min at 115 °C



Minimal initial temperature 30 °C



Filling method Manual fish packing and overfilling with liquid



Ratio solid/liquid 75% fish; 25% liquid (oil, water, tomato sauce)



Stacking of the cans in the retort basket In bulk



Number of baskets per retort 1 basket



Sterilization system Introduction of steam through the by-pass. Venting for 
at least 10 min at 105 °C. Close the by-pass. open the 
regulating valve at temperature reaches 115 °C. This is 
start time. 



Cooling method Using cold water chlorinated at 2 ppm of active chlorine
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Determination of residual chlorine in water and in sanitizing solutions



Residual chlorine is measured using the Lovibond technique, whereby residual 
chlorine reacts with N,N-diethyl-p-phenylene-diamine (DPD) to form a stable red 
colour. The moulded flask containing 10 ml of the water sample is placed in the left 
compartment of the Lovibond apparatus. The other flask is first rinsed with the sample, 
before placing in few drops of the water to analyse. A tablet of DPD is added and left 
to react for a while, before completing to 10 ml with the water sample and placing it 
in the right compartment. The Lovibond apparatus is maintained in a vertical position, 
making sure the disc in the centre is facing the operator. The Lovibond apparatus is 
directed to a natural or artificial source of light and the disc is turned until the colour 
matches that of the sample in the right compartment, corresponding to the reading of 
concentration of residual chlorine.



Water disinfected in the plant should contain 1–2 ppm of residual chlorine. Municipal 
water is disinfected using 0.3–0.5 ppm of residual chlorine. The recommended chlorine 
levels of sanitizing solutions are described in the SSOP of company XYZ (Annex A2.I).



Measurement of fish temperature
Fish temperature is assessed on fish samples taken from about ten boxes chosen 
randomly from different areas of the delivery trucks (sides, centre, bottom, upper area). 
The warm fish is often in the centre of refrigerated trucks.



Only metallic thermometers are used. The probe is inserted as deep as possible in 
the fish through the anus. The reading is made as fast as possible once the temperature 
stabilizes. By so doing, one avoids errors due to heat conduction.



The warm areas in the truck are located, and the freshness of the fish stored in these 
areas is carefully assessed.



Thermometers are calibrated every three months in melting ice (0 °C) and boiling 
water (100 °C). Defective thermometers are automatically discarded.



Annex A2.III: reCord-keepIng



The HACCP plan (Table A2.1) developed by company XYZ refers to forms and logs 
to record respectively the results of monitoring and corrective actions.



The following is an example used to monitor quality of fish at receiving.
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Example form: Control of fresh fish quality at company XYZ



Fish port:  ______________________ 



Boat:  ______________________ 



Transport truck:  ______________________



Date of purchase: Date of receiving:



Quantity (tonnes): Utilization: 



Temperature



Number of measurements: 



Range:



Average temperature (°C):



Fish freshens score (from 0 to 3)



Sample size:



Range:



Average:



TVB (mg-N/100 g): Histamine (mg/100 g):



Storage conditions before utilization Storage duration before utilization



Purchase manager Quality control manager
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Appendix 3



Summary of HACCp plan 
development for shrimp farm



The HACCP plan of company VWX is presented in Table A3.1. Wherever necessary, 
the table refers to annexes that describe in sufficient detail the relevant control, 
monitoring or corrective action or to record-keeping forms. The annexes to this 
appendix are:



•	 Annex A3.I: Good aquaculture practices at shrimp farm VWX.
•	 Annex A3.II: Monitoring system of the shrimp farm VWX – some examples.
•	 Annex A3.III: Record-keeping of the shrimp farm VWX – some example 



forms.



The following is the hazard analysis and ensuing steps of CCP identification and 
development of critical limits, monitoring procedures and corrective actions that was 
applied to the production flow diagram (Figure  57) and resulted in the summary 
HACCP plan (Table A3.1). 



Step 1: Shrimp farm and surroundings



HAZARD 1: Presence of pesticides in shrimp as a result of the contamination 
from nearby agricultural farms.



Control measure(s):
The following GAP should be implemented to control this hazard:



1. Assessment of data available, including historical occurrence, types of pesti-
cides, presence in soils and waters.



2. Soil and water testing.
3. No production when risk of contamination is high.
4. Eliminate the cause of contamination.



Is step 1 a CCP for the considered hazard or not?



Question 1: Does any control measure exist for the 
identified hazard?



Yes (measures 1– 4 described above)



Question 2: Does this step eliminate or reduce the likely 
occurrence of the hazard to an acceptable level?



Yes. By applying the control measures 
described above



Question 3: Could contamination with the identified 
hazard occur in excess of acceptable levels or could these 
increase to unacceptable levels?



–



Question 4: Will a subsequent step eliminate the 
identified hazard or reduce its likely occurrence to an 
acceptable level?



–



Conclusion This step is a CCP for the production of 
shrimp free of pesticides
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Critical limits:
1. Assessment of data indicative of no contamination risk.
2. Absence of pesticides in soil and water.
3. Cause of contamination eliminated/minimized before production resumes.



Monitoring procedure:
What expert evaluation of the results of the study.



Laboratory analysis or rapid testing.



Verification that the cause of contamination is eliminated/minimized.



How Survey pollution sources: ask questions about and observe agricultural and industrial 
practices around the shrimp farm area. Investigate what pesticides are used on local 
harvested crops, how they are applied, and at what time of the year. Investigate what 
industrial discharges enter the watershed surrounding the shrimp farm area; prepare 
summary report of observations and findings. 



If water analysis is considered necessary, the method of analysis should be referenced and 
described in details as annex to the HACCP manual.



Verify that soil and water analyses are acceptable.



Who Person indicated by the farm management.



Government official laboratory or certified private laboratory.



QC manager.



When every three months or during agricultural treatment periods.



every three months or during agricultural treatment periods.



every three months or during agricultural treatment periods.



Corrective actions:
1. No shrimp farming in contaminated sites.
2. No shrimp farming if soil or water is contaminated.
3. No shrimp farming until source of contamination eliminated / contamination 



minimized.



Verification procedure: 
See section 6.10.4.12.



Record-keeping:
See section 6.10.4.13 (also see Annex A3.III Form 13 in this appendix).



Step 2: Hatchery and grow-out



HAZARD 1: Presence of pathogenic bacteria (Salmonella, Vibrio, other) in shrimp 
because of contamination from workers, surroundings, domestic or wild animals 
and birds 



Control measures:
The following GAP and hygienic practices are applied to control the hazard of bio-
logical contamination of shrimp during grow-out (production):



1. Hygienic practices should be strictly followed.
2. Training of workers on basic hygiene and health education.
3. Construction and maintenance of physical barriers to protect the ponds from 



livestock faecal contamination via water drainage.
4. Construction and maintenance of fences to protect shrimp ponds from 



domestic animals defecating in the ponds.
5. Establishment of a list of approved feed suppliers that provide assurance that 



feed is free of microbiological contamination.
6. Storage of shrimp feed in such a way and in a local where it is protected from 



microbiological contamination.
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Is step 2 a CCP for the considered hazard or not?



Question 1: Does any control measure exist for the 
identified hazard?



Yes (measures 1–6 described above)



Question 2: Does this step eliminate or reduce the likely 
occurrence of the hazard to an acceptable level?



No. If contamination occurs, it will remain 
in the product throughout distribution



Question 3: Could contamination with the identified 
hazard occur in excess of acceptable levels or could 
these increase to unacceptable levels?



Yes, biological contaminants can 
subsequently grow to unacceptable levels



Question 4: Will a subsequent step eliminate the 
identified hazard or reduce its likely occurrence to an 
acceptable level?



No. There is no designed step to remove 
bacterial contamination before shipment



Conclusion This step is a CCP for the production of 
shrimp free of biological hazards



Critical limits:
1. No unhygienic practices during shrimp production.
2. All workers demonstrate a satisfactory understanding and application of 



hygiene rules.
3. Physical barriers and their maintenance in place.
4. Fences and maintenance in place.
5. Certified feeds from each supplier on the approved list.
6. Proper storage local and conditions.



Monitoring procedure:
What Sanitation procedures.



Personnel hygienic practices.



Physical barriers and their state.



Fences and their states.



List of approved suppliers and feed certifications.



Storage local and conditions.



How Verification and supervision.



Verification and supervision.



Visual verification.



Visual verification.



Verification.



Verification.



Who Pond supervisors and QC manager.



Pond supervisors and QC manager.



Pond supervisors.



Pond supervisors.



QC manager.



Pond supervisors.



When every week.



When first hired and daily thereafter during production.



every production cycle.



every production cycle.



When receiving feeds and before use.



Weekly.
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Corrective actions:
1. Re-train workers to improve hygienic practices and assess risk of contamina-



tion during the period of unsanitary practice.
2. Re-train workers, otherwise restrict duties to those that do not bring staff in 



contact with shrimp and production.
3. Repair barriers and assess risk of contamination when barrier was not 



operational.
4. Repair fence and assess risk of contamination when fence was not 



operational.
5. Not to use uncertified feed or feed from non-authorized supplier and assess 



cause and risk due to the use of uncertified feed or non-authorized supplier.
6. Improve storage conditions and assess risk when storage conditions were 



inadequate.



Verification procedure: 
See section 6.10.4.12.



Record-keeping:
See section 6.10.4.13 (also see Annex A3.III Form 13 in this appendix).



HAZARD 2: Presence of unauthorized veterinary drugs or high residue levels of 
veterinary drugs in shrimp.



Control measures:
The following GAP is applied to control the hazard of unacceptable or high residue 
levels of veterinary drugs in shrimp hatchery and grow-out (production).



1. Only approved veterinary drugs should be used. 
2. Veterinary drugs should be used under the supervision of a licensed 



professional.
3. Withdrawal times should be respected.



Is step 2 a CCP for the considered hazard or not?



Question 1: Does any control measure exist for the 
identified hazard?



Yes (measures 1–3 described above)



Question 2: Does this step eliminate or reduce the likely 
occurrence of the hazard to an acceptable level?



Yes. If the above control measures are 
applied.



Question 3: Could contamination with the identified 
hazard occur in excess of acceptable levels or could 
these increase to unacceptable levels?



–



Question 4: Will a subsequent step eliminate the 
identified hazard or reduce its likely occurrence to an 
acceptable level?



–



Conclusion This step is a CCP for the production of 
shrimp free of veterinary drug residues



Critical limits:
1. No unapproved veterinary drug is used (Annex A3.I) (WHO, 2006b). 
2. All necessary veterinary treatments are supervised by a licensed professional.
3. Withdrawal times > those prescribed (e.g. 30 days for oxytetracycline).
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Monitoring procedure:
What Type of veterinary drug.



Supervision of drug application.



Withdrawal time and, if in doubt, check residues.



How Verification.



Verification of credentials of the treatment supervisor.



Verification and, if in doubt, chemical analysis.



Who Hatchery manager / pond supervisor.



Pond supervisor.



Pond supervisor and, if in doubt, analysis by certified laboratory.



When During each treatment.



During the treatment.



After each treatment.



Corrective actions:
1. Investigate the cause of the use of unauthorized drug and ensure it does not 



happen again. Identify concerned tank/pond, observe withdrawal time or 
keep the product until a full food safety evaluation can be completed. If unfit 
for human consumption, divert product for non-food use or destroy it.



2. Investigate the cause of deviation and modify drug-use practice or change 
practitioner. Place suspect tank(s)/pond(s) on hold, observe withdrawal time 
and undertake full safety evaluation. If unfit for human consumption, divert 
product for non-food use or destroy.



3. Ensure that withdrawal duration is respected until analysis of veterinary drug 
residues is acceptable. Otherwise, keep the product until a full food safety 
evaluation can be completed. If unfit for human consumption, divert product 
for non-food use or destroy it.



Verification procedure: 
See section 6.10.4.12.



Record-keeping:
See section 6.10.4.13 (also see Annex A3.III Form 13 in this appendix).



Step 3: Harvesting and transport



HAZARD 1: Presence of biological hazards (Salmonella, Vibrios, others) in 
shrimp because of bacterial contamination and growth during harvesting and  
transportation



Control measures:
The following GAP and GHP are applied to control the hazard of biological 
contamination of shrimp during harvesting and transportation.



1. Follow hygienic practices during harvesting and transportation.
2. Training of personnel on basic hygiene, health education and proper fish  



handling.
3. Use potable water for cleaning shrimp and preparing ice.
4. Use proper handling practices (harvest when temperature is cooled and under 



cover, avoid unnecessary delays, chill in sufficient ice or ice slurry  
immediately after harvesting, avoid physical damage, clean and disinfect  
surfaces that will come in contact with shrimp).



Is step 3 a CCP for the considered hazard or not?
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Question 1: Does any control measure exist for the 
identified hazard?



Yes (measures described above)



Question 2: Does this step eliminate or reduce the likely 
occurrence of the hazard to an acceptable level?



No. If contamination occurs, it will remain 
in the product throughout distribution and 
growth may occur in subsequent steps



Question 3: Could contamination with the identified 
hazard occur in excess of acceptable levels or could these 
increase to unacceptable levels?



Yes, biological contaminants can 
subsequently grow to unacceptable levels



Question 4: Will a subsequent step eliminate the 
identified hazard or reduce its likely occurrence to an 
acceptable level?



No. There is no designed step to remove 
bacterial contamination before shipment



Conclusion This step is a CCP for the production of 
shrimp free of biological hazards



Critical limits:
1. All personnel demonstrate understanding and application of good hygiene 



and shrimp handling practices.
2. Only potable water is used for cleaning and production of ice.
3. Ice (or ice slurry)/ shrimp ratio so that fish reaches ≤ +5 ºC within 3 hours 



(See Table A3.2, Annex A3.I).
 
Monitoring procedure: 



What Personnel hygiene and shrimp handling practices.



Water quality.



Ratio of ice/fish used or shrimp temperature.



How Training, verification and supervision.



Rapid test.



Verification of weight of ice and shrimp or measuring temperature with a thermometer.



Who QC manager.



QC manager.



Pond supervisors.



When When first hired and as seen fit.



Monthly (frequency to decrease or increase depending on the findings).



every shrimp box.



Corrective actions:
1. Re-train farmers/staff, otherwise restrict duties to those where untrained 



workers do not come in contact with shrimp harvesting.
2. Change water source or treat the water to make it potable. Keep on hold 



suspect lots and investigate food safety implications. If unfit for human con-
sumption, divert product for non-food use or destroy it.



3. Add ice or ice slurry.



Verification procedure: 
See section 6.10.4.12.



Record-keeping:
See section 6.10.4.13 (also see Annex A3.III Form 13 in this appendix).
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HAZARD 2: Presence of unacceptable residue levels of sulphur dioxide (SO2) as a 
result of improper treatment with metabisulphite



Control measures:
This hazard is controlled as follows:



1. Train farmers/staff on proper metabisulphite treatment, especially respect of 
the concentration of metabisulphite bath and treatment duration.



2. Use proper concentration of metabisulphite and proper duration.



Is step 3 a CCP for the considered hazard or not?



Question 1: Does any control measure exist for the 
identified hazard?



Yes (measures 1 and 2 described above)



Question 2: Does this step eliminate or reduce the likely 
occurrence of the hazard to an acceptable level?



Yes. If the above control measures are 
applied.



Question 3: Could contamination with the identified 
hazard occur in excess of acceptable levels or could these 
increase to unacceptable levels?



–



Question 4: Will a subsequent step eliminate the 
identified hazard or reduce its likely occurrence to an 
acceptable level?



–



Conclusion This step is a CCP for the production of 
shrimp with acceptable SO2 residue levels



Critical limits:
1. Only trained people will be in charge of preparing sodium metabisulphite 



baths and shrimp treatment.
2. Concentration 1.25 percent, duration 1–3 min.
3. SO2 level < 100 ppm in raw shrimp.



Monitoring procedure:
What Personnel practices and knowledge.



Weight of metabisulphite / volume water and duration.



SO2 concentration in bath and/or shrimp.



How Verification and supervision.



Verification of weight/volume water and duration. 



Rapid test to assess concentration in bath and/or shrimp 



Who QC manager.



Pond supervisor.



QC manager and, if in doubt, analysis by certified laboratory.



When After training and every harvest thereafter.



During the treatment.



One lot out of ten (sampling size should increase or decrease depending on 
whether there is a problem or not).



Corrective actions:
1. Re-train farmers/staff and supervise the process,
2. Adjust concentration of bath, 
3. Verify SO2 level in shrimp if concentration was high or duration longer. Keep 



on hold suspect lots and investigate food safety. If unfit for human consump-
tion, divert product for non-food use or destroy it.



Verification procedure: 
See section 6.10.4.12.
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Record-keeping:
See section 6.10.4.13 (also see Annex A3.III Form 13 in this appendix).



As indicated above, the HACCP plan contains three annexes (following) developed 
by the HACCP team to address, respectively: GAP, monitoring procedures, and forms 
for recording the results of monitoring and corrective actions. Drafting these annexes 
is a straightforward activity and is not done hereafter in detail. Instead, the table of 
contents of each annex is presented and some elements of each annex are provided for 
illustrative purposes only. 
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ANNEXES
Annex A3.I: good AquACulture prACtICes



Company VWX has developed good aquaculture practices (GAPs) to promote the 
application of good hygienic, handling and sanitation practices by the employees and 
pond supervisors at the farm. 



The company’s GAPs comprise: 
•	 protection of the farm site from pollution;
•	 growing-water quality;
•	 quality of feeds; 
•	 proper use of veterinary drugs;
•	 good practices during grow out;
•	 good harvesting practices;
•	 good storage and transportation practices;
•	 cleaning and disinfection;
•	 pest-eradication programme.



Useful information to draft GAP for a shrimp farm is summarized in Section 6.10.2. 
Examples for elements of GAP are provided hereafter for illustrative purpose.



Proper use of veterinary drugs
•	 All veterinary drugs for use on the shrimp farm VWX comply with national 



and United States regulations and are registered with the appropriate national 
authority.



•	 Control of diseases with drugs is carried out only on the basis of an accurate 
diagnosis. Products are only prescribed or distributed by Dr PQR, who is 
authorized under national regulations.



•	 Veterinary drugs or medicated feeds are used according to the manufacturer’s 
instructions, with particular attention to withdrawal periods.



•	 Prior to administering veterinary drugs, a system is put in place by the QC 
manager to monitor and record the application of the drug to ensure that the 
withdrawal time for the batch of treated shrimp can be verified.



•	 Storage and transport conditions conform to the specifications on the label.
•	 Records are maintained for the use of veterinary drugs.



Holding and transportation
To minimize physical damage and stress:



•	 holding and transportation is rapid so that shrimp are not exposed unduly to 
high temperatures;



•	 shrimp is packed in ice or immersed in ice slurry to keep temperature close to 
0 ºC; Table A3.2 shows the ice/shrimp weight ratio used;



TABLe A3.2
ice/shrimp weight ratio in vehicle transport



Type of truck Kilograms of ice to preserve 100 kg of shrimp for:
3 hours 6 hours 12 hours 18 hours 24 hours



Insulated 22(1) to 35(2) 38 to 45 40 to 65 53 to 85 65 to 105
Refrigerated 17(1) to 25 (2) kg of ice for 100 kg of fish regardless of the duration



(1) This amount of ice is used when the outside temperature is relatively low about 15 °C.
(2) This amount of ice is used when the outside temperature is high, about 30 °C. 



•	 all equipment for shrimp holding and transportation is easy to clean and to 
disinfect, and is cleaned and disinfected regularly and as appropriate;



•	 shrimp is not transported with any other product;
•	 records for transport of shrimp are maintained to ensure full product tracing.
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Pest control
Pest control is carried out by a contracting company every six months and as needed for 
the destruction of rats, mice, cockroaches and other pests. Pest-control chemicals are 
kept locked and away from the working premises to prevent any risk of contamination.



Training
•	 All personnel at the shrimp farm level have been made aware of their role 



and responsibility in protecting shrimp from contamination or deterioration. 
Shrimp handlers have the necessary knowledge and skills to handle shrimp 
hygienically and with proper care. Those who handle strong cleaning 
chemicals or other potentially hazardous chemicals have been instructed in 
safe handling techniques.



•	 Periodic assessment of the effectiveness of training and instruction programmes 
is made, as well as routine supervision and checks to ensure that procedures are 
being carried out effectively;



•	 Training programmes are routinely reviewed and updated where necessary. 



Annex A3.II: HACCp monItorIng system 



The monitoring system of company VWX comprises:
•	 analyses of pesticides in soil and water samples when needed;
•	 detection of pathogenic bacteria in water or in shrimp;
•	 analysis of chlorine levels; 
•	 analysis of veterinary drug residues;
•	 verification of hygiene application by employees; 
•	 verification of GAP application by employees.



As most of the ponds of company VWX are located in remote areas with very 
limited access to equipped laboratories, pond supervisors have been trained in the use 
of simple kits for rapid and simple analyses of:



•	 pesticide analysis of soil and water samples; 
•	 residual chlorine in water; 
•	 water quality;
•	 SO2 residues in shrimp and shrimp sulphite dip solutions. 



These rapid analytical techniques, practical for monitoring in the field, have been 
officially validated by the QC manager against official methods. This validation 
process is repeated as often as needed and whenever a new analytical kit is introduced. 
Likewise, training of the pond supervisors is carried regularly to ensure proper use of 
the analytical kits. 



The following is an example of a rapid test kit for illustrative purposes. It is 
important that evidence about the reliability of these or other rapid tests is obtained. 
Otherwise, they should be validated against officially recognized methods before use.



Example: Analysis of chloramphenicol using “Veratox for Chloramphenicol”



Test
The test is a competitive direct ELISA (www.neogen.com) that provides concentrations 
in parts per billion (ppb). Free chloramphenicol in the sample and controls competes 
with enzyme-labelled chloramphenicol (conjugate) for the antibody-binding sites. 
After a wash step, substrate reacts with the bound enzyme conjugate to produce blue 
colour. A microwell reader is used to yield optical densities. Control optical densities 
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form a standard curve, and sample optical densities are plotted against the curve to 
calculate the exact concentration of chloramphenicol.



Procedure
Samples must be extracted prior to testing.



1. Add 50 μl of controls and samples to the antibody-coated microwells.
2. Add 50 μl of conjugate to the wells.
3. Mix. Cover the wells and incubate for 1 hour.
4. Dump liquid from the wells.
5. Wash wells thoroughly with wash buffer.
6. Tap out water on paper towel.
7. Transfer 150 μl of substrate from a reagent boat to the wells using 12-channel 



pipettor. Mix. Incubate for 30 min.
8. Transfer 50 μl of stopping solution from a reagent boat to the wells.
9. Read results using a microwell reader with a 450 nm filter.



Lower limit of detection:  0.1 ppb
Range of quantitation:  0.1–5 ppb
Controls provided:   0, 0.1, 0.25, 0.5, 1 and 5 ppb



Annex A3.III: reCord-keepIng



The HACCP plan (Table A3.2) developed by company VWX refers to 13 forms to 
record, respectively:



1. Results of study on pesticide contamination;
2. Analysis of pesticides in soils and water;
3. Action taken to eliminate pesticide contamination;
4. Training of employees;
5. Regular control of workers’ hygiene;
6. Examination and repair of fences and barriers;
7. Control of feeds;
8. Control of veterinary treatment; 
9. Control of water treatment;
10. Control of icing and shrimp temperature;
11. Control of cleaning and disinfection;
12. Control of bisulphite treatment;
13. Record for corrective action.



The following are three examples of record-keeping forms provided for illustrative 
purposes.
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Form 4 – Training of employees on hygienic practices.
Shrimp company VWX



Name of employee Date of hiring Date of training Comments



QC manager: 
_________________ Date: ______________



Form 7 – Control of Feeds.
Shrimp company VWX



Supplier Quantity and 
lot number



Date Visual control 
of feed and 
storage 
conditions



Other controls Observation



Signature of pond supervisor: ___________________ Date: __________________



Signature of QC manager:  
___________________ Date: __________________
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Form 13 – Recording corrective actions.



Shrimp company VWX



Date: _____________________ Lot: ______________ Critical Control point: ____________



Description of the control loss (deviation):



Description of the corrective measure: 



Description of the new situation:



Name and signature of the supervisor:    
  Date: 



Name and signature of the QC manager:   
  Date: 
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Intensive use of antimicrobial agents in aquaculture provides a selective pressure creating reservoirs of drug-resistant bacteria



and transferable resistance genes in fish pathogens and other bacteria in the aquatic environment. From these reservoirs,



resistance genes may disseminate by horizontal gene transfer and reach human pathogens, or drug-resistant pathogens from



the aquatic environment may reach humans directly. Horizontal gene transfer may occur in the aquaculture environment,



in the food chain, or in the human intestinal tract. Among the antimicrobial agents commonly used in aquaculture, several



are classified by the World Health Organisation as critically important for use in humans. Occurrence of resistance to these



antimicrobial agents in human pathogens severely limits the therapeutic options in human infections. Considering the rapid



growth and importance of aquaculture industry in many regions of the world and the widespread, intensive, and often



unregulated use of antimicrobial agents in this area of animal production, efforts are needed to prevent development and



spread of antimicrobial resistance in aquaculture to reduce the risk to human health.



Aquaculture is growing rapidly in many regions of the world,



and aquaculture products constitute an important food supply



with increasing economic importance. World aquaculture pro-



duction more than doubled during the period 1994–2004, and



countries in Asia accounted for 80%–90% of the total pro-



duction. In 2004, the world aquaculture production of food



fish amounted to 45.5 million tons, of which 30.6 million tons



were produced in China alone, whereas India, Vietnam, Thai-



land, Indonesia, and Bangladesh together accounted for 6.8



million tons [1]. The industry covers a wide range of species



and methods, from simple traditional systems, in which fish



or other aquatic animals are reared in small ponds for domestic



consumption, to intensive industrial scale production systems.
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To control infectious diseases, similar strategies (eg, vaccination



and use of antimicrobial agents) are employed in aquaculture



as in other areas of animal production. Use of antimicrobial



agents in aquaculture has resulted in the emergence of reser-



voirs of antimicrobial-resistant bacteria in fish and other



aquatic animals, as well as in the aquatic environment [2–7].



The 2 most common routes of administration of antimicro-



bial agents in aquaculture are use of medicated feed and adding



antimicrobial agents directly to the water (immersion therapy),



and both of these methods imply flock treatment of the animals.



These practices may result in heavy use of antimicrobial agents



and convey a strong selective pressure not only in the animals,



but also in the exposed environments [8]. Consequently, the



use of antimicrobial agents in aquaculture results in a broad



environmental application that impacts a wide variety of bac-



teria [9]. Effluents from terrestrial animals and humans may



end up in the aquatic environment, whereby the reservoir in



the aquatic environment may be influenced by resistance de-



terminants and bacteria that have emerged in other environ-



ments [10, 11]. Sanitary barriers used in terrestrial food animal



production are difficult to establish in aquaculture. These con-



ditions, in combination with high population densities, poor



water quality, or both, may lead to an increase in bacterial
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Table 1. Antimicrobial Agents (and Classes) Used in Aquaculture and Their Importance in
Human Medicine



Antimicrobial agent (drug class)



Route of
administration in



aquaculture
Importance of antimicrobial



class in human medicine



Amoxicillin (aminopenicillins) Oral Critically important
Ampicillin (aminopenicillins) Oral Critically important
Chloramphenicol (amphenicols) Oral/bath/injection Important
Florfenicol (amphenicols)a Oral Important
Erythromycin (macrolides) Oral/bath/injection Critically important
Streptomycin, neomycin (aminoglycosides) Bath Critically important
Furazolidone (nitrofurans) Oral/bath Important
Nitrofurantoin (nitrofurans) Oral Important
Oxolinic acid (quinolones)a Oral Critically important
Enrofloxacin (fluoroquinolones)a Oral, bath Critically important
Flumequine (fluoroquinolone)a Oral Critically important
Oxytetracycline, chlortetracycline,



tetracycline (tetracyclines)
Oral/bath/injection Highly important



Sulphonamides (sulphonamides) Oral Important



NOTE. Data are adapted from World Health Organization Expert Consultations on “Critically Important
Antimicrobials for Human Medicine” that took place in Canberra, Australia, in 2005 [15] and in Copenhagen,
Denmark, in 2007 [16]. Note that the use of certain antimicrobial agents in aquaculture (eg, chloramphenicol
and nitrofurans) is regulated or banned in most countries.



a Because resistance is class-wide, all antimicrobial agents in these classes were similarly classified in the
Canberra and Copenhagen reports [15, 16], even though these specific antimicrobial agents are not used in
humans.



infections and contribute to increased use of antimicrobial



agents, thereby increasing the selective pressure on bacteria in



the aquatic environment.



In general, aquatic bacteria are not different from other bac-



teria in their responses to exposure to antimicrobial agents, and



they are capable of transferring antimicrobial resistance genes



to other bacteria [12, 13]. The apparent overlap between various



ecological environments, including aquaculture and the human



environment, means that bacteria and the drug-resistance genes



that they contain may be exchanged between these environ-



ments, implying a risk that drug resistance genes may be trans-



ferred to humans from the reservoir in aquatic bacteria. This



constitutes a potential human health hazard that has received



relatively little attention, because the human health conse-



quences of use of antimicrobial agents in animals have been



regarded mainly in relation to terrestrial farm animals. This



review focuses on the human health consequences of the use



of antimicrobial agents in aquaculture.



DEVELOPMENT AND SPREAD
OF ANTIMICROBIAL RESISTANCE



Development and spread of antimicrobial resistance has be-



come a global public health problem influenced by the use of



antimicrobial agents in both humans and animals. It is generally



acknowledged that the use of antimicrobial agents drives the



emergence of antimicrobial-resistant microorganisms and fur-



ther promotes the dissemination of drug-resistant bacteria and



resistance genes [14]. Spread of antimicrobial resistance is not



necessarily restricted by phylogenetic, geographic, or ecological



borders. Thus, use of antimicrobial agents in one ecological



niche, such as in aquaculture, may impact the occurrence of



antimicrobial resistance in other ecological niches, including



the human environment.



Many antimicrobial agents used in human medicine are also



used in aquaculture. Table 1 summarizes the main antimicrobial



agents used in aquaculture worldwide and their importance in



human medicine as identified during World Health Organi-



zation (WHO) Expert Consultations on “Critically Important



Antimicrobials for Human Medicine” in Canberra, Australia,



in 2005 [15] and in Copenhagen, Denmark, in 2007 [16]. Thus,



among the antimicrobial agents commonly used in aquaculture,



several are classified by the WHO as critically important for



use in humans. Occurrence of resistance to these antimicrobials



in human pathogens severely limits the therapeutic options in



human infections, and therefore, the use of these antimicrobial



agents in animals should be controlled or avoided to prevent



the spread of drug resistance.



Antimicrobial agents are commonly used in aquaculture to



prevent or treat disease outbreaks, but there is little published



documentation giving details of usage patterns. A study con-



ducted in 2003 [17] showed that a large proportion of shrimp



farmers along the Thai coast used antimicrobial agents in their



 by guest on January 13, 2016
http://cid.oxfordjournals.org/



D
ow



nloaded from
 





http://cid.oxfordjournals.org/








1250 • CID 2009:49 (15 October) • FOOD SAFETY



farms. Seventy-four percent of the farmers used antimicrobial



agents in the production of shrimp, and at least 13 different



antimicrobial agents were used. Some farmers reported treating



their shrimp with antimicrobial agents for prophylaxis on a



daily basis. The authors concluded that a more restrictive use



of antimicrobial agents could have positive effects for the in-



dividual farm and, simultaneously, decrease impacts on regional



human medicine and adjacent coastal ecosystems.



Few countries monitor the quantity of antimicrobial agents



used in animals, and data on the quantity of antimicrobial



agents used in aquaculture are scarce. In some countries (eg,



countries in North America and in Europe), licensing and reg-



ulation of the use of antimicrobial agents in aquaculture is



strictly enforced, and the use of antimicrobial agents in aqua-



culture is frequently guided by veterinary professionals. How-



ever, a large proportion of the global aquaculture production



takes place in countries with few regulations and limited en-



forcement for the authorization of antimicrobial agents used



in animals [18].



THE RISKS ASSOCIATED
WITH ANTIMICROBIAL-RESISTANT
BACTERIA IN AQUACULTURE



The use of antimicrobial agents in aquaculture presents a risk



to public health because of the development of acquired an-



timicrobial resistance in fish pathogens and other aquatic bac-



teria; such drug-resistant bacteria can act as reservoirs of re-



sistance genes, from which genes can disseminate to human



pathogens (eg, the spread of resistance genes from Aeromonas



species to Escherichia coli). This can be viewed as an indirect



spread of antimicrobial resistance from aquatic environments



to humans by horizontal gene transfer. Furthermore, some



groups of aquatic bacteria (eg, some Vibrio species) are regarded



as human pathogens, and other bacterial species can be op-



portunistic pathogens in humans. Infection in humans caused



by antimicrobial-resistant bacteria from these groups can be



viewed as direct spread of antimicrobial resistance from the



aquatic environment.



Indirect spread of antimicrobial resistance by horizontal



gene transfer. Development and spread of antimicrobial re-



sistance as a consequence of exposure to antimicrobial agents



is well documented in both human medicine and veterinary



medicine. It is also well documented that fish pathogens and



other aquatic bacteria can develop resistance as a consequence



of exposure to antimicrobial agents [19]. Examples include



Aeromonas salmonicida, Aeromonas hydrophila, Edwardsiella



tarda, Citrobacter freundii, Yersinia ruckeri, Photobacterium



damselae subspecies piscicida, Vibrio anguillarum, Vibrio sal-



monicida, Flavobacterium psychrophilum and Pseudomonas



fluorescens.



Acquired sulfonamide resistance in A. salmonicida, which



causes disease in fish that inhabit temperate and cold climates,



was reported in 1955 in the United States, and in the 1960s,



multidrug-resistant strains were observed in Japan. Since that



time, multidrug-resistant A. salmonicida have been described



from many countries in various parts of the world, and trans-



ferable resistance plasmids are commonly detected in these



strains [19].



The use of quinolones in aquaculture has resulted in the



development of quinolone resistance in strains of A. salmoni-



cida. This resistance was mainly mediated by mutation in the



gyrase A gene (gyrA) [19]. Development of resistance in shrimp



pathogens, such as Vibrio harveyi, because of exposure to an-



timicrobials has also been reported [20]. Resistance to nor-



floxacin, oxolinic acid, trimethoprim, and sulphamethoxasole



was found to be high among bacteria in mud samples from



shrimp farming locations in Vietnam, and Bacillus and Vibrio



species were predominant among bacteria that were resistant



to antimicrobials [6]. A high prevalence of resistance to sul-



phonamides in bacteria from shrimp hatcheries in India has



been reported [21].



The fact that some bacteria that cause infections in fish be-



long to the same genera as bacteria causing infections in hu-



mans is likely to increase the probability of spread of antimi-



crobial resistance from aquaculture to humans. Studies have



demonstrated that plasmids that harbor resistance determinants



are transferable from fish pathogens and aquatic bacteria, not



only to other bacteria within the same genus, but also to E.



coli [12, 13]. Plasmids that carry multidrug-resistant deter-



minants have been shown to be transferable to E. coli from A.



salmonicida, A. hydrophila, E. tarda, Citrobacter freundii, P.



damselae subspecies piscicida, V. anguillarum, and V. salmoni-



cida [19]. A large plasmid carrying resistance to 6 antimicrobial



agents was shown to be transferable from Vibrio cholerae O1



to A. salmonicida, A. hydrophila, Vibrio parahaemolyticus, V.



cholerae, V. anguillarum, Shigella species, Salmonella species,



and E. coli [22]. Plasmids with varying resistance genes have



been transferred in vitro from fish pathogens to human path-



ogens, including V. cholerae and V. parahaemolyticus [23]. A



21-kb plasmid coding for resistance to cephalothin that could



be transferred to E. coli was isolated from Vibrio strains from



shrimp ponds [24]. Genes coding for tetracycline resistance in



fish farm bacteria and human clinical isolates in Japan showed



high similarity, suggesting that they were derived from the same



source [25]. Furthermore, in laboratory experiments, transfer



of tetracycline resistance from marine strains of Photobacterium



species, Vibrio species, Aeromonas species, and Pseudomonas



species could be transferred to E. coli by conjugation, suggesting



that transfer of resistance from marine bacteria to bacteria as-



sociated with the human gut is possible.



The transfer of plasmids containing resistance genes between



fish pathogens and other aquatic bacteria illustrates that these
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bacteria can act as reservoirs of resistance genes that can be



further disseminated. Ultimately, resistance genes in the aquatic



environment may reach human pathogens and thereby add to



the burden of antimicrobial resistance in human medicine. Mo-



lecular characterization shows that some of the antimicrobial



resistance determinants in multidrug-resistant Salmonella Ty-



phimurium DT104, such as tet(G) causing tetracycline resis-



tance and flo-like gene that confers resistance to both chlor-



amphenicol and florfenicol, are also present in some fish



pathogenic bacteria [26, 27]. Furthermore, it has been recently



demonstrated that Vibrio species found in aquatic environ-



ments harbour qnr-like quinolone resistance determinants that



resemble the qnr genes found in human pathogens, indicating



that the aquatic environment may serve as a reservoir of quin-



olone resistance determinants [28, 29]. The results of these



molecular characterizations indicate that resistance genes can



be exchanged between fish pathogens and human bacteria.



Direct spread of antimicrobial resistance. Aquatic envi-



ronments can be a source of drug-resistant bacteria that can



be directly transmitted to and cause infections in humans, and



because of resistance traits, antimicrobial treatment of infec-



tions caused by these bacteria may result in treatment failures



in humans. The spread to humans may be through direct con-



tact with water or aquatic organisms, through drinking water,



or through the handling or consumption of aquaculture prod-



ucts. Direct spread from aquatic environments to humans can



involve human pathogens, such as V. cholerae, V. parahaemo-



lyticus, Vibrio vulnificus, Shigella species, and Salmonella species,



or opportunistic pathogens, such as A. hydrophila, Plesiomonas



shigelloides, E. tarda, Streptococcus iniae, and E. coli. The occur-



rence of antimicrobial-resistant Salmonella species in aquat-



ic environments is most likely attributable to contamination



from human, animal, or agricultural environments [30].



In a study of ready-to-eat shrimp, 13 brands from 4 countries



were obtained from local grocery stores [31]. A total of 1564



isolates representing 162 bacterial species were isolated and



tested for resistance to 10 antimicrobial agents. Forty-two per-



cent of the isolates and 81% of the species were resistant to



antimicrobial agents. Numerous antimicrobial-resistant human



pathogens were isolated, including E. coli, Enterococcus species,



Salmonella species, Shigella flexneri, Staphylococcus species, and



Vibrio species. Because ready-to-eat shrimp are not cooked be-



fore they are eaten, the authors suggested that widespread trade



of this product provides an avenue for international dissemi-



nation of antimicrobial-resistant pathogens.



CONSEQUENCES FOR HUMANS OF TRANSFER
OF ANTIMICROBIAL-RESISTANT BACTERIA
FROM AQUACULTURE



The consequences of antimicrobial resistance in bacteria caus-



ing infections in human include (1) an increased number of



infections and (2) an increased frequency of treatment failures



and increased severity of infection [13].



Increased number of infections. Antimicrobial agents may



disturb the microflora of the human intestinal tract and place



treated individuals at increased risk for certain infections. In-



dividuals taking an antimicrobial agent for any reason are there-



fore at increased risk for infection due to pathogens that are



resistant to the antimicrobial agent. This effect has been dem-



onstrated in case-control studies involving persons infected



with antimicrobial-resistant Salmonella species, in which per-



sons who are exposed to antimicrobial agents for unrelated



reasons, such as treatment of an upper respiratory tract infec-



tion, are at increased risk for infection due to Salmonella species



that are resistant to the antimicrobial agent [32]. This increased



risk can be expressed in the form of an attributable fraction;



for example, the proportion of Salmonella infections that oc-



curred as a result of the Salmonella species being resistant to



the antimicrobial agent (ie, infections occurring as a result of



the person taking the antimicrobial agent for an unrelated rea-



son). Although there is no current data from aquaculture re-



lated studies, it is reasonable to assume that the same phe-



nomenon that has been demonstrated for Salmonella species



can occur with other drug-resistant human pathogens for which



resistance may have originated in aquaculture and that anti-



microbial treatment (for unrelated reasons) may put the patient



at risk for infection due to such drug-resistant pathogens.



Increased frequency of treatment failure and increased se-



verity of infection. Increased frequency of treatment failure



and increased severity of infection as a result of antimicrobial



resistance may result in prolonged duration of illness, increased



frequency of bloodstream infection, increased hospitalization,



or increased mortality [13]. Prolonged duration of illness has



been demonstrated in case-control studies of fluoroquinolone-



resistant Campylobacter [33, 34], and for infections due to quin-



olone-resistant Salmonella Typhimurium, an increased severity



of infection was demonstrated [35]. Also for antimicrobial-



resistant non-Typhi Salmonella serotypes and Campylobacter,



increased morbidity or mortality has been demonstrated [36].



It is reasonable to assume that the same phenomenon that has



been demonstrated for Salmonella and Campylobacter species



can occur with other drug-resistant human pathogens, for



which resistance may originate in aquaculture.



RESIDUES OF ANTIMICROBIAL AGENTS



In parallel to human health risk from antimicrobial-resistant



bacteria in aquaculture, the presence of residues of antimicro-



bial agents in aquaculture products also presents a risk to hu-



mans, exemplified by allergy, toxicity, alterations of the intes-



tinal flora, and selection for antimicrobial-resistant bacteria



[37]. The risk depends on the type and quantity of the anti-



microbial agent encountered or consumed, and in general,
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Figure 1. Antimicrobial drug use vs farmed Atlantic salmon (Salmo
salar) and rainbow trout (Oncorhynchus mykiss) production in Norway.



lower exposure means lower risk. In a Food and Agriculture



Organisation of the United Nations (FAO)/Organization In-



ternational des Epizooties (OIE; World Organization for Ani-



mal Health)/WHO consultation on scientific issues related to



nonhuman use of antimicrobial agents that was held in Geneva,



Switzerland, in December 2003, it was concluded that toxi-



cological effects following intake of residues of antimicrobial



agents in foods, under present regulatory regimes, represents a



significantly less important human health risk than does the



risk related to antimicrobial-resistant bacteria in food [13].



RISK MANAGEMENT OPTIONS



The most effective means to prevent and control the devel-



opment and spread of antimicrobial resistance is to reduce use



of antimicrobial agents by reducing the need for antimicrobial



treatment [38]. To arrive at effective prevention and control of



use of antimicrobial agents in aquaculture, similar elements are



needed in aquaculture as in other areas of animal production.



A regulatory framework at the national level is needed for



registration, approval, and control of use of antimicrobial



agents in all countries in which antimicrobial agents are used



in aquatic animals. Production management should include



stocking programs and management practices to avoid the in-



troduction of pathogens and to prevent disease outbreaks and



should include control measures to be implemented if disease



occurs.



An important measure in relation to disease prevention is



the introduction of vaccines, which can substantially reduce the



need for antimicrobial agents. The rapid growth of the salmon



industry in Norway from the beginning of the 1980s was ac-



companied by a marked increase in antimicrobial consumption.



Because of effective vaccine strategies and improved health



management, the use of antimicrobial agents in Norwegian



aquaculture was reduced by 99% from 1987 through 2007,



despite a substantial increase in production (Figure 1). In 1992,



∼210 mg of antimicrobial agents were used per kg of fish pro-



duced in Norwegian aquaculture. By 1994, only 6 mg were used



per kg of fish [39].



An important component in the management of antimicro-



bial resistance in general is monitoring of the quantity of an-



timicrobial agents used and of antimicrobial resistance. This



also applies to aquaculture. Monitoring data constitutes the



basis for risk assessment and risk management, including in-



terventions and evaluation of the impact of interventions and



compliance with regulations or guidelines on prudent use of



antimicrobial agents. Furthermore, monitoring data provide



the basis for focused and targeted research.



CONCLUSIONS



Use of antimicrobial agents in aquaculture provides a selective



pressure that creates reservoirs of drug-resistant bacteria and



transferable resistance genes in fish pathogens and other bac-



teria in the aquatic environment. Characterization of antibiotic



resistance genes from various ecological environments has dem-



onstrated their promiscuous nature and their ability to cross



phylogenetic, geographic, and ecological borders. From the res-



ervoir in the aquaculture environment, some drug-resistant



pathogenic bacteria can be transferred to humans, but more



importantly, resistance genes from bacteria in the aquatic en-



vironments can disseminate by horizontal gene transfer and



reach human pathogens. Among the antimicrobial agents com-



monly used in aquaculture, several are classified by the WHO



as critically important for use in humans. Occurrence of re-



sistance to these antimicrobial agents in human pathogens se-



verely limits the therapeutic options in human infections. The



risk of horizontal gene transfer from fish pathogens and other



bacteria in the aquatic environment to human pathogens has



not been fully investigated, but it is likely to be significant.



Considering the rapid growth and importance of the aqua-



culture industry in many regions of the world and the wide-



spread, intensive, and often unregulated use of antimicrobial



agents in this area of animal production, efforts are needed to



prevent the development and spread of antimicrobial resistance



in aquaculture. These efforts should be focused on improve-



ment of management routines, regulatory control of the use



of antimicrobial agents, implementation of prudent use guide-



lines, and monitoring of the use of antimicrobial agents and



antimicrobial resistance. Furthermore, international coopera-



tion is needed to support and assist developing countries in



capacity building and implementation of preventive measures.



In this effort, the leadership of international organizations, such



as the FAO, OIE, and WHO, is crucial.
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Commercial Dungeness Crab Season Opener Delayed and Commercial
Rock Crab Season Closed



Media Contact: Jordan Traverso, CDFW Communications, (916) 6549937



The Director of the California Department of Fish and Wildlife (CDFW) today enacted an emergency
rulemaking to delay the opener of the commercial Dungeness crab season, which was scheduled to open
on Nov. 15, and close the commercial rock crab fishery, which is open year round. The closure could take
effect as early as today.



“Crab is an important part of California’s culture and economy, and I did not make this decision lightly,” said
CDFW Director Charlton H. Bonham. “But doing everything we can to limit the risk to public health has to
take precedence.”



The emergency rule prohibits commercial take and possession of Dungeness crab and all rock crab from
ocean waters, including bays and estuaries, north of the Ventura/Santa Barbara county line. Closure of the
fisheries shall remain in effect until the Director of the Office of Environmental Health Hazard Assessment
(OEHHA), in consultation with the Director of the California Department of Public Health (CDPH),
determines that domoic acid levels no longer pose a significant risk to public health and recommends the
fisheries be open, and the Director of CDFW provides notification to the commercial fisheries.



This decision follows a health advisory (http://www.cdph.ca.gov/Pages/NR15082.aspx) issued by CDPH on
Tuesday. OEHHA followed that with a recommendation for delays and closures
(https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=110835). In similar action, on Thursday, Nov. 5, the
Fish and Game Commission voted to delay (https://cdfgnews.wordpress.com/2015/11/05/commission
delaysopenerofrecreationaldungenesscrabseasonandclosesnorthernpartofrecreationalcalifornia
rockcrabfishery/) the recreational Dungeness crab opener and close the recreational rock crab fishery.
The recreational Dungeness crab season was scheduled to start Saturday, Nov. 7.



CDFW will continue to coordinate with CDPH and OEHHA to test domoic acid levels in crab along the coast
to determine when the fisheries can safely be opened. Once levels drop and the crab are safe, CDFW will
coordinate with the Commission so that the season openers for Dungeness crab ensure an orderly fishery
balancing recreational and commercial participation.



CDPH, in conjunction with CDFW, has been actively testing crabs since early September and results from
the most recent tests showed that the health risk to humans is significant. Domoic acid is a potent
neurotoxin that can accumulate in shellfish, other invertebrates and sometimes fish. It causes illness and
sometimes death in a variety of birds and marine mammals that consume affected organisms. At low
levels, domoic acid exposure can cause nausea, diarrhea and dizziness in humans. At higher levels, it can
cause persistent shortterm memory loss, seizures and can in some cases be fatal.





http://www.cdph.ca.gov/Pages/NR15-082.aspx


https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=110835


https://cdfgnews.wordpress.com/2015/11/05/commission-delays-opener-of-recreational-dungeness-crab-season-and-closes-northern-part-of-recreational-california-rock-crab-fishery/
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Domoic acid is produced from some species of the marine diatom Pseudonitzschia. Currently, a massive
toxic bloom of Pseudonitzschia has developed, significantly impacting marine life along California’s coast.
State scientists tested crab from nine ports from Santa Barbara to Crescent City, and determined that
domoic acid levels are exceeding the state’s action level.



Algal blooms are common, but this one is particularly large and persistent. Warmer ocean water
temperatures due to the El Niño event California is experiencing are likely the cause of the size and
persistence of this bloom.



(The preceding bulletin was reposted from cdfwnews.)
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Summary 
Open ocean aquaculture is broadly defined as the rearing of marine organisms in exposed areas 
beyond significant coastal influence. Open ocean aquaculture employs less control over 
organisms and the surrounding environment than do inshore and land-based aquaculture, which 
are often undertaken in enclosures, such as ponds. When aquaculture operations are located 
beyond coastal state jurisdiction, within the U.S. Exclusive Economic Zone (EEZ; generally 3 to 
200 nautical miles from shore), they are regulated primarily by federal agencies. Thus far, only a 
few aquaculture research facilities have operated in the U.S. EEZ. To date, all commercial 
aquaculture facilities have been sited in nearshore waters under state or territorial jurisdiction. 



Development of commercial aquaculture facilities in federal waters is hampered by an unclear 
regulatory process for the EEZ, and technical uncertainties related to working in offshore areas. 
Regulatory uncertainty has been identified by the Administration as the major barrier to 
developing open ocean aquaculture. Uncertainties often translate into barriers to commercial 
investment. Potential environmental and economic impacts and associated controversy have also 
likely contributed to slowing expansion. 



Proponents of open ocean aquaculture believe it is the beginning of the “blue revolution”—a 
period of broad advances in culture methods and associated increases in production. Critics raise 
concerns about environmental protection and potential impacts on existing commercial fisheries. 
Potential outcomes are difficult to characterize because of the diverse nature of potential 
operations and the lack of aquaculture experience in open ocean areas. 



On January 28, 2009, the Gulf of Mexico Fishery Management Council voted to approve a plan 
to issue aquaculture permits and regulate aquaculture in federal waters of the Gulf of Mexico. On 
September 3, 2009, the plan took effect because the Secretary of Commerce declined to oppose it 
within the required statutory period. Environmentalists and some fishing industry representatives 
have opposed the plan because of concerns related to environmental protection and potential 
negative effects on wild fish populations. Many who oppose the plan support a precautionary 
approach and development of national aquaculture standards. On September 8, 2009, H.R. 3534, 
the Consolidated Land, Energy, and Aquatic Resources Act of 2009, was introduced. Section 704 
of the bill would have rescinded the authority of the Secretary of Commerce to develop or 
approve fishery management plans to permit or regulate offshore aquaculture. On July 30, 2010, 
H.R. 3534 was passed by the House, but the section related to offshore aquaculture was removed 
from the bill. H.R. 4363, the National Sustainable Offshore Aquaculture Act of 2009, introduced 
on December 16, 2009, would establish a regulatory system for offshore aquaculture in the U.S. 
Exclusive Economic Zone. S. 3417, the Research in Aquaculture Opportunity and Responsibility 
Act of 2010, introduced on May 25, 2010, would prohibit offshore aquaculture until three years 
after the submission of a report on the impacts of offshore aquaculture. 



This report discusses four general areas: (1) operational and business-related challenges; (2) 
potential economic impacts; (3) potential environmental impacts; and (4) the legal and regulatory 
environment. Significant questions remain about whether an appropriate mechanism exists for 
any federal agency to provide an open ocean aquaculture lease with the necessary property rights 
to begin construction and operation. Policy makers and regulators will be challenged to weigh the 
needs of a developing industry against potential environmental and social impacts.  
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Introduction 
Open ocean aquaculture is broadly defined as the rearing of marine organisms in exposed areas 
beyond significant coastal influence. Open ocean aquaculture operations would be located at a 
considerable distance from shore and subject to relatively harsh environmental conditions 
resulting from wind and wave action. Open ocean aquaculture employs less control over 
organisms and the surrounding environment than do inshore and land-based aquaculture, which 
are often undertaken in enclosures such as ponds. 



Development of offshore aquaculture has become a controversial topic for aquaculturalists, 
environmentalists, recreational fishermen, and commercial fishermen. Many environmentalists 
and fishermen have asserted that poorly regulated aquaculture development could degrade the 
environment and have negative affects on wild fish populations. Proponents of open ocean 
aquaculture believe it is the beginning of the “blue revolution”—a period of broad advances in 
culture methods and associated increases in production. Potential outcomes are difficult to 
characterize because of the diverse nature of potential operations and the lack of aquaculture 
experience in open ocean areas. However, most agree that industry regulation is needed for 
orderly development of aquaculture while minimizing its effects on the environment.  



During the 110th Congress, the National Offshore Aquaculture Act of 2007 was introduced as 
H.R. 2010 in the House and as S. 1609 in the Senate, both by request of the Administration. Both 
bills focused on developing a framework to regulate aquaculture in the Exclusive Economic Zone 
(EEZ), generally 3 to 200 miles from the coastline.1 A hearing concerning H.R. 2010 was held 
before the House Committee on Natural Resources, Subcommittee on Fisheries, Wildlife, and 
Oceans, but no further action was taken on either of these bills. 



On January 28, 2009, the Gulf of Mexico Fishery Management Council voted to approve a plan 
to issue aquaculture permits and regulate aquaculture in the Gulf of Mexico. On September 3, 
2009, the plan took effect because the Secretary of Commerce declined to oppose it within the 
required statutory period. Environmentalists and some fishing industry representatives have 
opposed the plan because of concerns related to environmental protection and potential negative 
effects on wild fish populations. Many who oppose the plan support a precautionary approach and 
development of national aquaculture standards. On September 8, 2009, H.R. 3534, the 
Consolidated Land, Energy, and Aquatic Resources Act of 2009, was introduced. Section 704 of 
the bill would have rescinded the authority of the Secretary of Commerce, the Administrator of 
the National Oceanic and Atmospheric Administration, or Regional Fishery Management 
Councils to develop or approve fishery management plans to permit or regulate offshore 
aquaculture. On July 30, 2010, H.R. 3534 was passed by the House, but the section related to 
offshore aquaculture was removed from the bill. On December 16, 2009, H.R. 4363, the National 
Sustainable Offshore Aquaculture Act of 2009, was introduced. The bill would establish a 
regulatory system for offshore aquaculture in the U.S. Exclusive Economic Zone. On May 25, 
2010, S. 3417, the Research in Aquaculture Opportunity and Responsibility Act of 2010 was 



                                                             
1 H.R. 2010 and S. 1609, the National Offshore Aquaculture Act of 2007, define “offshore aquaculture” as all activities, 
including operation of offshore aquaculture facilities, involved in the propagation and rearing, or attempted propagation 
and rearing, of marine species in the United States Exclusive Economic Zone. Open ocean aquaculture is a more 
general term for operations in exposed ocean areas beyond significant coastal influence and may include areas in state 
waters within 3 miles of the shoreline and beyond the 200-nautical mile EEZ. 
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introduced. It would prohibit offshore aquaculture until three years after the submission of a 
report on the impacts of offshore aquaculture. 



Background 
Several terms for open ocean aquaculture are used interchangeably, including offshore 
aquaculture and offshore fish farming.2 Open ocean aquaculture facilities generally consist of 
systems (e.g., cages, net-pens, longline arrays) that can be free-floating, secured to a structure, 
moored to the ocean bottom, or towed by a vessel. Currently operating commercial aquaculture 
farms in nearshore waters and estuaries use a variety of methods including ponds with earthen 
dikes, cages and net-pens moored to the ocean bottom, enhancement and seeding of the bottom, 
and suspended lines. There has been some experimentation in offshore shellfish culture on the 
seabed and from suspended ropes and longlines. 



Internationally, research and commercial open ocean aquaculture facilities are in operation or 
under development in Australia, Chile, China, France, Ireland, Italy, Japan, Mexico, and Norway.3 
Currently, four commercial open ocean facilities are operating in U.S. state/territorial waters. 
Cates International, Inc., cultivates moi (Pacific threadfin) near Hawaii, and Snapperfarms, Inc., 
cultivates cobia (ling) near Puerto Rico. In September 2005, Kona Blue Water Farms of Hawaii 
celebrated its first harvest of kahala reared in deepwater pens in state waters. In 2007, A. E. Lang 
Fisheries began cultivating blue mussels off the coast of New Hampshire in collaboration with the 
University of New Hampshire’s Atlantic Marine Aquaculture Center. Although these are open 
ocean operations, all four are currently sited in waters under state or territorial jurisdiction. Thus 
far, only a few aquaculture research facilities have operated farther offshore in the U.S. EEZ. 
Should such operations be located beyond coastal state jurisdiction within the EEZ, they would 
be regulated primarily by federal agencies.4 



Development of commercial aquaculture facilities in federal waters is hampered by an unclear 
regulatory process in the EEZ and technical uncertainties related to working in offshore areas. 
Regulatory uncertainty has been identified by the Administration as the major barrier to 
developing offshore aquaculture in the United States.5 Uncertainty is one of the main barriers to 
commercial investment in many new industries. Potential environmental and economic impacts 
and associated controversy have also likely contributed to slowing potential expansion. 



Proponents of open ocean aquaculture position it as the beginning of the “blue revolution”—
broad advances in culture methods and application with resulting increases in marine aquaculture 



                                                             
2 Marine aquaculture and mariculture are broader terms, also referring to the land-based culture of marine organisms 
as well as their culture in nearshore, coastal, and exposed environments. 
3 For more information on international efforts, see Biliana Cicin-Sain et al., “Chapter 6: Lessons from the International 
Arena,” Development of a Policy Framework for Offshore Marine Aquaculture in the 3-200 Mile U.S. Ocean Zone 
(Newark, DE: Univ. of Delaware, Center for the Study of Marine Policy, 2001), available at http://darc.cms.udel.edu/
SGEEZ/SGEEZ1final.pdf. 
4 Federal agencies also have regulatory authority over certain aspects of aquaculture development in nearshore waters 
under state/territorial jurisdiction. 
5 Written statement of Dr. William T. Hogarth, Assistant Administrator for Fisheries, National Marine Fisheries 
Service, National Oceanic and Atmospheric Administration, U.S. Dept. of Commerce, Hearing on Offshore 
Aquaculture, before the U.S. Senate, Committee on Commerce, Science, and Transportation, National Ocean Policy 
Study (April 6, 2006). 
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production. They tout open ocean aquaculture as an option for meeting consumer demand for 
marine products, providing new employment opportunities, decreasing the U.S. trade deficit in 
seafood products, and developing a new economically viable industry. It is also asserted by 
proponents that development of open ocean sites would have the advantages of avoiding inshore 
user conflicts and reducing environmental impacts. 



Opponents raise a number of concerns related to environmental protection and potential impacts 
on existing commercial fisheries. They point to inshore aquaculture where mangrove forests have 
been replaced by shrimp ponds, and to waste from salmon culture that has harmed the seabed 
environment. Their environmental concerns include pollution from unused feed, fish wastes, and 
treatments (e.g., antibiotics); entanglement of marine wildlife in aquaculture gear; introduction of 
nonnative species; and escape of organisms that might affect the genetic makeup of wild species. 
They say that open ocean aquaculture could also have direct and indirect effects on commercial 
fisheries, such as degradation of wild fish habitat, preemption of commercial fishing grounds, and 
market competition between wild and cultured fish products. 



The future of aquaculture in the EEZ is still an open question. A complex and unpredictable mix 
of technological, biological, and economic elements will likely determine the profitability of open 
ocean aquaculture. However, the future will also likely depend on the tradeoffs between benefits 
associated with aquaculture production and costs of potential environmental and social impacts. 



Challenges of Open Ocean Aquaculture 
A broad array of questions is associated with the viability and impacts of open ocean aquaculture 
initiation and expansion. These concerns are further complicated by factors such as evolving 
production technology, uncertain economic costs and benefits, and environmental and social 
impacts. Generalizations are also difficult to make because of the variety of candidate species, 
associated technologies, and potential scales of operation. 



Major categories of concerns related to open ocean aquaculture development include (1) 
biological, operational, and business concerns related to development of a new industry; (2) 
potential social and economic impacts; (3) potential environmental impacts; and (4) the legal and 
regulatory environment.6 



Biological, Operational, and Business Concerns 



Species and Technology 



Current species and culture techniques—including species selection, egg/larval production, and 
nutritional/dietary requirements—are somewhat limited. Development of open ocean aquaculture 



                                                             
6 Detailed discussions of many of the issues discussed in this section are available in Development of a Policy 
Framework for Offshore Marine Aquaculture in the 3-200 Mile U.S. Ocean Zone (2001) by the University of 
Delaware’s Center for the Study of Marine Policy, at http://darc.cms.udel.edu/sgeez/sgeez1final.pdf; and 
Recommendations for an Operational Framework for Offshore Aquaculture in U.S. Federal Waters (October 2005) by 
the University of Delaware’s Gerard J. Mangone Center for Marine Policy, at http://darc.cms.udel.edu/sgeez/
sgeez2final.pdf. 
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probably will need further research, and new culture techniques may be required for rearing 
species not presently grown. 



Many economically important species are currently being studied at various universities and 
research institutes for possible culture, including amberjack, black sea bass, blue mussels, cobia, 
cod, corvina, flounder, haddock, halibut, mahimahi, mutton snapper, red drum, striped bass, tuna, 
and yellowtail snapper. Other research topics being investigated include hatchery culture 
technologies; automated feeder design; culture of new species; disease identification and control; 
cages and husbandry technology for rough water environments; identification of alternative food 
sources; nutrition requirements; definition of carrying capacity of offshore waters; appropriate 
mooring systems; drifting and self-powered cages; federal regulatory structure; and 
environmental monitoring technology. 



Since open water aquaculture is a relatively new industry, many potential operators are 
inexperienced with the technical requirements for open ocean facilities. Historically, development 
has been limited by technology that requires water depths of 100-150 feet; this narrow band of 
acceptable depth exists from ¼ mile to about 50 miles offshore, depending on location. Open 
ocean aquaculture facilities, moored or floating miles off the coast in a high-energy environment, 
experience numerous environmental conditions that differ from nearshore aquaculture operations, 
including exposure to wind and wave action from all directions, short and steep wave patterns, 
strong currents, seasonal anoxic (oxygen-lacking) conditions, and other severe ocean conditions 
that can prevent operators from being able to access their cages for days to weeks.7 



Systems have been developed to overcome these obstacles, including cage designs that do not 
deform under strong current and wave loads, submersible cages, and single-point moorings. 
Cage-mounted autonomous feeding systems have been developed that can operate both at the 
surface and submerged. Others have developed closed containment systems for open ocean use to 
address environmental concerns. Universities and private-sector research interests are developing 
automated buoys that can monitor the condition of stock and feed fish on a regular basis for 
weeks at a time. Other research groups are working on automated, floating cages that would 
travel with the currents and be tracked by satellite.8 These ship-like structures could float on 
favorable oceanic currents or be held in the same location with low-energy thrusters. 



Financing 



Estimating profitability and securing financing is difficult for new open ocean aquaculture 
companies because of an uncertain regulatory environment, the risk associated with operating in 
exposed open ocean locations, the risk of catastrophic events (e.g., severe storms), limited 
operational experience, and high capital start-up costs. Proponents of open ocean aquaculture 
development assert that, without some form of long-term (at least 25 years) permitting or leasing 
of the water surface, water column, and seabed, open ocean aquaculture will have significant 
problems in securing capital from traditional funding sources and in obtaining suitable insurance 



                                                             
7 For example, a pilot study cage in the Gulf of Mexico was torn from its mooring in December 2000 and was found off 
the coast of Louisiana after a long search. 
8 Critics question whether floating, unmanned, remote-control cages could ever be permitted, due to the major 
navigational hazard they could present. 
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on the capital investment and stock.9 Such leasing may be problematic unless property rights 
beyond the territorial sea are clarified. 



The availability of insurance on stock and equipment is relevant to, and can facilitate obtaining, 
front-end capital for open ocean aquaculture. The insurance sector has more than 30 years of 
experience in managing and insuring risks to conventional aquaculture stock and equipment for a 
variety of situations and conditions. Although the insurance industry is unlikely to view pilot 
projects favorably, many say that the earlier the insurance industry is brought into developing 
open ocean aquaculture, the earlier insurers are likely to be comfortable with the risks that must 
be insured. 



Proponents of open ocean aquaculture suggest that, if profits are to be made, sufficient investment 
capital must be available as soon as property rights, permitting, and environmental concerns are 
resolved. More pessimistic critics suggest that open ocean aquaculture is unlikely ever to have an 
adequate economic return on investment, and that investment should rather be focused on 
improving nearshore or shore-based aquaculture. Eventually, the level of capital investment in 
open ocean aquaculture will likely depend on whether its rate of return is competitive with 
investment alternatives. 



Economic Potential 



The economic potential of U.S. aquaculture will likely depend on both operational costs and 
product prices. Costs will largely depend on several factors, including U.S. regulation, the 
technology adopted, and national and international economic conditions. Economic conditions 
will determine labor, energy, capital, and other input costs. Prices of U.S. aquaculture products 
will likely depend on world demand and the prices of competing products. Competing products 
include similar imported cultured products, similar wild species, and other agricultural product 
substitutes such as chicken, pork, and beef. 



The level of government support in other countries is often greater than that provided in the 
United States. Some say that government assistance could promote the initial development of a 
U.S. open ocean aquaculture industry, but global market forces would likely determine whether it 
matures or withers. 



The United States has been, for the most part, a technological innovator, and the use of marine 
resources to farm new species with high market value could give the United States a competitive 
edge. On the other hand, operating costs and environmental standards in other countries are often 
lower. In addition to capital costs, the location of aquaculture facilities further from shore will 
necessitate higher costs for fuel, security, and/or surveillance. 



Land-based aquaculture products are also likely to compete with offshore aquaculture. Most 
aquaculture production in the United States originates in freshwater ponds and raceways, such as 
catfish in the southern United States and trout farms in Idaho and North Carolina. Advances in 



                                                             
9 Some nations (e.g., Canada) lease nearshore areas with implied automatic renewal of tenure as long as the lessee 
meets current licensing requirements. Alternatives on leasing for short time periods include issuing research permits or 
vesting tenure in a federal or state agency initially to streamline the process and allow greater control over eventual 
ownership. 
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more intensive culture techniques such as closed systems10 are another means to increase 
production with minimal environmental impacts. Cobia, a candidate species for offshore 
aquaculture, is currently being cultured in land-based tanks 300 miles from the ocean in 
freshwater by regulating its physiology.11 Initial reports documenting production are optimistic, 
but the commercial viability of this particular type of aquaculture is unknown. 



Shoreside Infrastructure 



Supportive shoreside infrastructure, including hatcheries and nurseries, does not exist and would 
need to be developed. Support industries have the potential to provide employment and other 
economic benefits to coastal communities. If open ocean aquaculture becomes viable, these 
businesses should also grow. However, the relatively high value of shoreline property could be an 
impediment to finding appropriate sites, especially waterfront sites in coastal areas. 



Development and Partnerships 



Fostering industry/academic partnerships may benefit open ocean aquaculture development.12 
Some suggest that, for development to occur, open ocean aquaculture should be considered “big 
science” along the lines of atomic/nuclear physics research and the Human Genome Project. In 
this light, the developing open ocean aquaculture industry may benefit by seeking and promoting 
partnerships with multinational industrial, agricultural, and pharmaceutical corporations.13 
Proponents argue that this is the most likely way for open ocean aquaculture to obtain the ocean 
engineering, marine technology, and floating platform infrastructure at the necessary scale of 
production. The developing industry will also need to refine biological methods related to 
commercial-scale hatchery and grow-out facilities. They also state that, without domestic 
financial support, aquaculture innovation will likely come from other countries already providing 
greater investment in technology development. 



Social and Economic Impacts 



Trade Related Issues 



In 2008, the United States imported approximately 5.2 billion pounds of edible seafood worth a 
record $14.2 billion.14 After accounting for exports valued at $4.3 billion, there was a trade deficit 
of approximately $9.9 billion in edible seafood products. The two largest components of U.S. 
seafood imports are shrimp and salmon. Shrimp accounted for $4.1 billion and salmon accounted 
                                                             
10 In closed aquaculture systems water is cleaned with biological filters and re-circulated. 
11 Virginia Farm Raises Marine Fish 300 Miles From Nearest Ocean, PR Newswire Association (April 4, 2007). 
12 Critics caution that funding open ocean aquaculture development through universities has the potential to slow 
commercial development if academic solutions are insufficiently pragmatic for commercial applications. 
13 Potential partners include oil and gas companies with related support industries, defense contractors developing large 
floating structure technology and platforms, and ocean engineering companies laying submarine cable and developing 
affiliated technology for telecommunications corporations. Others may include corporations exploring wind and/or 
wave-energy generation, ocean thermal energy conversion and related deep ocean water upwelling systems, carbon 
sequestration and mitigation, and ocean fertilization. 
14 U.S. Dept. of Commerce, National Marine Fisheries Service, Fisheries of the United States, 2008, Current Fishery 
Statistics No. 2008 (Washington, DC: July 2009), p. 48. 
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for $1.6 billion of total U.S. imports.15 In contrast to the increasing level of seafood imports and 
the growing proportion of imports produced through aquaculture, the value of annual U.S. 
aquaculture production of edible fish appears to have leveled off at approximately $672 million in 
2005.16 



Proponents claim that development of open ocean aquaculture would narrow the U.S. deficit in 
seafood trade. However, many economists would counter that the seafood trade deficit is not a 
sufficient reason to advocate for development of a new industry. According to economic theory, 
countries gain from free trade when they specialize in products that they are best at producing.17 
If other countries have an absolute or comparative advantage in aquaculture, the United States 
would likely benefit from specializing in other industries. Others assert that in reality, most trade 
is not strictly free as economic theory might assume. It is also often difficult to determine how 
technological development and future economic conditions will affect comparative advantages of 
different nations or regions. 



Although shrimp and salmon account for a large portion of the seafood trade deficit, they appear 
to be poor candidates for open ocean aquaculture. Most shrimp aquaculture is carried out in ponds 
in tropical coastal areas. Salmon aquaculture operations generally use net-pens in protected areas 
such as fjords or bays. It is questionable whether open ocean aquaculture can be competitive with 
established inshore aquaculture of these species. One of the current offshore aquaculture 
operators foresees future investment focusing on new species in tropical and subtropical 
regions.18 



If many of the proposed species for open ocean aquaculture are carnivores, it is likely that the 
demand for fishmeal produced from low-value wild fish will increase. If domestic supplies are 
insufficient, imports of fishmeal could increase the U.S. trade deficit. However, these imports 
may be beneficial to the overall national economy, if the domestic aquaculture industry is 
economically viable. 



Interactions with Commercial Fisheries 



Some Members of Congress, especially those from coastal areas with strong fishing communities, 
are interested in better understanding the social and economic effects of open ocean aquaculture 
development. If open ocean aquaculture supplied a significant level of production at lower cost, it 
could supplement commercial fishery production and provide greater quantities of products at 
lower prices. Lower prices would benefit U.S. consumers, who would likely increase 
consumption. 



However, aquaculture production could supplant commercial fishery production. The lower prices 
(and revenues to fishermen) for commercial landings could result in the failure of least efficient 
businesses, loss of commercial fishery-related employment, and disruption of fishing 



                                                             
15 Ibid., p. 48. 
16 U.S. Dept. of Agriculture, National Agricultural Statistics Service, “Census of Aquaculture (2005),” 2002 Census of 
Agriculture, Volume 3, Special Studies Part 2, (Washington, DC: October 2006), p. 1. 
17 A basic discussion of absolute and comparative advantage can be found at http://internationalecon.com/v1.0/ch40/
40c000.html. 
18 Written statement of John R. Cates, President of Cates International, Hearing On Offshore Aquaculture, before the 
U.S. Senate, Committee on Commerce, Science, and Transportation, National Ocean Policy Study (April 6, 2006). 
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communities. However, the degree of displacement would depend on the similarity of products, 
the scale of aquaculture production, and the characteristics of associated markets for seafood 
products. 



Imports of shrimp and salmon have resulted in lower prices and greater consumption. Over the 
last 30 years, domestic shrimp production from the wild fishery has remained relatively constant 
while imports of aquaculture shrimp have increased. In 2007, over 90% of all shrimp consumed 
in the United States were imported.19 Prices and associated vessel revenues have also decreased 
resulting in fewer active commercial fishing vessels in the Gulf of Mexico fishery.20 



During the last two decades, the salmon industry has also experienced major changes related to 
aquaculture. Farmed fish production has significantly increased total salmon supply and been 
responsible for much of the observed decline in prices.21 Because of lower prices, the value of 
Alaskan wild salmon landings decreased from approximately $800 million per year in the late 
1980s to approximately $300 million per year for the period from 2000 to 2004.22 The income of 
many Alaska fishermen also declined, as well as permit and boat values. From 2000 to 2004 
about two-thirds of U.S. salmon consumption was farmed and one-third was from capture 
fisheries targeting wild stocks.23 



Although the Gulf of Mexico shrimp fisheries and Alaska salmon fisheries have been harmed by 
lower prices, these commercial fisheries were not replaced by aquaculture. The precise levels of 
impacts are difficult to quantify because of differences in product form, relationships among 
products, and the general complexity of these seafood markets. In some cases, competition could 
provide incentives to improve the quality of the wild product, wild fishery management 
institutions, and marketing. Greater efficiency in the wild fishery and consumer benefits related to 
greater supplies and lower prices from aquaculture production would be likely to provide net 
benefits to the national economy, say proponents. 



Whether the United States permits or denies open ocean aquaculture development, some of the 
socioeconomic impacts of open ocean aquaculture production (e.g., changes in prices and 
markets) are likely to result from foreign production. To improve understanding of gains and 
losses to specific sectors and local and national economies, concerned parties suggest that social 
and economic impact assessments should be part of aquaculture development plans from the 
onset. 



Potential Community Effects 



Proponents of open ocean aquaculture assert that socioeconomic benefits will result from the 
development of this industry. For example, they view open ocean aquaculture as an additional 
means to support the domestic seafood industry, which in many regions has decreasing levels of 



                                                             
19 U.S. Dept. of Commerce, National Marine Fisheries Service, Fisheries of the United States, 2008, Current Fishery 
Statistics No. 2008 (Washington, DC: July 2009). 
20 Linda Breazeale, Fuel Costs, Low Prices Reduce Shrimp Boats, Mississippi State University Crop Report (July 30, 
2004). 
21 Gunnar Knapp, Cathy A. Roheim, and James L. Anderson, The Great Salmon Run: Competition Between Wild and 
Farmed Salmon, TRAFFIC North America, (Washington DC: Jan. 2007). Hereafter referred to as Great Salmon Run. 
22 Great Salmon Run. 
23 Ibid. 
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employment. With appropriate research support, open ocean aquaculture might provide 
opportunities for commercial fishermen who no longer pursue harvests in managed capture 
fisheries. Advocates of open ocean aquaculture assert that people with commercial fishing skills 
will be needed to tend offshore aquaculture operations. Employment also would be required for 
much more than tending to offshore farms—support roles are required in land-based hatcheries to 
provide sufficient numbers of fingerlings; feed mills are necessary to provide feed for the fish; 
manufacturing is essential to fabricate the cages and other culture materials; maintenance, 
logistics, and transportation are critical; and finally, all the fish raised in offshore farms would 
need to be harvested, processed, and sold, thereby potentially increasing the use of presently 
underutilized fish processing plants along much of the coast.24 In general, aquaculture advocates 
believe that open ocean aquaculture could help to preserve working waterfronts that have suffered 
from commercial fishing declines and increasing industry regulation. 



Individuals familiar with the experiences of coastal aquaculture, however, have raised questions 
about the sustainability of offshore fish farming and its impact on local communities. They assert 
that, in many cases, shrimp and salmon have been produced at the expense of local communities 
and the environment.25 Based on the history of salmon farming, some have questioned the claims 
of aquaculture as a jobs creator, especially since it seems likely to become a highly automated 
industry. Critics of aquaculture also argue that the potentially higher cost of tending fish far from 
shore means these facilities are likely to be automated, and local employment benefits may be 
minimal.26 Additionally, little evidence has been provided for the economic benefits of open 
ocean aquaculture beyond the general acknowledgment that marine aquaculture has proven 
profitable elsewhere, especially in inshore areas with relatively little environmental regulation 
and/or enforcement (e.g., Chile). Some commercial fishery advocates counter that unemployment 
in the seafood industry/wild fisheries is also partly the result of the development of aquaculture, 
especially salmon farming. For example, in Alaska many fishermen stopped fishing and salmon 
processing plants closed resulting in job losses and declining tax bases for communities.27 



                                                             
24 The Gulf of Mexico Offshore Aquaculture Consortium estimated that, for a 12-cage offshore production system, 
eight individuals would be required to tend a sophisticated, automated offshore facility. However, they forecast that 
such an operation would produce an additional annual regional economic output reaching more than $9 million and 
provide additional employment for at least 262 persons, when all shoreside support was included. Although some 
suggest that, for every dollar of fish landed from fishing, there is a multiplier of as much as 5-7 in the shoreside 
economy (with the implication that this relationship would be roughly equivalent for aquaculture), others argue that 
these extreme multipliers may be suspect since the multiplier for the entire U.S. economy is around 2—meaning that a 
new dollar entering the economy manages to generate an additional dollar’s worth of goods and services before the 
demand “leaks out” (i.e., gets spent on imports). See http://www.choicesmagazine.org/2003-2/2003-2-06.htm. 
25 Norwegian Directorate of Fisheries, Dept. of Aquaculture, Key Figures from Norwegian Aquaculture Industry, 2000 
(Bergen, Norway: 2001), 15 p.; Neal Gilbertson, “The Global Salmon Industry,” Alaska Economic Trends, v. 23, no. 10 
(October 2003): pp. 3-11; Rosamond L. Naylor et al., “Salmon Aquaculture in the Pacific Northwest: A Global 
Industry with Local Impacts,” Environment, v. 45, no. 8 (October 2003): pp. 18-39. 
26 Many are researching ways to increase automation, especially with feeding and harvesting, such that few workers 
may be needed. At the extreme, all the work may be able to be done from a computer in a shoreside office with a 
satellite-controlled robotic system attached to the offshore cages. Also, the history of salmon farming indicates that, as 
the industry becomes more efficient, production per unit labor increases and employment decreases, especially 
compared to commercial fishing. 
27 Great Salmon Run. 
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Other Effects 



Open ocean aquaculture development also has the potential to interfere with maritime 
transportation and commercial fisheries, with potential conflicts over access and transit rights.28 
Because of this potential for conflict, a process would need to be developed to identify the more 
suitable areas in federal waters for open ocean aquaculture development and/or to mediate 
disputes. Also, safety issues with offshore facilities may need to be addressed. 



Environmental Impacts 
Proponents of open ocean aquaculture suggest that open ocean finfish aquaculture systems may 
produce fewer and less severe environmental impacts than those caused by nearshore aquaculture 
systems. This may be in part because dissolved and particulate waste products and excess feed 
may be assimilated and recycled more efficiently in the open ocean environment. However, the 
scope of any effects may vary greatly, depending on the culture technique, location, size/scale, 
and species raised.29 The present lack of knowledge—owing to limited experience, lack of 
research funding, and few studies focusing specifically on open ocean aquaculture—limits 
understanding of potential environmental concerns. Open ocean aquaculture pens would be open 
to the surrounding environment. Some critics of open ocean aquaculture cite concerns with the 
escape of fish, water pollution from uneaten feed and waste products (including drugs, chemicals, 
and other inputs), use of antibiotics and other animal drugs, alteration of benthic30 habitat by 
settling wastes, and the spread of waterborne disease from cultured to wild fish.31 Because of 
these concerns, critics of open ocean aquaculture hope that regulation of this emerging industry 
will be stringent. 



Proponents hold that open ocean waters are normally nutrient-deficient, and nutrients released 
from open ocean aquaculture operations may increase wild production in adjacent areas. Waste 
settling from large operations could alter benthic habitat. However, research indicates that, in 
some areas, currents keep water around fish cages well circulated, dissipating waste products 
quickly, resulting in minimal impact of open ocean aquaculture facilities on water quality. Critics 
question whether the experience with experimental facilities is relevant to future commercial 
operations, which will need to operate at a larger scale to be profitable. A possible solution might 
be to combine finfish operations with seaweed or bivalve aquaculture to consume the excess 
nutrients. This approach is being tested by the University of New Hampshire at its open ocean 
aquaculture research project, but may be more appropriate for nearshore operations where waste 
diffusion is slower and nutrient concentrations are higher.32 



                                                             
28 Submerged technologies for open ocean aquaculture may reduce or eliminate some of these concerns. 
29 An extended discussion of most of the issues summarized in this section can be found in Guidelines for Ecological 
Risk Assessment of Marine Fish Aquaculture (December 2005) by the National Marine Fisheries Service, available at 
http://www.nwfsc.noaa.gov/assets/25/6450_01302006_155445_NashFAOFinalTM71.pdf. 
30 The term benthic refers to anything associated with or occurring on the bottom of a body of water. 
31 Institute for Agriculture and Trade Policy, Open Ocean Aquaculture, at http://www.environmentalobservatory.org/
library.cfm?RefID=37057. 
32 Critics of this approach point out that, because of the practical limits of seaweed growth rates and filtering rates of 
bivalves, such a nutrient recycling system might have to be 50 or more times the size of the finfish operation to handle 
the anticipated nutrient loads. 
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Another concern is whether the use of pharmaceuticals, antibiotics, growth-enhancing chemicals, 
other animal drugs, and antifouling agents used on gear and enclosures will adversely affect open 
water environments. Chemicals used in fish foods are regulated by the U.S. Food and Drug 
Administration, and veterinarian oversight might encourage proper application and minimize 
environmental impact. Drugs such as antibiotics, some of which were developed and approved 
for use in a contained or controlled environment, are often introduced to cultured fish in their 
feed. Unconsumed feed and fish waste products can pass through the containment system and be 
consumed by wild organisms. The use of some of these products may be declining, as efficacious 
vaccines eliminate the need for antibiotics and other drugs. Proponents of open ocean aquaculture 
suggest that, because of the more pristine and better oxygenated water conditions offshore, the 
use of antibiotics has not been necessary in any of the offshore areas being tested in the United 
States.33 



Most fish currently proposed for open ocean aquaculture are carnivorous and require feeds 
containing fishmeal and fish oil, which are obtained from wild stocks. Fishmeal and oil are 
produced from species such as anchovies and menhaden that are not usually used for direct 
human consumption. These species have a low per unit value, but large volumes can be caught 
and reduced (dried) to fishmeal, usually because they occur in large schools. Ecologically forage 
species serve as prey for many wild carnivorous fish species such as striped bass and for sea 
birds. 



Although the ratio is falling, generally one to two pounds of wild fish are typically required to 
produce one pound of farmed fish. Environmentalists question whether aquaculture production 
could exacerbate pressures and cause overfishing of the ocean fish stocks harvested to produce 
fishmeal.34 Others also assert it is wasteful to use fish for animal feeds instead of consuming them 
directly.35 Yet, markets for direct consumption of most species harvested in industrial fisheries do 
not exist. Proponents of aquaculture counter that wild fish stocks can be well managed and 
commercial harvest for fishmeal would occur with or without demand from open ocean 
aquaculture.36 They insist that, “Fish meal is a standard ingredient in livestock feed, and farmed 
fish are far more effective at converting it to edible protein than their terrestrial counterparts.”37 In 
addition, a feed conversion rate of two pounds feed to one pound of farmed product is favorable 
compared to conversion rates for wild species.38 Use of a less desirable commodity to produce a 
more highly valued product is the basis of most livestock and aquaculture operations. 



                                                             
33 Personal communication from Dr. James P. McVey, Aquaculture Program Director, National Sea Grant College 
Program, NOAA, September 2005. 
34 Rosamond L. Naylor et al., “Effect of Aquaculture on World Fish Supplies,” Nature, v. 405 (June 29, 2000): 1017-
1024. Others, however, point out that industrial fisheries may be mismanaged regardless of the demand for fishmeal 
use in aquaculture. 
35 “Save Our Oceans, Eat Like a Pig,” The Tyee (June 12, 2007), available at http://thetyee.ca/Views/2007/04/17/
EatLikePigs/. 
36 Clifford A. Goudey, “Letters: Aquaculture in Offshore Zones,” Science, v. 314 (December 22, 2006): p. 1875. 
37 Cliff Goudey, Letters to the Editor, U.S. Aquaculture Vital in Global Market, The Boston Globe (March 26, 2007), p. 
A8. 
38 Actual feed conversion rates can range widely, with wild production often considered to be around 10 pounds of feed 
per pound of growth. At one extreme, a feed conversion rate of 20 pounds of feed per pound of farmed tuna is reported 
(Sergi Tudela, “Tuna Farming: Grab, Cage, Fatten, Sell,” Samudra, no. 32 (July 2002): 9-17). At the other extreme, 
feed conversion rates approaching 1.2 pounds of feed per pound of farmed Atlantic salmon have been reported (British 
Columbia Environmental Assessment Office at http://www.eao.gov.bc.ca/epic/output/documents/p20/
1051572085662_da81e53841c84e47b5ea9ab15075741a.pdf). 
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The prices of fishmeal and fish oil are likely to increase if large quantities are required for open 
ocean aquaculture. In 2006, the price of fishmeal nearly doubled because of lower anchovy 
catches in Peru and the growing demand for fishmeal from China.39 Concerns with price are 
likely to encourage researchers and aquaculturalists to improve feeding techniques to reduce 
waste, modify feed formulations, utilize alternatives such as waste from fish-processing plants, 
and experiment with herbivorous fish. Plant protein sources, such as canola, algae, or soybean 
meal, are being used to partially replace fishmeal, with significantly positive results emerging, 
especially where soybean meal is supplemented with certain essential amino acids. In some 
operations, the feed may contain as little as 30% fishmeal. An obstacle to increasing the amount 
of plant material that can be substituted for fishmeal appears to be the presence of anti-nutritional 
factors in the plant-derived materials.40 The choice of species and feeds will likely depend on 
profitability, and since many high-value candidate fish or shellfish species are carnivorous, the 
demand for fishmeal and fish oil is likely to increase in the foreseeable future. 



Another concern involves the spread of fish-borne disease from aquaculture to wild populations. 
For example, problems with the transfer of sea lice from salmon farms to wild salmon have been 
reported.41 Disease may also spread from wild populations to farmed fish. A 2003 outbreak of 
infectious hematopoietic necrosis virus in British Columbia farmed salmon was confirmed to be a 
virus that had been circulating in wild fish for many years. 



Genetic anomalies could occur if wild fish are exposed to or interbreed with hatchery-raised fish. 
This issue might arise if genetically modified or non-native fish escape from aquaculture facilities 
and interbreed with wild fish.42 The potential interbreeding problem can be greatly reduced if 
only sterile fish are farmed; fairly simple technology exists to accomplish such sterilization. 
Critics speculate that, since selectively bred and genetically modified fish may grow faster and 
larger than native fish, they could displace native fish in the short term (both through competitive 
displacement and interbreeding), but might not be able to survive in the wild for the long term.43 
This is especially a concern of states (e.g., California, Maine, Maryland, and Washington) where 
genetically modified fish are banned within state waters but could be grown in offshore federal 
waters. 



A related concern is the introduction of exotic species into non-native waters, such as Atlantic 
salmon in British Columbia. Exotic fish may escape from open ocean facilities that may be 
particularly vulnerable to storms, although recent hurricanes and tropical storms in Hawaii, 
Puerto Rico, and the Bahamas have caused no reported damage or loss of fish in submerged cage-



                                                             
39 Farming Fish No Longer Relies on Fish Meal Prices, The Fish Site (February 20, 2007), available at 
http://www.thefishsite.com/fishnews/3690/farming-fish-no-longer-relies-only-on-fish-meal-feeds. 
40 G. Francis, H. P. S. Makkar, and K. Becker, “Antinutritional Factors Present in Plant-Derived Alternate Fish Feed 
Ingredients and Their Effects in Fish,” Aquaculture, v. 199, no. 3-4 (2001): 197-227. 
41 Alexandra Morton et al., “Sea Lice (Lepeophtheirus salmonis) Infection Rates on Juvenile Pink (Oncorhynchus 
gorbuscha) and Chum (Oncorhynchus keta) Salmon in the Nearshore Marine Environment of British Columbia, 
Canada,” Canadian Journal of Fisheries and Aquatic Sciences, v. 61 (2004): 147-157. 
42 Rebecca J. Goldburg, Matthew S. Elliott, and Rosamond L. Naylor, Marine Aquaculture in the United States: 
Environmental Impacts and Policy Options, Pew Oceans Commission (Arlington, VA: July 2001), pp. 6-9. See 
http://www.pewtrusts.org/pdf/env_pew_oceans_aquaculture.pdf. 
43 The Trojan gene hypothesis; William M. Muir and Richard D. Howard, “Possible Ecological Risks of Transgenic 
Organism Release When Transgenes Affect Mating Success: Sexual Selection and the Trojan Gene Hypothesis,” 
Proceedings of the National Academy of Sciences of the United States, v. 96, no. 24 (November 23, 1999): 13853-
13856. 
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culture operations. The escape of Atlantic salmon has been documented in the Pacific Northwest 
and escapees have been recaptured in Alaskan commercial fisheries.44 Escapes are also common 
in the Atlantic where 40% of the Atlantic salmon caught in the North Atlantic are of farmed 
origin.45 The experience with salmon farming indicates that escaped fish could be a problem, 
either through interbreeding with closely related native species (genetic interactions) or through 
competitive displacement of native species. Although management techniques at net pen sites are 
improving and modified cage designs better prevent escapes, closed containment systems may be 
the only way to fully address this problem. 



Some are concerned that offshore and underwater facilities may harm or disturb marine mammals 
and other wildlife. To address these concerns, current cage designs avoid the use of small 
diameter or loose lines or loosely hung netting to prevent the entanglement of sea turtles and 
marine mammals in net-pens and associated gear. Since net-pens would be under tension, the 
possibility that a turtle flipper or whale fluke would get tangled in lines or nets is unlikely. 
However, experience has shown that dolphins and other marine mammals do get entangled in fish 
farms.46 In addition, some types of shellfish farms may use ropes/longlines for settling and grow-
out that could be problematic. Sound devices at farms to keep animals away could harass or harm 
marine mammals. Open ocean facilities could potentially affect some endangered species, such as 
North Atlantic right whales as they migrate, or alter essential habitat for feeding, breeding, and 
nursing. Also, there could be renewed interest in killing “nuisance” animals, as has been the case 
with salmon farmers killing seals and sea lions. There could be problems with other predatory 
animals, such as sharks, as well. 



Legal and Regulatory Environment 
Using offshore waters for a private activity such as aquaculture is likely to be controversial. 
Traditionally, nearshore waters and their resources under state jurisdiction are considered to be 
held and managed “in the public trust.” Open ocean aquaculture may be perceived by some as de 
facto privatization of the ocean, which has historically been considered a common property 
resource.47 Precedents in leasing offshore areas for developing oil and gas resources may be 
relevant to these concerns. However, significant questions remain concerning whether an 
appropriate mechanism exists for any federal agency to provide an open ocean aquaculture permit 
or lease applicant with the necessary property rights to begin construction and operation. Siting 
and site tenure in federal waters are important issues for development and private investment—
without assurances and protection of exclusive rights, there is little incentive for financial 
investment. 



                                                             
44 Marine Aquaculture Task Force, Sustainable Marine Aquaculture: Fulfilling the Promise: Managing the Risk 
(Woods Hole, MA: January 2007), p. 45. 
45 Rosamond L. Naylor, Susan L. Williams, and Donald M. Strong, “Aquaculture—A Gateway for Exotic Species,” 
Science, v. 294 (November 23, 2001) p. 1656. 
46 See C. M. Kemper et al., “Aquaculture and Marine Mammals: Coexistence or Conflict?,” Marine Mammals and 
Humans: Towards a Sustainable Balance, N. Gales, M. Hindell, and R. Kirkwood, eds. (CSIRO Publishing: 2003). 
However, bycatch also occurs in many harvest fisheries, where its extent may be greater and its control may be more 
difficult than at stationary aquaculture facilities. 
47 The government regularly grants exclusive use of public resources when there are public benefits, establishing a 
precedent for ocean leasing for commercial aquaculture to increase domestic fish supply. For a more detailed 
discussion of these issues, see CRS Report RL32658, Wind Energy: Offshore Permitting, by Adam Vann. 
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The legal and regulatory framework for open ocean aquaculture will, in large part, determine 
whether private industry succeeds in establishing commercial operations. Legal and regulatory 
challenges may be particularly time-consuming and costly, although some suggest that moving 
aquaculture away from the coast, and out of the view of the majority of coastal residents, could 
alleviate some public concerns. The complexities of multi-agency permitting are not clearly 
understood by all interested parties, leading to uncertainty for the open ocean aquaculture 
industry and making it difficult to plan and finance operations. Current permitting requires 
approval by at least three federal agencies that have jurisdiction over various aspects of 
aquaculture—the U.S. Environmental Protection Agency (EPA), the U.S. Army Corps of 
Engineers, and the National Marine Fisheries Service (NMFS).48 The review required under each 
of these agencies’ responsibilities can delay a permit or deny it if the expected effects are too 
great. These agencies would likely be involved in future decisions to provide permits or leases to 
open ocean aquaculture operators. 



For aquaculture projects in offshore federal waters, the lead federal permitting agency must 
assure consistency with approved programs in adjacent states under the Coastal Zone 
Management Act (16 U.S.C. §§1451, et seq.). In addition, state waters would be traversed both to 
operate open ocean aquaculture sites and to bring harvested fish ashore for processing. States 
with approved Coastal Zone Management plans may veto federal permits for activities that are 
inconsistent with the state’s federally approved plan. This oversight ensures that operations in 
federal waters will neither harm the state’s interests nor be inconsistent with state policies. 



EPA regulates the discharge of pollutants into waters of the United States from finfish aquaculture 
facilities under the Clean Water Act (CWA; 33 U.S.C. §§1251, et seq.). Under the CWA’s 
National Pollutant Discharge Elimination System, such facilities are regulated under the category 
“concentrated aquatic animal production facilities.”49 For aquaculture facilities located in offshore 
federal waters, §403(c) of the CWA requires an additional review to prevent unreasonable 
degradation of the marine environment. Discharges that cause unreasonable degradation are 
prohibited, and are evaluated according to ocean discharge criteria established by EPA. 



Because of navigation concerns, the Army Corps of Engineers has jurisdiction over permanent or 
temporary “devices” used to explore, develop, or produce resources on or around the seabed in 
federally controlled waters (33 C.F.R. Part 322). The Coast Guard, in the Department of 
Homeland Security, regulates vessel traffic and dictates safety measures (lights and signals) for 
aquaculture structures to ensure safe vessel passage under the Rivers and Harbors Act of 1899 (33 
U.S.C. §407). In addition, the Department of Defense may become involved, reviewing proposals 
that might interfere with naval operations. 



NOAA has defined marine aquaculture as fishing, under the authority of the Magnuson-Stevens 
Fishery Conservation and Management Act (16 U.S.C. §§1801, et seq.).50 NMFS has assumed the 
lead in promoting open ocean aquaculture development and has supported this developing 
industry.51 Under the authority of the Magnuson-Stevens Act, several regional fishery 
                                                             
48 NMFS (also popularly called “NOAA Fisheries”) is part of the National Oceanic and Atmospheric Administration 
(NOAA) in the U.S. Dept. of Commerce. 
49 40 C.F.R. Part 451; see 69 Federal Register 51891-51930 (August 23, 2004). 
50 Jay S. Johnson and Margaret F. Hayes, Regulation of Aquaculture in the EEZ, Memorandum, Office of the General 
Counsel, NOAA (Washington, DC: February 7, 1993), 5 pp.  
51 Based on a legal opinion by NOAA General Counsel, landings or possession of fish in the EEZ from a commercial 
marine aquaculture operation producing species managed under fishery management plans (FMPs) constitutes 
(continued...) 
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management councils have exercised regulatory oversight over open ocean aquaculture. The New 
England and Gulf of Mexico Councils have been particularly active in this respect. The New 
England Council has established evaluation criteria for open ocean aquaculture proposals that 
encourage the use of best management practices aimed at reducing environmental and fishery 
impacts. For the last several years, the Gulf of Mexico Fishery Management Council (GMFMC) 
has been developing a generic offshore aquaculture fishery management plan (FMP) to regulate 
aquaculture in the Gulf of Mexico EEZ. On January 28, 2009, the FMP was approved by the 
GMFMC, and on September 3, 2009, the plan took effect.  



In some cases, NMFS has authorized open ocean aquaculture operations in federal waters for 
scientific purposes through an exempted fishing permit. Exempted fisheries permits are of limited 
duration, and are not intended to apply to commercial aquaculture. The Magnuson-Stevens Act 
also requires the federal permitting agency for any aquaculture facility to consult with NMFS for 
potential impacts to essential fish habitat (EFH). EFH is designated for all marine species for 
which there is a federal fishery management plan (FMP). NMFS also has responsibilities under 
the Marine Mammal Protection Act (16 U.S.C. §§1361, et seq.) and the Endangered Species Act 
(16 U.S.C. §§1531, et seq.) to review proposals for projects that might affect marine mammals or 
threatened and endangered species. NMFS marine mammal regulations include aquaculture 
activities in the definition of commercial fishing operations.52 These reviews could impede or 
prevent open ocean aquaculture development in some areas.  



Establishing separate ocean areas or zones for specific activities has received greater attention as 
ocean uses have increased in the EEZ. Appropriate uses for areas or zones would depend on the 
compatibility of proposed activities with the biological and physical characteristics of the area as 
well as with other activities. Some have suggested that as an initial step, areas could be identified 
specifically for aquaculture development. A public process could identify areas with the greatest 
aquaculture potential, the least environmental sensitivity to potential impacts from aquaculture, 
and the most community support. Some planning efforts have considered defining the extent and 
location of aquaculture activities before permitting is initiated.53 This could be especially 
important during early stages of development to allay fears that aquaculture might directly 
interfere with commercial or recreational fishing. Pre-approved areas could also streamline the 
aquaculture permitting process if social and environmental factors were already fully studied and 
documented by environmental assessments or environmental impacts statements. 



Marine Aquaculture Task Force 
In 2005, the Pew Charitable Trusts and Lenfest Foundation requested the Woods Hole 
Oceanographic Institution to convene a task force to examine the potential risks and benefits of 
open ocean aquaculture. The nine-member panel developed a set of national policy 



                                                             



(...continued) 



“fishing” as defined in the Magnuson-Stevens Act. Therefore, to allow commercial aquaculture production in the EEZ, 
FMPs must be amended to allow for regulation of the activity by NMFS. Otherwise a federal exempted fishing permit 
is required to conduct scientific activity such as marine aquaculture in the EEZ (50 C.F.R. §600.745). 
52 50 C.F.R. § 229.2 
53 Colin Nash, Appendix I: Draft NOAA Aquaculture Matrix Operational Standards for Marine Aquaculture, Gulf of 
Mexico Fishery Management Council (Tampa Bay, FL: 2006). 
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recommendations to guide future development of the industry.54 The panel concentrated on 
potential environmental impacts with recommendations related to: 



• escapes resulting in introduction of nonnative species; 



• disease and parasite spillover into natural ecosystems; 



• aquacultural waste resulting in water pollution; and 



• market-based incentives to reward environmental protection. 



The panel also provided a general governance framework to address environmental impacts that 
would provide clear federal leadership and standards to protect the marine environment. The 
framework would assign NOAA a lead role in planning aquaculture in federal marine waters, 
with emphasis on related activities such as evaluating environmental risks, consulting with 
regional and state bodies, and developing environmental standards. 



Federal Action 



Legislative Efforts 
During the 110th Congress, the National Offshore Aquaculture Act of 2007 was introduced as 
H.R. 2010 in the House and as S. 1609 in the Senate, both by request of the Administration. Both 
bills focused on the need for a framework to regulate aquaculture in federal waters of the U.S. 
Exclusive Economic Zone (EEZ), generally 3 to 200 miles from the coastline.55 A hearing 
concerning H.R. 2010 was held before the House Committee on Natural Resources, 
Subcommittee on Fisheries, Wildlife, and Oceans, but no further action was taken on either of 
these bills. 



On September 8, 2009, H.R. 3534, the Consolidated Land, Energy, and Aquatic Resources Act of 
2009, was introduced. Section 704 of the bill would have rescinded the authority of the Secretary 
of Commerce, the Administrator of the National Oceanic and Atmospheric Administration, or 
Regional Fishery Management Councils to develop or approve fishery management plans to 
permit or regulate offshore aquaculture. The bill also would have invalidated permits issued for 
conducting offshore aquaculture under the Magnuson-Stevens Fishery Conservation and 
Management Act. It appears that the goal of this legislation was to prevent offshore aquaculture 
development until comprehensive legislation could be passed. On July 30, 2010, H.R. 3534 was 
passed by the House, but the section related to offshore aquaculture was removed from the bill. 



On December 16, 2009, H.R. 4363, the National Sustainable Offshore Aquaculture Act of 2009 
was introduced. Key provisions of the legislation include: 



                                                             
54 A copy of the 128-page Task Force report is available at http://www.whoi.edu/cms/files/mcarlowicz/2007/1/
Sustainable_Marine_Aquaculture_final_1_02_07_17244.pdf. 
55 H.R. 2010 and S. 1609, the National Offshore Aquaculture Act of 2007, define “offshore aquaculture” as all 
activities, including operation of offshore aquaculture facilities, involved in the propagation and rearing, or attempted 
propagation and rearing, of marine species in the United States Exclusive Economic Zone. Open ocean aquaculture is a 
more general term for operations in exposed ocean areas beyond significant coastal influence and may include areas in 
state waters within 3 miles of the shoreline and beyond the 200-nautical mile EEZ. 
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• establishing a regulatory process for offshore aquaculture in the United States 
EEZ; 



• requiring coordinated regional programmatic environmental impact statements; 
and 



• authorizing funds for research to develop environmentally sound management. 



H.R. 4363 would prohibit the siting of offshore aquaculture facilities on or attached to any 
portion of an oil or gas platform, including one that is no longer in service. Some have raised 
concerns that this provision could hurt Gulf of Mexico aquaculture and have a potentially 
negative impact on the economy.56  



On May 25, 2010, S. 3417, the Research in Aquaculture Opportunity and Responsibility Act of 
2010 was introduced. The bill would prohibit offshore aquaculture until three years after the 
submission of a report to Congress on the impacts of offshore aquaculture. This legislation would 
also require a report on land-based recirculating aquaculture systems. 



Most environmental and commercial fishing interests have been skeptical of or opposed to plans 
for offshore aquaculture development, and most also opposed aquaculture legislation, largely 
because they believed it contained weak environmental provisions.57 Conservation-related 
concerns include the use of wild species for fishmeal, fish escapement, threat of disease and 
parasites, impacts on marine wildlife, and ecosystem impacts.58 Commercial fishing interests also 
voiced concerns related to potential impacts on markets and coastal communities.59 In most cases, 
neither group has been opposed to all development, but both have showed concern regarding how 
aquaculture expansion will proceed. A precautionary approach has been advocated by most 
commercial fishing and environmental interests. 



Current aquaculturalists and related industries have been supportive of offshore aquaculture 
legislation. They have voiced a general belief that offshore aquaculture can be established in a 
manner that minimizes potential environmental and commercial fishing impacts while providing 
a valuable source of seafood. Aquaculture industry representatives expressed concern that the 10-
year site permit and five-year permit renewals were too short because of the need for a longer 
investment time frame. Another common concern involved the need for public investment to 
support and promote aquaculture development.60 



                                                             
56 Ben Raines, “Bill Banning the Use of Offshore Platforms for Fish Farms Could Affect Gulf Aquaculture,” Press-
Register, December 31, 2009. 
57 P. N. Spotts, “Fish Farms in the Ocean? Group Pushes Congress to Pass Tough Rules,” The Christian Science 
Monitor (January 10, 2007). 
58 Ibid. 
59 Written statement of Mark Vinsel, Hearing on Offshore Aquaculture, before the U.S. Senate, Committee on 
Commerce, Science, and Transportation, National Ocean Policy Study (April 6, 2006). 
60 Written statements of Sebastian Belle and John R. Cates, Hearing on Offshore Aquaculture, before the U.S. Senate, 
Committee on Commerce, Science, and Transportation, National Ocean Policy Study (April 6, 2006). 
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Agency and Fishery Management Council Actions 



NOAA Aquaculture Plan 



In October 2007, NOAA released a 10-Year Plan for its aquaculture program.61 The plan provides 
a blueprint of likely NOAA involvement in marine aquaculture over the next decade, including 
program goals and strategies, outcomes, budget and staffing requirements, potential benefits of 
aquaculture, and associated challenges. The plan was prepared at the request of the agency’s 
Marine Fisheries Advisory Committee (MAFAC), which advises the Secretary of Commerce on 
living marine resource matters that are the responsibility of the Department of Commerce. 
According to the plan, NOAA will: 



• establish a comprehensive regulatory program for marine aquaculture; 



• develop commercial marine aquaculture and enhance wild stocks; 



• improve public understanding of marine aquaculture; and 



• increase collaboration and cooperation with international partners. 



The plan cites a forecast that projects increases in annual domestic aquaculture production of 
edible seafood from current levels of 468,000 metric tons to approximately 1.51 million metric 
tons by 2025, with over 90% attributable to anadromous species62 and marine aquaculture 
production.63 The projection of future production depends on changes in the current institutional 
framework that governs marine aquaculture. According to NOAA, challenges to achieving these 
production levels include: 



• a complicated, inefficient, and uncertain federal regulatory process to permit 
marine aquaculture facilities; 



• the need for additional research on environmental implications and ecosystem 
carrying capacity of marine aquaculture; 



• the lack of an adequate research, development, and technical infrastructure; 



• the need to improve communication and foster understanding of the 
environmental, economic, and social implications of marine aquaculture; 



• the lack of access to coastal sites for marine aquaculture facilities because of 
competing high-value uses for housing and tourism; and 



• rapid international growth of worldwide aquaculture with supply, demand, and 
price implications for U.S. consumers and seafood producers.64 



All six program challenges are directly related to open ocean aquaculture. Since inshore marine 
aquaculture production has been stagnant over the last decade, a large proportion of future 



                                                             
61 NOAA’s program planning and support includes both inshore and offshore ocean aquaculture. 
62 Anadromous species such as salmon, shad, and sturgeon reproduce in rivers (inland waters) and spend their adult life 
in the sea. 
63 C. E. Nash, “Achieving policy objectives to increase the value of the seafood industry in the United States: the 
technical feasibility and associated constraints,” Food Policy, v. 29 (2004): 621-641. 
64 For a copy of the plan see http://aquaculture.noaa.gov/. 
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production increases, if they occur, would be likely to result from open ocean aquaculture 
production. 



Council Actions 



On January 28, 2009, the Gulf of Mexico Fishery Management Council (GMFMC) approved a 
fishery management plan to regulate offshore marine aquaculture. On September 3, 2009, the 
plan took effect because the Secretary of Commerce declined to oppose it within the required 
statutory period. The purpose of the aquaculture amendment is to develop a regional permitting 
process for regulating and promoting environmentally sound and economically sustainable 
aquaculture in the Gulf of Mexico EEZ.65 The GMFMC initiated development of the amendment 
because several firms have proposed development of aquaculture in the region.  



The GMFMC held a series of public hearings to solicit comments on the draft plan. The majority 
of comments cited environmental concerns such as the escape of farmed fish, water pollution 
from concentrated fish-feeding operations, and the spread of disease.66 Some who supported 
offshore aquaculture claim that, “as long as you site the farms properly and manage them 
properly, there is no detrimental environmental impact.”67 Others supported the plan because they 
are concerned with the growth of seafood imports, believing that domestic production would 
provide a more stable and wholesome supply of fish.  



Some worry that regional management of open ocean aquaculture under the Magnuson-Stevens 
Act may add another layer of bureaucracy, especially if several regional fishery management 
councils develop their own, possibly contradictory, open ocean aquaculture management 
policies.68 Currently commercial aquaculture is less likely to occur in other offshore federal 
waters because other regional fishery management councils have not prepared aquaculture FMPs 
or generic aquaculture amendments to the appropriate FMPs for species that could be cultured. In 
addition, it is unclear what regulatory authority NMFS and the regional councils might have over 
species, such as mussels, that are not managed under a federal FMP. 



Also on September 3, 2009, NOAA announced that it is developing a comprehensive national 
policy for marine aquaculture. According to NOAA, the policy will provide a framework for 
addressing aquaculture activity in federal waters and a context for regulating offshore aquaculture 
in the Gulf of Mexico under the GMFMC FMP. The policy will also include development of 
federal standards for permitting aquaculture facilities and strategies to generate scientific 
information needed for permitting decisions.  



Use of Oil Platforms 



In addition to environmental issues, the potential use of decommissioned oil platforms for 
aquaculture is another issue of interest, especially in the Gulf of Mexico region. As thousands of 



                                                             
65 Ibid. 
66 Debra Kahn, Aquaculture Plan for Gulf of Mexico Needs More Review—Fishing, Enviro Groups (December 13, 
2007). See http://www.eenews.net/Landletter/2007/12/13/archive/10?terms=aquaculture. 
67 Ibid. 
68 Gulf of Mexico Fishery Management Council, Fishery Management Plan for Regulating Aquaculture in the Gulf of 
Mexico (Tampa, FL: January 2009). 
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oil platforms in the Gulf of Mexico near the end of their productive lives, oil and gas operators 
are required to plug all wells, sever all structures below the mud line, and physically remove the 
structures from the lease. Instead of removing structures, the Rigs-to-Reefs program allows 
operators to convert obsolete platforms into artificial reefs to enhance recreational and 
commercial fisheries. Some interests are considering alternative uses as energy generation 
platforms and aquaculture support facilities. They speculate that these structures could be used as 
staging areas for aquaculture operations by providing a base to attach net enclosures, house 
workers, and store tools, feed, and other aquaculture infrastructure needs. However, if aquaculture 
businesses were to fail, many have expressed concern that responsibility for platform removal and 
liability for accidents and lease abandonment are clearly defined. They contend that if platforms 
are reassigned to aquaculture operators, end-of-lease obligations and issues related to bonding 
would need to be satisfied. 



The Mineral Management Service (MMS) announced the record of decision for establishing an 
alternative energy and alternative use (AEAU) program on the outer continental shelf (OCS).69 
This decision sets up a program for issuing leases, easements, and rights-of-way for alternative 
uses of offshore oil and gas production platforms.70 It also provides MMS with the option of 
authorizing individual projects on a case-by-case basis. Offshore aquaculture is identified as one 
of the activities that could be authorized to use existing OCS facilities.  



Discussion 
Proponents of aquaculture development questioned what might have happened if Alaska—with 
its processing plants, distribution system, infrastructure, excellent water quality, and extensive 
coastline—had decided to embrace rather than prohibit intensive salmon aquaculture.71 These 
proponents suggest that, if Alaska had decided differently, Alaska might still “own” the world 
salmon market and enjoy a major source of employment and economic development, rather than 
having to watch wild Alaskan salmon compete with aggressive salmon aquaculture development 
by Chile, Norway, and others. The Alaska case is cited to illustrate that regardless of whether the 
United States permits or denies open ocean aquaculture development, some of the potential 
socioeconomic impacts of open ocean aquaculture production on wild fisheries (e.g., changes in 
prices and markets) are likely to result from greater production, whether domestic or foreign. 



However, environmentalists and commercial fishermen might view the absence of salmon 
aquaculture in Alaska differently. Potential environmental and social problems may have been 
avoided by concentrating on traditional wild fisheries. Wild salmon populations have been 
maintained at high levels and much of the Alaska coastline is pristine. Although competition from 
aquaculture salmon imports may have hurt Alaska salmon fisheries, improvements in marketing 
and product quality have kept many market segments competitive. 



The future of aquaculture in the U.S. EEZ is still an open question. Setting a regulatory 
framework might be necessary but not necessarily sufficient to spur development of an open 



                                                             
69 73 Federal Register 1894-1895 (January 10, 2008). 
70 Mineral Management Service, OCS Alternative Energy and Alternate Use Final Environmental Impact Statement 
(EIS), Washington, DC, October 2007, http://ocsenergy.anl.gov/documents/fpeis/index.cfm. 
71 Alaska allows salmon aquaculture in cooperative hatcheries that raise and release salmon smolts (young salmon) to 
the wild to supplement harvest. 
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ocean aquaculture industry. Aquaculture in other countries may have advantages related to lower 
costs and superior sites. Although it might be argued that a highly regulated U.S. industry is 
unlikely to be competitive with aquaculture in other countries, minimal regulation does not 
guarantee that the U.S. aquaculture industry will succeed. A complex and unpredictable mix of 
technological, biological, and economic factors will also determine the future profitability of open 
ocean aquaculture. Although government may play a role in funding research and pilot projects, 
large-scale production will likely depend on private initiatives and innovation. 



Environmental effects of aquaculture in coastal and inland areas have been documented, 
especially in other parts of the world, and potential environmental concerns related to 
development of aquaculture in open ocean areas will need to be addressed. One of the main 
challenges for policy makers is to balance the need to provide flexibility for the aquaculture 
industry with public concerns related to environmental and social impacts. 
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From: Huber, Michael CIV CNRSW, N40 Env
To: R9RoseCanyon
Cc: Sablad, Elizabeth; Wilson, Walter L CIV CNRSW, N40; Tymes, Melanie B SPL
Subject: FW: Notice of Scoping for the Rose Canyon Sustainable Aquaculture Project
Date: Thursday, December 17, 2015 1:30:34 PM
Attachments: Navy Rose Canyon Scoping Letter 17Dec2015.pdf


Elizabeth,


Please find the attached Navy comments to this scoping notice.  We look forward to working with you as this
 process evolves.


V/R,


Michael Huber, P.E.
DoD Regional Environmental Coordination (DoDREC 9) Program Manager   
937 N Harbor Drive, Box 81
San Diego CA 92132-0058                    
(619)532-2303, cell (619)244-2699


-----Original Message-----
From: Sablad, Elizabeth [mailto:Sablad.Elizabeth@epa.gov] On Behalf Of R9RoseCanyon
Sent: Friday, November 20, 2015 10:14 AM
Subject: [Non-DoD Source] Notice of Scoping for the Rose Canyon Sustainable Aquaculture Project


Notice of Scoping for the Rose Canyon Sustainable Aquaculture Project


Public Notice Date: November 20, 2015


Comment Period Closes: December 21, 2015


Pursuant to the National Environmental Policy Act (NEPA) (42 U.S.C. 4321-4307h), the Council on Environmental
 Quality's NEPA regulations (40 CFR Part 1500-1508), and EPA's regulations for implementing NEPA (40 CFR
 Part 6), EPA will prepare an Environmental Assessment (EA) to analyze the potential impacts related to the
 issuance of a National Pollutant Discharge Elimination System (NPDES) permit for the Rose Canyon Sustainable
 Aquaculture Project. The EA will evaluate the potential environmental impacts associated with construction and
 operation of the proposed concentrated aquatic animal production facility. Factors that may be considered include
 conservation, economics, aesthetics, general environmental concerns, cultural resources, fish and wildlife,
 navigation, recreation, water quality, safety, and coastal impacts. The Army Corps of Engineers, the United States
 Coast Guard, and the National Marine Fisheries Service have agreed to be cooperating agencies as described in 40
  C.F.R. Section 1501.6 of the Council on Environmental Quality's (CEQ) NEPA regulations.


Rose Canyon Fisheries, Inc. (RCF), a partnership between Hubbs-SeaWorld Research Institute and Cuna del Mar,
 has proposed construction of a concentrated aquatic animal production facility in federal waters, approximately 4.5
 miles off the coast of San Diego, CA. The proposed project will be a commercial-scale fish farm and will be
 phased, initially producing 1,000 to 1,500 metric tons of fish per year, and increasing to 5,000 metric tons of fish
 per year by year eight. The initial fish species for production will be yellowtail jack with the option of changing fish
 species later to white seabass or striped bass. At the maximum capacity, the project will consist of 2 mooring
 structures, each with 24, 11,000 m3 submersible sea cages.


This notice initiates the scoping process by inviting comments from Federal, State, and local agencies, Indian tribes,
 and the public to help identify potential environmental impacts and reasonable alternatives for the EA to examine.
 The scoping process will inform the preparation of the EA, which will be made available for public comment.
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Comments may be submitted during the comment period as follows:


Electronically: Email comments to


R9RoseCanyon@epa.gov <mailto:R9RoseCanyon@epa.gov>


Mail:    U.S. Environmental Protection Agency, Region 9


ATTN: (WTR-2-3)


75 Hawthorne St.


San Francisco, CA 94105


NPDES application and supplemental materials available at:


 http://www.epa.gov/region09/water/npdes/pubnotices.html


***Please bring the foregoing notice to the attention of all persons who would be interested in this matter.***
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From: In Defense of Animals on behalf of Mercedes Howard
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Wednesday, December 16, 2015 4:56:01 PM


Dec 16, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Mercedes Howard
240 Toftrees Ave Apt 102
State College, PA 16803-2004
mercedesfreedomhoward@gmail.com
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From: In Defense of Animals on behalf of Maria Altieri
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Monday, December 14, 2015 12:37:32 AM


Dec 14, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Maria Altieri
1 Duddley
Bronx, NY 10461
(347) 229-4314
maria.rutig.altieri@gmail.com
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From: In Defense of Animals on behalf of Georgi Vachev
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Thursday, December 31, 2015 6:51:48 AM


Dec 31, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mr. Georgi Vachev
Bratya Miladinovi 57/1/15
Burgas, None 8000
creed777@live.com
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From: In Defense of Animals on behalf of Adriana Bidarra
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, December 05, 2015 8:00:00 PM


Dec 5, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Adriana Bidarra
Praça José António Veríssimo nº4, 5º Dto.
Póvoa de Santa Iria, None 2625-162
932206882
adrianabidarra@gmail.com
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From: In Defense of Animals on behalf of Barbara Garris
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, January 02, 2016 12:58:01 PM


Jan 2, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Barbara Garris
Lange Zeile 35
Nürnberg, None 90419
barbara.garris@web.de
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From: Renee Owens
To: "Richard Miller"; R9RoseCanyon
Cc: d.raney108@gmail.com; "Debbie H"
Subject: RE: San Diego Sierra Club Comments on NEPA Scoping for Rose Canyon Aquaculture Project
Date: Friday, January 15, 2016 4:09:54 PM
Attachments: FINAL Sierra Club comments_EPA scoping Rose Canyon 2016.pdf


Editing at 3:30 AM is not recommended. I missed a couple small typos, but that bugs me so: in case
 you use this document for future reference for anything, or to share, replace the last version
 with this one in your files.
 
**************************
Renée Owens
 


 


From: Richard Miller [mailto:richard.miller@sierraclub.org] 
Sent: Friday, January 15, 2016 9:20 AM
To: R9RoseCanyon@epa.gov
Cc: Renee Owens; d.raney108@gmail.com; Debbie H
Subject: San Diego Sierra Club Comments on NEPA Scoping for Rose Canyon Aquaculture Project
 
Please see attached letter re:  San Diego Sierra Club Comments on NEPA Scoping for Rose Canyon
 Aquaculture Project
 
Please acknowledge receipt.
Thank You


Richard Miller
Sierra Club San Diego
Development Coordinator
858-569-6005
8304 Clairemont Mesa Blvd, Ste 101
San Diego, CA 92111-1315
 
Not a Member?
Not a Member?  Join at http://click.linksynergy.com/fs-bin/click?
id=wxPd*Jh*z/E&offerid=343370.10000002&type=3&subid=0
 
Help us continue our good work, DONATE at http://www.sandiego.sierraclub.org/home/index.asp?
content=joinorgive
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Sierra Club San Diego 
Serving the Environment in San Diego and Imperial Counties
 
January 15, 2016 
 
 U.S. Environmental Protection Agency, Region 9 
ATTN: (WTR-2-3)  
75 Hawthorne St.  
San Francisco, CA 94106  
R9RoseCanyon@epa.gov  
Sent via email  
 
 
Re: San Diego Sierra Club Comments on NEPA Scoping for Rose Canyon Aquaculture Project 
 
Dear Elizabeth Sablad:  
 
The San Diego Chapter of the Sierra Club represents 12,000 members locally in San Diego and 
Imperial County, members who are avid recreationis
animal-watchers, conservationists, and environmentalists. On behalf of our Chapter we strongly 
urge you to seriously consider the following recommendations on scoping pursuant to the National 
Environmental Policy Act (NEPA) and applicable federal regulations.
 
Per the Environmental Protection Agency’s notice of Scoping published November 20, 2015, 
aware that EPA will be preparing an Environmental Assessment (EA) to analyze the potential impacts 
related to the issuance of a National Pollutant Discharge Elimination System (NPDES) permit for the 
Rose Canyon Sustainable Aquaculture Project (the P
and Cuna del Mar (the Applicants) 
comment on the factors the EPA should include in preparing the EA.
  
The possible factors the EPA states it may consider in p
include conservation, economics, aesthetics, general environmental concerns, cultural resources, 
fish and wildlife, navigation, recreation, water quality, safety, and coastal impacts. 
due to the project’s proposed size and
necessary.  
 
If approved, the Project would be the first sizable open ocean finfish aquaculture operation in 
federal waters. According to the scoping notice the Project ha
year period to encompass a total of 48 submersible sea cages, each 11,000 cubic meters in size, in 
federal waters off the coast of San Diego. While Sierra Club supports environmentally sound and 
sustainable aquaculture, we find that open ocean finfish aquaculture, such as proposed in this 
Project, poses numerous potential environmental risks, including, but not limited to, spread of 
diseases and parasites to nearby wild fish populations and  impacts on wild forage fis
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 NEPA (42 USC 4321-4370h); 40 CFR Part 1500



 



Serving the Environment in San Diego and Imperial Counties 



U.S. Environmental Protection Agency, Region 9  



Comments on NEPA Scoping for Rose Canyon Aquaculture Project 



The San Diego Chapter of the Sierra Club represents 12,000 members locally in San Diego and 
Imperial County, members who are avid recreationists, anglers, hikers, naturalists, bird



watchers, conservationists, and environmentalists. On behalf of our Chapter we strongly 
urge you to seriously consider the following recommendations on scoping pursuant to the National 



Policy Act (NEPA) and applicable federal regulations.1 



Per the Environmental Protection Agency’s notice of Scoping published November 20, 2015, 
aware that EPA will be preparing an Environmental Assessment (EA) to analyze the potential impacts 
related to the issuance of a National Pollutant Discharge Elimination System (NPDES) permit for the 
Rose Canyon Sustainable Aquaculture Project (the Project), for Hubbs-Sea World Research Institute 
and Cuna del Mar (the Applicants) located in federal waters. We welcome the opportunity to 



EPA should include in preparing the EA. 



EPA states it may consider in preparing its Environmental Assessment (EA) 
include conservation, economics, aesthetics, general environmental concerns, cultural resources, 
fish and wildlife, navigation, recreation, water quality, safety, and coastal impacts. We believe that 



proposed size and the inherent nature of the project, a comprehensive EIS is 



If approved, the Project would be the first sizable open ocean finfish aquaculture operation in 
federal waters. According to the scoping notice the Project has the potential to expand over an eight 
year period to encompass a total of 48 submersible sea cages, each 11,000 cubic meters in size, in 
federal waters off the coast of San Diego. While Sierra Club supports environmentally sound and 



re, we find that open ocean finfish aquaculture, such as proposed in this 
Project, poses numerous potential environmental risks, including, but not limited to, spread of 
diseases and parasites to nearby wild fish populations and  impacts on wild forage fish populations. 



4370h); 40 CFR Part 1500-1508; and 40 CFR Part 6.   



Comments on NEPA Scoping for Rose Canyon Aquaculture Project  



The San Diego Chapter of the Sierra Club represents 12,000 members locally in San Diego and 
ts, anglers, hikers, naturalists, bird-and marine 



watchers, conservationists, and environmentalists. On behalf of our Chapter we strongly 
urge you to seriously consider the following recommendations on scoping pursuant to the National 



Per the Environmental Protection Agency’s notice of Scoping published November 20, 2015, we are 
aware that EPA will be preparing an Environmental Assessment (EA) to analyze the potential impacts 
related to the issuance of a National Pollutant Discharge Elimination System (NPDES) permit for the 



Sea World Research Institute 
located in federal waters. We welcome the opportunity to 



reparing its Environmental Assessment (EA) 
include conservation, economics, aesthetics, general environmental concerns, cultural resources, 



We believe that 
comprehensive EIS is 



If approved, the Project would be the first sizable open ocean finfish aquaculture operation in 
s the potential to expand over an eight 



year period to encompass a total of 48 submersible sea cages, each 11,000 cubic meters in size, in 
federal waters off the coast of San Diego. While Sierra Club supports environmentally sound and 



re, we find that open ocean finfish aquaculture, such as proposed in this 
Project, poses numerous potential environmental risks, including, but not limited to, spread of 



h populations. 











We are especially concerned that there currently is no proven regulatory system in place for 
managing this kind of operation in federal waters. 
 
The current lack of a proven regulatory system or framework for aquaculture projects of this nature 
and scope in federal waters poses a tremendous and undeniable risk. While an NPDES permit is 
required in order for the Project to proceed, the permit is limited in scope, primarily addressing 
water quality and health of the benthic environment potentially impacted by the Project. Other 
agencies, especially the National Marine Fisheries Service under NOAA, must be prepared to 
perform the regulatory functions required to manage environmental risks outside the scope of the 
NPDES permit. In deciding whether to issue an NPDES for this project, the EPA must take into 
account the serious environmental risks of doing so prematurely, in the absence of a proven 
regulatory regime adequate to assess and manage the full range of potential environmental impacts 
from this Project.  
 
REGULATORY REQUIREMENTS FOR AQUACULTURE PROJECTS IN FEDERAL WATERS 
 
We consider the elements listed below to be necessary in order to adequately assess and manage 
the full range of potential impacts, environmental and otherwise, of this or other proposed open 
ocean finfish aquaculture projects: 
 
I. Environmental Review 
 
An Environmental Impact Statement (EIS), with a public comment period of 60 days or greater, will 
be necessary. The EIS should contain full disclosure to the ultimate extent, and possible cumulative 
impacts, of a project with multiple phases.  
 
The EIS shall include a complete project description, including identification of the agencies 
responsible for regulating the facility, the standards and procedures the agency will use to enforce 
those standards, and the qualification of the personnel that will be used for enforcement, including 
but not limited to consideration of impacts on marine ecosystems, sensitive ocean and coastal 
habitats, and other plant and animal species, including: 
 



A. Siting of the offshore aquaculture facilities and operations to avoid adverse impacts, and to 
minimize any unavoidable impacts on user groups, public trust values, and the marine 
environment, including effects on commercial and recreational fishing and other important 
ocean uses. 
 
B.  Impacts on marine ecosystems, sensitive ocean and coastal habitats, and other plant and 
animal species, including:  
 



1. The impacts of escaped fish on wild fish populations; 



2. The impacts of interactions with marine mammals, marine wildlife, and birds; 



3. The impacts of the use of chemical and biological products, pollutants, and nutrient 



wastes on the marine environment;  



4. Effects of removal of forage fish for feed, fishmeal, and fish oil on marine ecosystems; 



5. The cumulative effects of a number of offshore aquaculture facilities on the ability of the 



marine environment to maintain preexisting flora and fauna; and 



6.  The effect of the project on the benthic community in the vicinity of the facility. 



 











C. Design of the aquaculture facilities and operations to avoid adverse environmental impacts, 
and to minimize any unavoidable impacts. 
 
D. All species and habitat surveys, review, and related biological impact analysis will be based 
upon all of the most recent, available scientific data. Under no circumstance will surveys be used 
for impact analysis that rely only on old or outdated surveys by unrelated parties or for other 
unrelated projects. For instance, impact analysis should not rely solely upon theoretical models 
or compilations of lists of “species most likely to occur”. Actual recent, onsite, thorough surveys 
of species, conditions, and other related elements of the ecosystems involved must be included 
for adequate impact analysis, and such data should be collected and reported largely by an 
independent third party. In the applicant’s Final Report their own admission of lack of necessary 
data on potentially impacted endangered species reinforces the importance of the necessity of 
thorough surveys, analysis, and realistic assessments of where impacts are truly able to be 
mitigated and where they cannot be.2 For instance, the same Report states that there are at 
least eight endangered and threatened species of marine mammals alone that utilize the marine 
habitats proposed by the Applicant for development, and for some of these species their 
movements and breeding behavior within the region have been poorly studied at best.3 
 
The Applicant’s Final Report repeatedly refers to data or models collected or created by their 
own institution to inform scientific analysis.4 Although we do not deny the consideration of such 
data, we insist that no single issue of the Project’s environmental resources and potential 
impacts, or mitigation measures, can be successfully and independently analyzed solely by the 
research branch of the same Applicant whose organizational designation is that of an extremely 
large, for-profit corporation. 



 
We also strongly advise that the EIS be part of a joint EIR/EIS analysis with the California Coastal 
Commission acting as lead state agency. Given that the line of demarcation between federal and 
state waters is a virtual one based upon an administrative agreement of convenience, and not based 
upon science, delineation of marine ecosystems, or similar, it is highly likely that state controlled 
coastal resources associated with the project’s activities will be impacted. Such impacts would 
require oversight and approval by California Coastal Commission. Thus, a joint EIR/EIS should be 
prepared. 
 
II. Project Design and Siting 
 
Impact analysis must ensure the Project: 
 



 Will not restrict the use of surface waters or the ocean bottom by the public or other 
parties, or protrude above the surface of the water so as to mar scenic vistas. 



 



 Is not located near marine reserves, replenishment areas or areas of natural beauty such as 
coral reefs or in sensitive habitat, including any marine protected area, marine reserve, 
Habitat Area of Particular Concern, Special Management Zone, National Marine Sanctuary. 
or other marine protected area, or is on or attached to any portion of an oil or gas platform, 
including one that is no longer in service. 



                                                 
2
 Rose Canyon Fisheries, Sept. 2014. Final Report. “The breeding population origins and migratory habits of Olive Ridley 



turtles frequenting waters off the west coast of the U.S. are unknown” (p.77).  Retrieved from: 
http://www3.epa.gov/region9/water/npdes/pdf/ca/rose-canyon/rose-canyon-fisheries-final-report.pdf. 
3
 Ibid, pp 72-72. 
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 Includes a detailed contingency plan for dealing with natural disasters such as hurricanes or 
tsunamis. 
 



 Is designed and engineered to prevent entanglement of turtles, dolphins, whales or other 
marine life in any nets or equipment related to the aquaculture facility. Use of underwater 
acoustic deterrent devices is prohibited. 



 



 Is operated with a density of fish populations within the project sufficiently low so as to 
prevent nutrient overloading and creation of disease breeding conditions. 



 



 Is respectful of, and does not threaten the sustainability of subsistence fishing practiced by 
Native Americans. 



 



 Separates multiple aquaculture facilities from each other by a distance of 3.0 miles or 
greater as needed to prevent cumulative impacts from the separate projects. 



 
III. Disease and Pathogen Prevention 
 



 Impact analysis must ensure the project is designed, located, and operated not only to 
mitigate, but to prevent the incubation, introduction, and spread of disease and pathogens. 



 



 The use, including the prophylactic use, of antibiotics, pesticides, prescription and 
nonprescription drugs, or other chemical treatments is prohibited; except that such use may 
be allowed as necessary to treat a diagnosed disease after consultation with the 
Commissioner of the Food and Drug Administration, and if an only when such use is strictly 
monitored and minimized, to the maximum extent practicable. 



 
IV. Fish Feed 
 
Use of wild fish as feed ingredient, especially fish meal and fish oil derived from forage fisheries 
should be avoided or minimized, and alternatives to fishmeal and fish oil, including use of fish 
byproducts, should be used to the maximum extent practicable. A “fish in/fish out” ratio of one - 
preferably less -  shall be attained, i.e. no more than one pound of live fish would be required to 
produce one pound of harvested fish. 
 
V. Permits 
 
Permit applications shall specify: 
 



A.  The proposed location to be developed under the permit, including 
 



1. size; 



2. depth; 



3. water conditions, including currents; 



4. substrate; 



5. preliminary habitat and ecological community assessment data; 



6. distribution and composition of species; 



7. proximity to other offshore aquaculture facilities; and 











8. proximity to other uses; 



 



B.  The proposed operation to be developed under the permit; 
 
C. The marine species to be propagated or reared, or both; 
 
D. Design, construction, and operational information sufficient to identify potential 
environmental impacts of the project; and  
 
E. Contingency plans for major storms, natural disasters or fish escapes.  
 



Permit requirements include identification of protocols, approved by regulating agencies, for 
treating disease or parasite outbreaks in the capture population. Project applicants shall obtain all 
necessary federal, state, and local permits including those required to comply with water quality 
standards established under the Clean Water Act before any disturbance of the ocean is created.  
 
VI. Broodstock Management and Fish Escapes 
 



 Offshore aquaculture shall be limited to species of a genotype native to the geographic 
region of the offshore aquaculture facility or operations authorized by the permit. 
 



 Species of special concern or those of protected status under the Endangered Species Act 
shall not be cultured for growout and harvest. 
 



 Genetically modified species shall not be cultured. 
 



 Native species shall be cultured in a manner that ensures fish escapes will not harm the 
genetics of local wild fish. Stocked fish shall be no further than two generations from the 
relevant wild stock, and shall not have been exposed to intentional selective breeding. 
 



 All facilities and operations shall be designed, operated, and shown to be effective at 
preventing the escape of cultured fish into the marine environment and withstanding severe 
weather conditions and marine accidents. The permittee shall maintain records on all 
escapes. In the event of escapement, the number of escaped fish and the circumstances 
surrounding the incident shall be reported immediately to the relevant regulatory agency. 
 



VII. Leases 
  
Leases will contain all of the conditions listed herein: 
 



A. Project applicants shall be required to post a bond or other form of financial guarantee in an 
amount sufficient to clean up and the restore the area to its original condition in the event the 
applicant goes out of business, the project is abandoned, there is major damage the applicant 
has not repaired in a timely manner, or the applicant violates the terms of the lease.  
 
 B. Insurance to protect the ocean and taxpayers from huge clean up expense shall be required: 
including liability insurance in case the facility causes damage i.e. to another person, if a boat or 
diver were to be injured, or if damages were incurred to another person’s property. 
 











C. Corrective action assurance, for repairing environmental damage that may occur during 
operation, i.e. damage to resources from fish escapes or cage movement.  
 
D. Closure assurance, so that the removal of the facility occurs at the end of its permitted life, 
and any restoration needed at that time occurs. 
 
E. Post-closure assurance, for continual repairs that may be needed on an ongoing basis. 
 
F. Revenues from lease rent and permit fees shall, at a minimum, cover costs incurred by 
regulating agencies for inspection, monitoring, and enforcement. 
 



VIII. Inspections, Monitoring, Reporting, and Enforcement of Permit Conditions 
 
An inspection and monitoring system must be implemented and funded before any lease or permit 
is signed and executed to assure that the quality of waters surrounding the project and the quality 
of the benthic habitat beneath the project are not compromised. Inspections shall occur a minimum 
of  twice per year and include information on chemical use (if any) and documentation of the types 
of feed used. 
 
A detailed monitoring and control program must be in place to assure the health of the fish 
contained within the project, protect against transmission of diseases and parasites from cultured 
fish to wild fish in the vicinity of the project, and deal with incidents of fish escapes. 
 
Monitoring and enforcement reports shall be prepared by qualified, independent third parties, shall 
be readily accessible by the public, will include interpretations of the raw data they contain, and 
shall include the following: 
 



 NPDES water quality and benthic monitoring reports.  



 Reporting of incidents of fish escapes, including estimates of the numbers of fish that 
escaped. 



 Reporting of incidents of disease or parasite outbreaks among captive fish populations and 
the steps taken to address them.  



 
IX. Mitigation 
 
Due to the proposed scope of this Project, and the significance of this Project’s precedent for being 
the first of its kind in Federal U.S. waters, we cannot emphasize enough how important it is that this 
Project, if approved, be one that serves as a model for responsible environmental regulatory control 
and impact reduction. What kind of model it could be depends largely on agency oversight, and 
given the degree of discussion of this project to date by agencies, fisheries, and others it is clear that 
there are high expectations of such. Even the Applicants claim that “If successful, this project will 
serve as a model for the development of additional marine aquaculture projects in the waters 
offshore the United States” and “The operational knowledge gained from this project will be directly 
applicable and serve as a model for the responsible development of sustainable offshore 
aquaculture in the U.S.”5 
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 Rose Canyon Fisheries, Sept. 2014. Final Report.(p. 2, p. 9). Retrieved from: 
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Therefore we strongly urge that the highest and most rigorous degree of mitigation standards, 
monitoring, and relevant Best Management Practices (BMP) are applied for any and all analysis, 
consideration, planning, and implementation of significant impact reduction. In every assessment 
where impacts may be considered to be mitigable, all such methods for impact reduction must be 
specifically identified in rigorous and thorough detail; this includes all impact reduction 
methodology for short term, long term, and cumulative impacts; including during and post-
construction phases.  
 



 Never should detailed information of mitigation methods, plans, or protocols be inferred, or 
deferred for future development, and such measures should not be developed solely by the 
Applicants or their subsidiaries. All such plans must be in place, thoroughly identified and 
described, with detailed scientific analysis, and approved by lead oversight agencies prior to 
Project commencement.  



 



 Mitigation monitoring measures and any BMPs must be implemented, approved, reported 
directly to, and enforced under the oversight of the lead agencies, not by the Applicants. 
Independent third parties must be utilized for mitigation monitoring, reporting, and 
implementation; and mitigation monitoring implementation must include guarantees that 
under no circumstances shall such third party personnel be subject to signing Non-
Disclosure Agreements beholden to the Applicants or their subsidiaries in a way that risks 
compromising any and all of their responsibilities of reporting to lead agencies. 



 



 If any mitigation protocols, plans, or strategies must be modified to insure compliance as 
new information, testing, or enhancement of technologies are available, such must be 
subject to the review and approval of the agencies and any relevant reporting made 
available to the public as well.  



 



 Mitigation plans and protocols must actually reduce impacts, and not simply monitor or 
measure them for future analysis. Nor should they rely solely on untested, theoretical 
methodologies for impact reduction.  The success of impact reduction cannot depend 
wholly or in part upon future data or technology. For instance, in the Applicant’s Final 
Report they acknowledge that, “Antibiotics and other therapeutic chemicals released into 
the marine environment may adversely affect water and sediment quality.” They propose 
the mitigation measure of integrated pest management where “practicing preventive 
medicine, such as stocking fish free of pathogens and parasites, minimizing physical stresses 
on fish, and vaccinating fish against disease will reduce the need for remedial measures 
involving chemical applications.” However, methods for reduction of stress for such high, 
unnatural densities of penned fish have not been clearly identified, and their Report 
characterizes the aforementioned vaccines as “when they become available” in the future.6 
This represents an example of what would constitute an inadequate mitigation proposal due 
to its being based upon unidentified or unavailable methods. 



 



 Finally, all selection criteria must be identified for mitigation monitoring personnel, and 
mitigation monitoring report preparation and submission must include lead agency 
oversight at all times and for all Plans, with inclusion of such reports to be made accessible 
to the public upon request.  
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X. Enforcement 
 
Lease and permit requirements must be clearly enforceable, with penalties of sufficient magnitude, 
including possible forfeiture of equipment, fines, and temporary or permanent cease and desist of 
production as needed to protect the public interest. 
 
XI. Annual Reporting 
 
Permittee shall report annually to the regulating agency: 
 



A. Comprehensive data regarding escape events, including estimates of stocked and harvested 
fish and mortalities; 
 
B. Nutrient-loading data and community structure data to assess the impact of offshore 
aquaculture on the water column and the benthos; 
 
C. Prevalence and extent of disease and parasites; 
 
D.  the use and amounts of antibiotics, pesticides, prescription drugs and nonprescription drugs, 
and other chemical treatments; 
 
E. Sources of fish feed, including invoices, receipts, or bills of lading showing source of wild fish 
stock;  
 
F.  Fish quantities by species that were farmed in the prior year and a projection of the 
quantities of fish, by species, projected to be farmed in the coming year; 
 
G. Estimates by species of the percentages of farmed fish production going to (a) domestic and 
(b) foreign markets; and  
 
H. Other information, as required by the regulating agencies. 



 
XII. Regulatory Requirements Applicable to NPDES Permit 
 
Below are requirements that apply in particular to the issuance, monitoring, and enforcement of 
NPDES permits: 
 



 Baseline studies by an independent third party of the benthic habitat and species beneath 
and adjacent to Project shall be completed prior to issuance of a permit. 
 



 If a zone of mixing is authorized, it should be sized so as to require proper management of 
fish population densities, food management, and other aspects of operation in order to 
meet water quality standards, including harm to benthic communities. In other words, 
allowing dilution of pollution should not be the solution. 
 



 Monitoring and reporting of water quality and benthic community assessments should be 
performed monthly. Monitoring and enforcement reports shall be prepared by qualified, 
independent third parties, shall be readily accessible by the public, and will include 
interpretations of the raw data they contain. 
 











 The use and amounts of antibiotics, pesticides, prescription drugs and nonprescription 
drugs, and other chemical treatments. 
 



 Reporting of incidents of disease or parasite outbreaks among captive fish populations and 
the steps taken to address them.  



 
We cannot emphasize enough that, should your agency approve this NPDES application, serious 
consideration must be given to the lack of well vetted, comprehensive regulations and regulatory 
oversight in existence to address with the multiple and overlapping short, long term, and cumulative 
environmental impacts that will occur if this project is developed. We therefore request that 
analysis occur with this lack of overarching protection and oversight framework in mind, and how 
many impact risks are far beyond those NPDES pollution-related activities. 
 
Conclusion  
 
There is substantial uncertainty regarding the legality and regulation of open ocean aquaculture in 
federal waters. It is also widely recognized by commercial as well as scientific parties involved that 
the industry pollutes marine ecosystems, harms marine wildlife, threatens wild species by spreading 
disease and parasites, and otherwise degrades marine habitats already suffering the cumulative 
impacts of climate change, pollution, and ocean acidification.7,8,9,10,11,12,13,14,15,16,17,18 
 
Based on these realities, and given the current lack of regulatory framework for a project of such 
immense scope and untested mitigation rigor, the lack of species and other ecosystem data 
necessary to develop minimum necessary mitigation measures for a project of this scale, and the 
regulatory and legal uncertainty regarding permitting authority for this Project, we feel that this 
application’s approval would pose too many unavoidable risks to our precious ocean resources at 
this time and should thus be denied. If the EPA chooses to move forward with NEPA review, we 
reiterate that an EIS must be prepared based upon the many clear indications of significant, 
detrimental environmental impacts that will be imposed by this Project.  
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Thank you for considering our scoping comments for NEPA review. We are grateful for the 
opportunity to work with the EPA in promoting truly sustainable forms of aquaculture, and 
developing environmentally sound fisheries management in Southern California for all of its 
inhabitants, human and non-human alike. 
 
Sincerely, 
 



 
Debbie Hecht 
Chair, Conservation Committee 
Sierra Club San Diego 
 
 
Prepared by 
 
Dave Raney   and   Renée Owens MSc. 
National Sierra Club Marine Action Team 


















From: In Defense of Animals on behalf of LEGRAND LEVY karoline
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Wednesday, December 16, 2015 10:13:52 AM


Dec 16, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. LEGRAND LEVY karoline
15 CANAL
Labatut-Rivière, CA 65700
karolinemanager@orange.fr
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From: In Defense of Animals on behalf of Adrienne Estrada
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Thursday, December 24, 2015 3:25:32 PM


Dec 24, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Adrienne Estrada
685 San Pasquell St
Hemet, CA 92545-2432
(951) 665-4645
adrienneestrada16@gmail.com
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From: In Defense of Animals on behalf of Lynn Carin
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, December 04, 2015 11:29:40 AM


Dec 4, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Lynn Carin
9534 Reseda Blvd # 381
Northridge, CA 91324-2305
lady_seastar@hotmail.com
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From: In Defense of Animals on behalf of Melody Aspinas
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Wednesday, January 13, 2016 2:50:51 PM


Jan 13, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Melody Aspinas
8 rue des acacias
Saint priest en jarez, AL 42270
(061) 071-9528
melody-mel@hotmail.fr
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From: In Defense of Animals on behalf of Florencia Areco
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Thursday, January 14, 2016 4:54:53 AM


Jan 14, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Florencia Areco
Metan 2029
Salta, None 4400
+540387154491907
florare83@hotmail.com
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From: In Defense of Animals on behalf of David Brunner
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, December 11, 2015 5:31:27 PM


Dec 11, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mr. David Brunner
16iiiiiiiiiiiiiiii01 S. Hickory
Apt. F2
Ottawa, KS 66067
785-242-95
di_brunner@sbcglobal.net
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From: In Defense of Animals on behalf of Michelle Diss
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, November 27, 2015 4:45:43 PM


Nov 27, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Michelle Diss
12951 Janine Ct
Shelby Twp, MI 48315-4736
meshel325@yahoo.com
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From: In Defense of Animals on behalf of Therese Ryan
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Monday, November 23, 2015 2:06:41 PM


Nov 23, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Therese Ryan
37310 36th St E
Palmdale, CA 93550-2569
(661) 000-0000
mandm2872@earthlink.net
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From: In Defense of Animals on behalf of Daniel Driver
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Thursday, January 07, 2016 9:08:33 PM


Jan 7, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mr. Daniel Driver
134b Watkins Ave
Woodbury, NJ 08096-5010
(609) 221-6260
old1one@hotmail.com



mailto:takeaction@idausa.org

mailto:takeaction@idausa.org

mailto:Sablad.Elizabeth@epa.gov






From: Richard Miller
To: R9RoseCanyon
Cc: Renee Owens; d.raney108@gmail.com; Debbie H
Subject: San Diego Sierra Club Comments on NEPA Scoping for Rose Canyon Aquaculture Project
Date: Friday, January 15, 2016 9:20:20 AM
Attachments: San Diego Sierra Club comments_EPA scoping Rose Canyon 1-2016.pdf


Please see attached letter re:  San Diego Sierra Club Comments on NEPA Scoping for Rose Canyon
 Aquaculture  Project


Please acknowledge receipt.
Thank You


Richard Miller
Sierra Club San Diego
Development Coordinator
858-569-6005
8304 Clairemont Mesa Blvd, Ste 101
San Diego, CA 92111-1315


Not a Member?
Not a Member?  Join at http://click.linksynergy.com/fs-bin/click?
id=wxPd*Jh*z/E&offerid=343370.10000002&type=3&subid=0
 
Help us continue our good work, DONATE at http://www.sandiego.sierraclub.org/home/index.asp?
content=joinorgive
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Sierra Club San Diego
Serving the Environment in San Diego and Imperial Counties



January 15, 2016



U.S. Environmental Protection Agency, Region 9
ATTN: (WTR-2-3)
75 Hawthorne St.
San Francisco, CA 94106
R9RoseCanyon@epa.gov
Sent via email, hard copy to follow



Re: San Diego Sierra Club Comments on NEPA Scoping for Rose Canyon Aquaculture Project



Dear Elizabeth Sablad:



The San Diego Chapter of the Sierra Club represents 12,000 members locally in San Diego and
Imperial County, members who are avid recreationists, anglers, hikers, naturalists, bird-and marine
animal-watchers, conservationists, and environmentalists. On behalf of our Chapter we strongly
urge you to seriously consider the following recommendations on scoping pursuant to the National
Environmental Policy Act (NEPA) and applicable federal regulations.1



Per the Environmental Protection Agency’s notice of Scoping published November 20, 2015, we are
aware that EPA will be preparing an Environmental Assessment (EA) to analyze the potential impacts
related to the issuance of a National Pollutant Discharge Elimination System (NPDES) permit for the
Rose Canyon Sustainable Aquaculture Project (the Project), for Hubbs-Sea World Research Institute
and Cuna del Mar (the Applicants) located in federal waters. We welcome the opportunity to
comment on the factors EPA should include in preparing the EA.



The possible factors EPA states it may consider in preparing its Environmental Assessment (EA)
include conservation, economics, aesthetics, general environmental concerns, cultural resources,
fish and wildlife, navigation, recreation, water quality, safety, and coastal impacts. We believe that
due to the project’s proposed size and the inherent nature of the project, a comprehensive EIS is
necessary.



If approved, the Project would be the first sizable open ocean finfish aquaculture operation in
federal waters. According to the scoping notice the Project has the potential to expand over an eight
year period to encompass a total of 48 submersible sea cages, each 11,000 cubic meters in size, in
federal waters off the coast of San Diego. While Sierra Club supports environmentally sound and
sustainable aquaculture, we find that open ocean finfish aquaculture, such as proposed in this
Project, poses numerous potential environmental risks, including, but not limited to, spread of
diseases and parasites to nearby wild fish populations and impacts on wild forage fish populations.



1 NEPA (42 USC 4321-4370h); 40 CFR Part 1500-1508; and 40 CFR Part 6.
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We are especially concerned that there currently is no proven regulatory system in place for
managing this kind of operation in federal waters.



The current lack of a proven regulatory system or framework for aquaculture projects of this nature
and scope in federal waters poses a tremendous and undeniable risk. While an NPDES permit is
required in order for the Project to proceed, the permit is limited in scope, primarily addressing
water quality and health of the benthic environment potentially impacted by the Project. Other
agencies, especially the National Marine Fisheries Service under NOAA, must be prepared to
perform the regulatory functions required to manage environmental risks outside the scope of the
NPDES permit. In deciding whether to issue an NPDES for this project, EPA must take into account
the serious environmental risks of doing so prematurely, in the absence of a proven regulatory
regime adequate to assess and manage the full range of potential environmental impacts from this
Project.



REGULATORY REQUIREMENTS FOR AQUACULTURE PROJECTS IN FEDERAL WATERS



We consider the elements listed below to be necessary in order to adequately assess and manage
the full range of potential impacts, environmental and otherwise, of this or other proposed open
ocean finfish aquaculture projects:



I. Environmental Review



An Environmental Impact Statement (EIS), with a public comment period of 60 days or greater, will
be necessary. The EIS should contain full disclosure of the ultimate extent, and possible cumulative
impacts, of a project with multiple phases.



The EIS shall include should include a complete project description, including identification of the
agencies responsible for regulating the facility, the standards and procedures the agency will use to
enforce those standards, and the qualification of the personnel that will be used for enforcement,
including but not limited to consideration of impacts on marine ecosystems, sensitive ocean and
coastal habitats, and other plant and animal species, including:



A. Siting of the offshore aquaculture facilities and operations to avoid adverse impacts, and to
minimize any unavoidable impacts on user groups, public trust values, and the marine
environment, including effects on commercial and recreational fishing and other important
ocean uses.



B.  Impacts on marine ecosystems, sensitive ocean and coastal habitats, and other plant and
animal species, including:



1. The impacts of escaped fish on wild fish populations;
2. The impacts of interactions with marine mammals, marine wildlife, and birds;
3. The impacts of the use of chemical and biological products, pollutants, and nutrient
wastes on the marine environment;
4. Effects of removal of forage fish for feed, fishmeal, and fish oil on marine ecosystems; and
5. The cumulative effects of a number of offshore aquaculture facilities on the ability of the
marine environment to maintain preexisting flora and fauna.
6. The effect of the project on the benthic community in the vicinity of the facility.











C. Design of the aquaculture facilities and operations to avoid adverse environmental impacts,
and to minimize any unavoidable impacts.



D. All species and habitat surveys, review, and related biological impact analysis will be based
upon all of the most recent, available scientific data. Under no circumstance will surveys be used
for impact analysis that rely only on old or outdated surveys by unrelated parties or for other
unrelated projects. For instance, impact analysis should not rely solely upon theoretical models
or compilations of lists of “species most likely to occur”. Actual recent, onsite, thorough surveys
of species, conditions, and other related elements of the ecosystems involved must be included
for adequate impact analysis, and such data should be collected and reported largely by an
independent third party. In the applicant’s Final Report their own admission of lack of necessary
data on potentially impacted endangered species reinforces the importance of the necessity of
thorough surveys, analysis, and realistic assessments of where impacts are truly able to be
mitigated and where they cannot be.2 For instance, the same Report states that there are at
least eight endangered and threatened species of marine mammals alone that utilize the marine
habitats proposed by the Applicant for development, and for some of these species their
movements and breeding behavior within the region have been poorly studied at best.3



The Applicant’s Final Report repeatedly refers to data or models collected or created by their
own institution to inform scientific analysis.4 Although we do not deny the consideration of such
data, we insist that no single issue of the Project’s environmental resources and potential
impacts, or mitigation measures, can be successfully and independently analyzed solely by the
research branch of the same Applicant whose organizational designation is that of an extremely
large, for-profit corporation.



We also strongly advise that the EIS be part of a joint EIR/EIS analysis with the California Coastal
Commission acting as lead state agency. Given that the line of demarcation between federal and
state waters is a virtual one based upon an administrative agreement of convenience, and not based
upon science, delineation of marine ecosystems, or similar, it is highly likely that state controlled
coastal resources associated with the project’s activities will be impacted. Such impacts would
require oversight and approval by California Coastal Commission. Thus, a joint EIR/EIS should be
prepared.



II. Project Design and Siting



Impact analysis must ensure the Project:



 Will not restrict the use of surface waters or the ocean bottom by the public or other
parties, or protrude above the surface of the water so as to mar scenic vistas.



 Is not located near marine reserves, replenishment areas or areas of natural beauty such as
coral reefs or in sensitive habitat, including any marine protected area, marine reserve,
Habitat Area of Particular Concern, Special Management Zone, National Marine Sanctuary,



2 Rose Canyon Fisheries, Sept. 2014. Final Report. “The breeding population origins and migratory habits of
Olive Ridley turtles frequenting waters off the west coast of the U.S. are unknown” (p.77). Retrieved from:
http://www3.epa.gov/region9/water/npdes/pdf/ca/rose-canyon/rose-canyon-fisheries-final-report.pdf.
3 Ibid, pp 72-72.
4 Ibid., for example see  p. 11.











or other marine protected area, or is on or attached to any portion of an oil or gas platform,
including one that is no longer in service.



 Includes a detailed contingency plan for dealing with natural disasters such as hurricanes or
tsunamis.



 Is designed and engineered to prevent entanglement of turtles, dolphins, whales or other
marine life in any nets or equipment related to the aquaculture facility. Use of underwater
acoustic deterrent devices is prohibited.



 Is operated with a density of fish populations within the project sufficiently low so as to
prevent nutrient overloading and creation of disease breeding conditions.



 Is respectful of, and does not threaten the sustainability of subsistence fishing practiced by
Native Americans.



 Separates multiple aquaculture facilities from each other by a distance of 3.0 miles or
greater as needed to prevent cumulative impacts from the separate projects.



III. Disease and Pathogen Prevention



 Impact analysis must ensure the project is designed, located, and operated not only to
mitigate, but to prevent the incubation, introduction, and spread of disease and pathogens.



 The use, including the prophylactic use, of antibiotics, pesticides, prescription and
nonprescription drugs, or other chemical treatments is prohibited; except that such use may
be allowed as necessary to treat a diagnosed disease after consultation with the
Commissioner of the Food and Drug Administration, and if an only when such use is strictly
monitored and minimized, to the maximum extent practicable.



IV. Fish Feed



Use of wild fish as feed ingredient, especially fish meal and fish oil derived from forage fisheries
should be avoided or minimized, and alternatives to fishmeal and fish oil, including use of fish
byproducts, should be used to the maximum extent practicable. A “fish in/fish out” ratio of one -
preferably less - shall be attained, i.e. no more than one pound of live fish would be required to
produce one pound of harvested fish.



V. Permits



Permit applications shall specify:



A.  the proposed location to be developed under the permit, including



1. size;
2. depth;
3. water conditions, including currents;
4. substrate;
5. preliminary habitat and ecological community assessment data;











6. distribution and composition of species;
7. proximity to other offshore aquaculture facilities; and
8. proximity to other uses;



B.  the proposed operation to be developed under the permit;



C. the marine species to be propagated or reared, or both;



D. design, construction, and operational information sufficient to identify potential
environmental impacts of the project; and



E. contingency plans for major storms, natural disasters or fish escapes.



Permit requirements include identification of protocols, approved by regulating agencies, for
treating disease or parasite outbreaks in the capture population.
Project applicants shall obtain all necessary federal, state, and local permits including those required
to comply with water quality standards established under the Clean Water Act before any
disturbance of the ocean is created.



VI. Broodstock Management and Fish Escapes



 Offshore aquaculture shall be limited to species of a genotype native to the geographic
region of the offshore aquaculture facility or operations authorized by the permit.



 Species of special concern or those of protected status under the Endangered Species Act
shall not be cultured for growout and harvest.



 Genetically modified species shall not be cultured.
 Native species shall be cultured in a manner that ensures fish escapes will not harm the



genetics of local wild fish. Stocked fish shall be no further than two generations from the
relevant wild stock, and shall not have been exposed to intentional selective breeding.



 All facilities and operations shall be designed, operated, and shown to be effective at
preventing the escape of cultured fish into the marine environment and withstanding severe
weather conditions and marine accidents. The permittee shall maintain records on all
escapes. In the event of escapement, the number of escaped fish and the circumstances
surrounding the incident shall be reported immediately to the relevant regulatory agency.



VII. Leases



Leases will contain all of the conditions listed herein:



A. Project applicants shall be required to post a bond or other form of financial guarantee in an
amount sufficient to clean up and the original condition in the event the applicant goes out of
business, the project is abandoned, there is major damage the applicant has not repaired in a
timely manner, or the applicant violates the terms of the lease.



B. Insurance to protect the ocean and taxpayers from huge clean up expense shall be required:
Liability insurance, if the facility causes damage to another person, for example, if a boat or
diver were to be injured because of it, or if it damages another person’s property.



C. Corrective action assurance, for repairing environmental damage that may occur during
operation, for example damage to resources from fish escapes or cage movement.











D. Closure assurance, so that the removal of the facility occurs at the end of its permitted life,
and any restoration needed at that time occurs.



E. Post-closure assurance, for continual repairs that may be needed on an ongoing basis because
the facility location and conditions that may pose continual threats.



F. Revenues from lease rent and permit fees shall, at a minimum, cover costs incurred by
regulating agencies for inspection, monitoring, and enforcement.



VIII. Inspections, Monitoring, Reporting, and Enforcement of Permit Conditions



An inspection and monitoring system must be implemented and funded before any lease or permit
is signed and executed to assure that the quality of waters surrounding the project and the quality
of the benthic habitat beneath the project are not compromised. Inspections shall occur a minimum
of  twice per year and include information on chemical use (if any) and documentation of the types
of feed used.



A detailed monitoring and control program must be in place to assure the health of the fish
contained within the project, ensure against transmission of diseases and parasites from cultured
fish to wild fish in the vicinity of the project, and deal with incidents of fish escapes.



Monitoring and enforcement reports shall be prepared by qualified, independent third parties, shall
be readily accessible by the public, will include interpretations of the raw data they contain, and
shall include the following:



 NPDES water quality and benthic monitoring reports.
 Reporting of incidents of fish escapes, including estimates of the numbers of fish that



escaped.
 Reporting of incidents of disease or parasite outbreaks among captive fish populations and



the steps taken to address them.



IX. Mitigation



Due to the proposed scope of this Project, and the significance of this Project’s precedent for being
the first of its kind in Federal U.S. waters, we cannot emphasize enough how important it is that this
Project, if approved, be one that serves as a model for responsible environmental regulatory control
and impact reduction. What kind of model it could be depends largely on agency oversight, and
given the degree of discussion of this project to date by agencies, fisheries, and others it is clear that
there are high expectations of such. Even the Applicants claim that “If successful, this project will
serve as a model for the development of additional marine aquaculture projects in the waters
offshore the United States” and “The operational knowledge gained from this project will be directly
applicable and serve as a model for the responsible development of sustainable offshore
aquaculture in the U.S.”5



Therefore we strongly urge that the highest and most rigorous degree of mitigation standards,
monitoring, and relevant Best Management Practices (BMP) are applied for any and all analysis,



5 Rose Canyon Fisheries, Sept. 2014. Final Report.(p. 2, p. 9).
http://www3.epa.gov/region9/water/npdes/pdf/ca/rose-canyon/rose-canyon-fisheries-final-report.pdf.











consideration, planning, and implementation of significant impact reduction. In every assessment
where impacts may be considered to be mitigable, all such methods for impact reduction must be
specifically identified in rigorous and thorough detail; this includes all impact reduction
methodology for short term, long term, and cumulative impacts; including during and post-
construction phases.



 Under no circumstances should detailed information of mitigation methods, plans, or
protocols be inferred, or deferred for future development, and neither solely by the
Applicants or their subsidiaries. All such plans must be in place, thoroughly identified and
described, with detailed scientific analysis, and approved by lead oversight agencies prior to
Project commencement.



 Mitigation monitoring measures and any BMPs must be implemented, approved, reported
directly to, and enforced under the oversight of the lead agencies, not by the Applicants.
Independent third parties must be utilized for mitigation monitoring, reporting, and
implementation; and mitigation monitoring implementation must include guarantees that
under no circumstances shall such third party personnel be subject to signing Non-
Disclosure Agreements beholden to the Applicants or their subsidiaries in a way that risks
compromising any and all of their responsibilities of reporting to lead agencies.



 If any mitigation protocols, plans, or strategies must be modified to insure compliance as
new information, testing, or enhancement of technologies are available, such must be
subject to the review and approval of the agencies and any relevant reporting made
available to the public as well.



 Mitigation plans and protocols must actually reduce impacts, and not simply monitor or
measure them for future analysis. Nor should they rely solely on untested, theoretical
methodologies for impact reduction. The success of impact reduction cannot depend
wholly or in part upon future data or technology. For instance, in the Applicant’s Final
Report they acknowledge that, “Antibiotics and other therapeutic chemicals released into
the marine environment may adversely affect water and sediment quality.” They propose
the mitigation measure of integrated pest management where “practicing preventive
medicine, such as stocking fish free of pathogens and parasites, minimizing physical stresses
on fish, and vaccinating fish against disease will reduce the need for remedial measures
involving chemical applications.” However, methods for reduction of stress for such high,
unnatural densities of penned fish have not been clearly identified, and their Report
characterizes the aforementioned vaccines as “when they become available” in the future.6



This represents and example of what would constitute an inadequate mitigation proposal
due to its being based upon unidentified or unavailable methods.



 Finally, all selection criteria must be identified for mitigation monitoring personnel, and
mitigation monitoring report preparation and submission must include lead agency
oversight at all times and for all Plans, with inclusion of such reports to be made accessible
to the public upon request.



6 Ibid. p. 64











X. Enforcement



Lease and permit requirements are enforceable, with penalties of sufficient magnitude, including
possible forfeiture of equipment, fines, and temporary or permanent cease and desist of production
as needed to protect the public interest.



XI. Annual Reporting



Permittee shall report annually to the regulating agency:



A. Comprehensive data regarding escape events, including estimates of stocked and harvested
fish and mortalities;



B. Nutrient-loading data and community structure data to assess the impact of offshore
aquaculture on the water column and the benthos;



C. Prevalence and extent of disease and parasites;



D. the use and amounts of antibiotics, pesticides, prescription drugs and nonprescription drugs,
and other chemical treatments;



E. Sources of fish feed, including invoices, receipts, or bills of lading showing source of wild fish
stock;



F.  Fish quantities by species that were farmed in the prior year and a projection of the
quantities of fish, by species, projected to be farmed in the coming year;



G. Estimates by species of the percentages of farmed fish production going to (a) domestic and
(b) foreign markets; and



H. other information, as required by the regulating agency(ies).



XII. Regulatory Requirements Applicable to NPDES Permit



Below are requirements that apply in particular to the issuance, monitoring, and enforcement of
NPDES permits:



 Baseline studies by an independent third party of the benthic habitat and species beneath
and adjacent to Project shall be completed prior to issuance of a permit.



 If a zone of mixing is authorized, it should be sized so as to require proper management of
fish population densities, food management, and other aspects of operation in order to
meet water quality standards, including harm to benthic communities. In other words,
allowing dilution of pollution should not be solution.



 Monitoring and reporting of water quality and benthic community assessments should be
performed monthly. Monitoring and enforcement reports shall be prepared by qualified,
independent third parties, shall be readily accessible by the public, and will include
interpretations of the raw data they contain.











 The use and amounts of antibiotics, pesticides, prescription drugs and nonprescription
drugs, and other chemical treatments.



 Reporting of incidents of disease or parasite outbreaks among captive fish populations and
the steps taken to address them.



We cannot emphasize enough that, should your agency approve this NPDES application, serious
consideration must be given to the lack of well vetted, comprehensive regulations and regulatory
oversight in existence to address with the multiple and overlapping short, long term, and cumulative
environmental impacts that will occur if this project is developed. We therefore request that
analysis occur with this lack of overarching protection and oversight framework in mind, and how
many impact risks are far beyond those NPDES pollution-related activities.



Conclusion



There is substantial uncertainty regarding the legality and regulation of open ocean aquaculture in
federal waters. It is also widely recognized by commercial as well as scientific parties involved that
the industry pollutes marine ecosystems, harms marine wildlife, threatens wild species by spreading
disease and parasites, and otherwise degrades marine habitats already suffering the cumulative
impacts of climate change, pollution, and ocean acidification.



Based on these realities, and given the current lack of regulatory framework for a project of such
immense scope and untested mitigation rigor, the lack of species and other ecosystem data
necessary to develop minimum necessary mitigation measures for a project of this scale, and the
regulatory and legal uncertainty regarding permitting authority for this Project, we feel that this
application’s approval would pose too many unavoidable risks to our precious ocean resources at
this time and should thus be denied. If the EPA chooses to move forward with NEPA review, we
reiterate that an EIS must be prepared based upon the many clear indications of significant,
detrimental environmental impacts that will be imposed by this Project.



Thank you for considering our scoping comments for NEPA review. We are grateful for the
opportunity to work with the EPA in promoting truly sustainable forms of aquaculture, and
developing environmentally sound fisheries management in Southern California for all of its
inhabitants, human and non-human alike.



Sincerely,



Debbie Hecht
Chair, Conservation Committee
Sierra Club San Diego



Prepared by
Dave Raney and Renée Owens MSc.
National Sierra Club Marine Action Team













From: In Defense of Animals on behalf of Lisa Haut
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, December 19, 2015 1:15:06 PM


Dec 19, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Lisa Haut
4 Crossland Pl
Norwalk, CT 06851-5605
lisaleah13haut@gmail.com
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From: In Defense of Animals on behalf of mika Harada
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Sunday, December 27, 2015 11:31:21 PM


Dec 28, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. mika Harada
izumiotsu
osaka, None 5950004
mh1313@natural.zaq.jp



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of Acantha Roux
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Wednesday, January 06, 2016 3:34:51 AM


Jan 6, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Miss Acantha Roux
19 Poppy Street
Swartkopz
Pretoria, AK 01557
azantha.roux@gmail.com



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of eva orlowski
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Sunday, December 20, 2015 7:17:30 PM


Dec 20, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. eva orlowski
192 Maverick Rd
Woodstock, NY 12498-2504
(917) 463-8474
eorlowski78@gmail.com
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From: In Defense of Animals on behalf of JANE HUNZIKER
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Monday, December 28, 2015 1:02:29 PM


Dec 28, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. JANE HUNZIKER
438 S Venice Blvd # 3
Apt 3
Venice, CA 90291-4695
jkhunziker@gmail.com
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From: In Defense of Animals on behalf of Stockton Garver
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, November 27, 2015 8:42:18 PM


Nov 27, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Dr. Stockton Garver
1085 Reuben Boise Rd
Dallas, OR 97338-9677
exekias@aracnet.com



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of Jacqueline Peipert
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, January 09, 2016 4:45:31 PM


Jan 9, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Jacqueline Peipert
33425 Irish Ln
Brighton, IL 62012-3920
jkp4194@gmail.com



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of nancy KUSTYN
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, January 02, 2016 11:58:06 PM


Jan 3, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Miss nancy KUSTYN
SILKWEED CT
WILMINGTON, NC 28405
nancy.jean77@yahoo.com



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of Sonia Duffie
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, December 25, 2015 11:56:36 AM


Dec 25, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Sonia Duffie
PO Box 32155
Knoxville, TN 37930-2155
soniasduffie@hotmail.com
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From: In Defense of Animals on behalf of Nicole Moore
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Sunday, November 29, 2015 6:44:07 PM


Nov 29, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Nicole Moore
2210 Quebec Ave S
Saint Louis Park, MN 55426-2509
(715) 797-5129
buttercup_4nikki@hotmail.com
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From: In Defense of Animals on behalf of Sally Olson
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, December 12, 2015 2:32:37 AM


Dec 12, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Sally Olson
6560 Joe Michael Way
Las Vegas, NV 89108-5348
sallycat@embarqmail.com
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From: Jacqueline Claudia
To: R9RoseCanyon
Subject: LoveTheWild supports Rose Canyon Fisheries
Date: Thursday, January 14, 2016 2:56:34 PM
Attachments: LoveTheWild_RoseCanyonFisheries_Jan.14.2016.pdf


To Whom It May Concern:


Please find attached LoveTheWild's letter of strong and unwavering support for Rose Canyon
 Fisheries, and the fantastic opportunities it brings for the US.  


Sincerely,
Jacqueline Claudia
CEO, LoveTheWild
267-972-2715 mobile



mailto:jacqueline@lovethewild.com

mailto:R9RoseCanyon@epa.gov




















From: In Defense of Animals on behalf of Sherry Spurling
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, December 18, 2015 3:14:47 PM


Dec 18, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Dr. Sherry Spurling
400 Hemlock Ct
Sultan, WA 98294-9439
(520) 293-7493
sherry_spurling@yahoo.com
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From: Robertson, Ken
To: R9RoseCanyon
Subject: DSM Dyneema support for the application
Date: Wednesday, January 13, 2016 12:15:15 PM
Attachments: ATT00001.txt


________________________________


DISCLAIMER:
This e-mail is for the intended recipient only.
If you have received it by mistake please let us know by reply and then delete it from your system; access,
 disclosure, copying, distribution or reliance on any of it by anyone else is prohibited.
If you as intended recipient have received this e-mail incorrectly, please notify the sender (via e-mail) immediately.



mailto:Ken.Robertson@dsm.com
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Sent from my iPhone
704-488-4569
Ken Robertson
DSM Dyneema










From: In Defense of Animals on behalf of Elizabeth Bryan
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Wednesday, December 09, 2015 12:36:50 PM


Dec 9, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Elizabeth Bryan
1/ Lower Boyle St
MOSMAN, None 2088
bryan.elizabeth@email.com
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From: In Defense of Animals on behalf of Lusine Karabadzhakyan
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Tuesday, November 24, 2015 12:07:38 AM


Nov 24, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Lusine Karabadzhakyan
5341 Wilkinson Ave
Valley Village, CA 91607-2432
luso1989@yahoo.com
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From: In Defense of Animals on behalf of Elise Buffie
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Wednesday, November 25, 2015 5:07:18 PM


Nov 25, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Elise Buffie
84 Wilmot Place
Winnipeg, MB R3L 2K1
payday1@mts.net
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From: Neil Anthony Sims
To: R9RoseCanyon
Cc: DKent@hswri.org; amyrhammer50@gmail.com
Subject: Kampachi Farms Comments on Rose Canyon Fisheries
Date: Thursday, January 07, 2016 1:44:19 PM
Attachments: image001.png


Kampachi Farms Comments on Rose Canyon Fisheries.pdf


Please see attached.
 
Thanks, and aloha,
 
Neil
 
Neil Anthony Sims
Co-Founder; CEO
Kampachi Farms, LLC
Ph (808) 331 1188 x 201
Cell (808) 989 2438
Skype: neil.anthony.sims
 


 
 



mailto:neil@kampachifarm.com
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From: In Defense of Animals on behalf of Crystal mathies
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, December 18, 2015 2:45:58 PM


Dec 18, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Crystal mathies
7920 pat at
la Mesa, CA 91942
mathiesc@hotmail.com
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From: In Defense of Animals on behalf of Allison Petzko
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Sunday, December 13, 2015 5:05:31 PM


Dec 13, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Allison Petzko
1 Dennis Ct
Hightstown, NJ 08520-3016
(609) 529-7096
apetzko@gmail.com
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From: In Defense of Animals on behalf of Irena Mikhael
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Sunday, December 27, 2015 4:29:38 AM


Dec 27, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Irena Mikhael
Topolcica 6/8
Zagreb, None 10090
iramikhael@yahoo.com
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From: In Defense of Animals on behalf of emme g
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Tuesday, November 24, 2015 7:38:25 AM


Nov 24, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. emme g
2a
ch, None sk12er
lumijulitink@gmail.com
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From: Kristen Monsell
To: R9RoseCanyon
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
Date: Thursday, January 14, 2016 8:52:46 AM
Attachments: Hildebrand Noise.pdf


Hites et al. - 2004 - Global Assessment of Organic Contaminants in Farme.pdf
Hypoxia in oceans.pdf
Insult to Injury.pdf
Jensen et al. - 2015 - Detection and effects of harmful algal toxins in S.pdf
Laist et al_2001.pdf
like-water-and-oil-aquaculture_54029.pdf


Attached is the fourth batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:43 AM
To: 'R9RoseCanyon@epa.gov'
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
 
Attached is the third batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:37 AM
To: 'R9RoseCanyon@epa.gov'
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
 
Attached is the second batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:36 AM
To: 'R9RoseCanyon@epa.gov'
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
 
Attached is the first batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:34 AM
To: 'R9RoseCanyon@epa.gov'
Subject: Comments on Scoping for Rose Canyon Aquaculture Project
 
Hello,
 
Attached please find comments from the Center for Biological Diversity on the Rose Canyon
 Fisheries offshore aquaculture project. I will be sending several additional emails with the
 references cited in the comments attached.
 
A copy of the comments and cited references are also being sent via first class mail.
 
Cheers,
Kristen
 
Kristen Monsell
Staff Attorney
Center for Biological Diversity



mailto:kmonsell@biologicaldiversity.org
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THERE IS  GROWING CONCERN THAT sound introduced into the sea
by human activities has detrimental effects on marine mammals. For example,
mounting evidence suggests that high-intensity anthropogenic sound from



sonar and airguns leads to strandings and subsequent mortality of beaked whales. Al-
though the mechanisms of injury in these events are unclear, the species affected and
the implicated sound levels follow a consistent pattern. A more pervasive, yet more
subtle, problem may be the effects of increases in background noise levels from com-
mercial shipping. Higher levels of background noise may interfere with marine mam-
mals’ ability to detect sounds, whether calls from their own species, echoes from prey,
or natural sounds that aid in navigation or foraging. Noise may affect developmen-
tal, reproductive, or immune functions and cause more generalized stress. The effects
of other pollutants (e.g., chemicals) may be additive or synergistic with those of
noise. As Read (this volume) and Plagányi and Butterworth (this volume) suggest,
human activities may have both direct and indirect consequences. For instance, noise
may have ecosystem-scale effects, including impacts on[AQ1] species that are marine
mammal prey.



Sources of anthropogenic sound are becoming both more pervasive and more
powerful, increasing both oceanic background noise levels and peak sound intensity
levels. Anthropogenic activities in the ocean have increased over the past 50 years, re-
sulting in more low-frequency (<1,000 Hz) and mid-frequency (1–20 kHz) noise.
Sources of anthropogenic noise include commercial shipping, defense-related activ-
ities, hydrocarbon exploration and development, research, and recreation.



J O H N  H I L D E B R A N D



Impacts of
Anthropogenic Sound
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Anthropogenic sound is created in the ocean both pur-
posefully and unintentionally. The result is noise pollution
that is high intensity and acute, as well as lower level and
chronic. Many sources of noise are located along well-
traveled paths in the sea, particularly in coastal and conti-
nental shelf waters, areas that often include important 
marine mammal habitats.



There is sufficient evidence to conclude that some high-
intensity sounds are harmful and, on occasion, fatal to ma-
rine mammals. Given the opportunity, the animals may
avoid high-intensity sound, but in some extreme cases there
has been documentation of injury from anthropogenic
sound exposure. Multiple mass strandings of beaked whales
following high-intensity sound exposure demonstrate a 
repeating pattern of events. Following exposure to high-
intensity sonar or airguns, beaked whales have been known
to strand on the shore, and if human intervention does not
return them to the sea they die. Understanding the causes
and consequences of beaked whale mass stranding should
be a high research priority. What, then, are the mechanisms
for damage or disturbance?



A major impediment to assessing the biological effects of
ocean noise is the lack of knowledge concerning marine
mammal responses to sound. Behavioral data from the wild
are needed to examine those responses so that effects can be
assessed. Significant effects may prove to be confined to a
few individuals exposed at high sound pressure levels or
they may be occurring at a population level as a result of
widespread exposure. Discerning population-level effects is
challenging as observations must be conducted over long
distances and extended time periods.



Sound is an extremely efficient way of propagating en-
ergy through the ocean, and marine mammals have evolved
to exploit its potential. Many marine mammals use sound
as a primary means for underwater communication and
sensing. Toothed whales have developed sophisticated
echolocation systems to sense and track prey and engage in
complex exchanges of vocalizations with members of their
own species. Baleen whales have developed long-range
acoustic communication systems to facilitate mating and
social interaction. Some baleen whales produce intricately
patterned songs that continue for hours or days. Marine
mammals may use sound from natural sources as a guide
for navigation, prey detection, and avoidance of predation.
The sound environment of the ocean is an important aspect
of marine mammal habitat and we can expect marine mam-
mals to choose their locations and modify their behavior
based, in part, on natural and anthropogenic sounds.



Human presence at sea is normally on the surface, and
the sounds that we produce within the water are rarely
given much consideration. The air-sea interface constitutes
a substantial sound barrier. Sound waves in the water are re-
duced in intensity by a factor of more than a thousand when
they cross the air-sea boundary, which means that we are ef-
fectively insulated from the noise produced by the rotating
propellers that drive our ships or by the high-intensity sonar
used to measure depths or probe the sea bottom. The con-



flict between human and marine mammal use of the sea is
fundamentally a consequence of the fact that we do not in-
habit the same sound environment. Marine mammals live
with their ears in the water, and we live, even at sea, mainly
with our ears in the air.



A notable exception is the military use of submarines,
where stealth is required, so minimization of sound pro-
duction then becomes crucial to human survival. Reduction
in radiated sound has been achieved by placing rotating ma-
chinery on isolating mounts and by designing efficient pro-
pellers that thrust without unnecessary vibration and cavi-
tation. Thus, when it has been important to keep the sea
quiet, the necessary technology has been developed and
made available.



NOISE LEVELS IN THE OCEAN



Sound is a vibration or acoustic wave that travels through
some medium, such as air or water. Acoustic waves can be
described either by the speed and direction at which a small
piece of the medium vibrates, called the particle velocity, or
by the corresponding pressure associated with the vibra-
tion. Frequency is the rate of vibration, given in hertz (Hz)
or cycles per second; we perceive frequency as the pitch of
the sound. A tone is a sound of a constant frequency that
continues for a substantial time. A pulse is a sound of short
duration and may include a broad range of frequencies.



In water, the pressure of sound waves is typically mea-
sured with a device called a hydrophone. When discussing
background noise, the implicit assumption is that sound
pressure fluctuations are being described, although it is not
clear whether a particular marine organism is affected by
particle velocity or pressure. Sound pressure is measured 
in pascals (Pa) in the international system of units (SI), al-
though it is expressed in bars by the geophysical community
(1 Pa = 10–5 bar). Because mammalian hearing and sound
production cover a wide range of pressure values, the sound
pressure level (SPL) is usually measured on a logarithmic
scale called the decibel (dB), and compared against a 1 µPa
reference (Po) for underwater sound as follows:



SPL dB re 1 µPa = 10log10 (P/Po)2 = 20 log10 (P/Po)



Pressure amplitude can be measured either as a root-
mean-squared (RMS) or peak value. (Note that in this chap-
ter I use RMS values unless otherwise noted). Pressure is
squared in the above expression as a proxy for acoustic in-
tensity, that is, the power flow per unit area in the sound
wave, with units of watts/m2. Sound intensity is the prod-
uct of pressure (P) and particle velocity (v). Acousticians
working in one medium (water or air) use the fact that for
simple plane waves the pressure and particle velocity are re-
lated by the characteristic impedance (Z) of the medium:



Z = P/v



This allows the acoustic intensity (I) to be related to the
pressure squared divided by the impedance:
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I = 10log10 [P2/(Z × Io)]



Acoustic power is obtained by integrating intensity over
some area, and acoustic energy is the power integrated over
some time period. The same acoustic energy can be ob-
tained from a high-intensity source lasting a short time (im-
pulse) or a low-intensity source lasting a long time (contin-
uous wave).



When sound propagates from water into air, there is a 
30-dB (1,000×) decrease in acoustic intensity because the
characteristic impedance of water (∼1,500,000 kg/s-m2) is
much greater than that of air (∼415 kg/s-m2). This means
that sounds made by a high-intensity underwater source
(such as a sonar) are not transmitted into the air with the
same intensity. In essence, sailors and seafaring passengers
are protected from the sounds produced in the sea. Without
the air-sea boundary for protection, there would be a strong
incentive to protect human hearing from the noise of sonars
and cavitating ships’ propellers. (Note that for sound in air
a different reference level is used, Po = 20 µPa, and this 
may be a source of confusion when comparing sound un-
der water and in air.)



Underwater sounds are classified according to whether
they are transient or continuous. Transient sounds are of
short duration and occur singly, irregularly, or as part of a
repeating pattern. For instance, an explosion represents a
single transient, whereas the periodic pulses from a ship’s
sonar are patterned transients. Broadband short-duration
transients are called pulses and sound like clicks or bangs.
Continuous sounds, which occur without pauses, are fur-
ther classified as periodic, such as the sound from rotating
machinery or pumps, or aperiodic, such as the sound of a
ship breaking ice.



Pulsed sounds often are measured in terms of their peak-
to-peak pressure, whereas continuous sounds are measured
in terms of their RMS pressure. The method of converting
between RMS and peak-to-peak pressures is well defined for
continuous-wave signals (add 9 dB to the RMS pressure to
get the peak-to-peak pressure). However, for pulsed sounds,
the conversion is problematic because the duration of the
signal included dramatically alters the result. For a brief
pulse, peak-to-peak pressure is measured from the highest
and lowest portions of the waveform, whereas RMS pressure
is difficult to interpret because it depends on the duration
over which the signal is measured. An alternative for pulsed
signals is to estimate the total energy, rather than the peak-
to-peak pressure or intensity. Energy is proportional to the
time integral of the squared pressure, described in the units
µPa2-s. For brief pulses, energy in dB re 1 µPa2-s is 
less than peak-squared pressure values in the same units. As
others have warned, better standardization of measurement
methods for pulsed underwater sounds is urgently needed to
permit meaningful comparisons (Green and Moore 1995).



Ambient noise in the ocean is the background sound that
incorporates the broad range of individual sources, some
identified and others not. Ocean noise may come both from
distant sources, such as ships, or from nearby, such as the



waves breaking directly above the listener. Although ambi-
ent noise is always present, the individual sources that con-
tribute to it do not necessarily create sound continuously.



Acoustic pressures are analyzed into their frequency
components or spectrum using a Fourier transform (Brace-
well 2000). One way to express the result is as a power spec-
tral density with units of µPa2/Hz. Note that the bandwidth
of the power spectral density is explicitly part of the unit,
and by convention noise measurements are presented in 1-
Hz-wide frequency bins. Hearing and other auditory meas-
ures are often presented in one-octave or one-third-octave
frequency bins as an approximation for the filtering charac-
teristics involved in hearing. Source measurements are typ-
ically given for varying bandwidths with the following equa-
tion allowing for conversion to 1-Hz frequency bins:



∆dB = 10log10 (bandwidth in Hz)



The sound level received from a source depends on the
distance between the source and receiver, as well as on the
propagation characteristics of the environment. Therefore,
the distance at which a source measurement was made must
be specified, and the convention is to normalize the pressure
to an approximation of what would be received at a range
of 1 m from the source (dB re µPa at 1 m). When arrays of
sources are used, this convention overestimates actual
source levels in the near field (e.g., at a 1-m range) but pro-
vides a good way to predict source levels in the far field (e.g.,
at a 1-km range).



NATURAL OCEAN 
ACOUSTIC ENVIRONMENT



The ambient background noise of the ocean is highly vari-
able. At a given time and place, a broad range of sources
may be combined. In addition, conditions at a particular lo-
cation may affect how well ambient sounds are received
(e.g., sound propagation, water depth, and bathymetry).
Natural phenomena known to contribute to oceanic ambi-
ent noise include: (a) wind, waves, and swell patterns, (b)
bubbles, (c) currents and turbulence, (d) earthquakes, (e)
precipitation, (f ) ice cover and activity, and (g) marine life.



Wind, Waves, and Ice



Ocean surface motions that are due to wind, sea state, and
swell patterns are the dominant physical mechanisms for
natural background noise in the ocean. Noise is primarily
associated with wind acting on the surface, causing wave ac-
tivity. In the absence of anthropogenic and biological
sound, ambient noise is wind dependent over an extremely
broad frequency band from below 1 Hz to at least 100 kHz.
At frequencies below 10 Hz, interactions of surface waves
are the dominant mechanisms for sound generation. Across
the remainder of the band from 10 Hz to100 kHz, oscillat-
ing bubbles in the water column are the primary noise
source, both as individual bubbles and as bubble clouds.
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In early descriptions, ocean noise was related to sea state
(Knudsen et al. 1948). By this theory, noise levels increase
with increasing sea state to the same degree across the en-
tire frequency band from 1 to 100 kHz. More recent work
suggests that noise is better correlated with wind speed than
with sea state or wave height. The correlation between
noise and wind speed allows for more accurate prediction,
as sea states are more difficult to estimate than wind speeds.
In the open ocean, the noise of breaking waves is correlated
with wind speed. Spilling and plunging breakers raise un-
derwater sound levels by more than 20 dB across the band
from 10 Hz to 10 kHz (Wilson et al. 1985). Precipitation is
another factor that can increase ambient noise levels by up
to 35 dB across a broad band of frequencies from 100 Hz to
more than 20 kHz (Nystuen and Farmer 1987).



Ice cover alters the ocean noise field depending on its type
and degree—for instance, whether it is shore-fast pack ice,
moving pack ice, or at the marginal ice zone (Milne 1967).
Shore-fast pack ice isolates the water column from the ef-
fects of wind and results in a decrease in ambient noise of
10–20 dB. Sounds from ice cracking, however, may increase
noise levels by as much as 30 dB. Ice cracking can generate
broadband pulses up to 1 kHz lasting for 1 s or longer. In-
teraction of ocean waves with the marginal ice zone may
raise noise levels by 4–12 dB (Diachok and Winikur 1974).



Earthquakes and Thunder/Lightning



Earthquakes and thunder/lightning are transient natural
sound sources. Underwater recordings of thunder/lightning
from storms 5–10 km distant show peak energy between 50
and 250 Hz, up to 15 dB above background levels (Dubrovsky
and Kosterin 1993). Seismic energy from undersea earth-
quakes couples into the ocean and is called T-phase (terti-
ary) in addition to the usual P-phase (primary) and S-phase
(secondary) seismic waves that are observed on land. At
ranges of less than 100 km, T-phase energy can have fre-
quencies greater than 100 Hz, with peak energy at 5–20 Hz.
It can be as much as 30–40 dB above background noise, with
a sharp onset, and can last from a few seconds to several
minutes (Schreiner et al. 1995).



ANTHROPOGENIC SOUND



Human activity in the marine environment is now an im-
portant component of oceanic background noise. Sound 
is used both as a tool for probing the ocean and as a by-
product of other activities. Anthropogenic sound sources
vary in space and time but may be grouped into general cat-
egories: (a) explosions, (b) large commercial ships, (c) air-
guns and other seismic exploration devices, (d) military
sonars, (e) navigation and depth-finding sonars, (f ) research
sound sources, (g) acoustic harassment devices (AHDs) and
pingers, (h) polar icebreakers, (i) offshore drilling and other
industrial activity, and ( j) small ships, boats, and personal
watercraft.



Explosions



Two classes of man-made explosions create high sound lev-
els in the ocean: nuclear and chemical. Nuclear devices have
been tested underwater in the ocean, in the atmosphere
above the ocean, and on oceanic islands. In 1963 all nuclear
states signed the Limited Test Ban Treaty, pledging to stop
testing nuclear weapons underwater. The Comprehensive
Test Ban Treaty was adopted in 1996, whereby the major 
nuclear powers pledged to discontinue all nuclear testing.
The most recent oceanic tests were conducted by France in
1995–1996 on the islands of Fangataufa and Mururoa in the
South Pacific. There is currently a low probability of con-
tinued ocean testing of nuclear devices, although the situa-
tion could change with geopolitical developments over the
coming years or decades.



Nuclear explosions are extremely strong sources of under-
water sound. Their source levels are expressed as an equiv-
alent weight of chemical explosives with fission devices
yielding the equivalent of tens to hundreds of kilotons and
fusion devices yielding the equivalent of tens of megatons.
Past tests likely had significant impacts on marine mammals
in the vicinity of the test sites, although no marine mammal
monitoring or stranding data are available. To ensure com-
pliance with the Comprehensive Test Ban Treaty, an inter-
national monitoring system is being implemented, includ-
ing a series of marine hydrophones and terrestrial (island)
seismic sensors to detect high-intensity sounds. This infor-
mation is transmitted, in real time, to the International Data
Centre, where analysts evaluate the data for indications of
nuclear explosions. The physical character of the oceans al-
lows the sounds of such explosions to travel for extremely
long distances with little energy loss, and monitoring is con-
ducted over a large fraction of the world’s oceans with a
small number of stations. The network designed for ocean
monitoring currently includes eleven stations, located pri-
marily in the Southern Hemisphere.



Chemical explosions are more portable and more easily
conducted in an ocean setting and have been used for
oceanic research, for construction, and for military testing.
A surprisingly large number (300–4,000 per month) of un-
derwater explosions were reported in the North Pacific 
during the 1960s (Spiess et al. 1968). At one time chemical
explosions were commonly used for marine seismic explo-
ration, but they have been replaced by airgun arrays, which
provide a more reliable source signature. Chemical explo-
sions continue to be used in the construction and removal
of undersea structures, primarily by the oil industry, but the
frequency of detonations presumably has decreased over
the past few decades.



New classes of military vessels undergo tests, called ship-
shock trials, to determine their ability to withstand explo-
sions (Commander Naval Air Warfare Center 1994). During
a ship-shock trial, a large chemical explosion (e.g., 10,000 lb)
is detonated near the vessel’s hull and measurements of hull
stress are taken. Other Navy activities that involve under-
water explosions include “Sinkex,” in which torpedoes or
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other chemical explosives are used to sink retired ships;
weapons being tested during development; and operational
stores being test fired to monitor their military readiness.
During the recent war in Iraq, Navy SEALS disposed of a
dozen 500-lb sea mines confiscated from the Iraqi navy by
detonating them simultaneously in the Persian Gulf, creat-
ing a blast that could be heard 50 miles away in Kuwait (Dao
2003).



The spectral and amplitude characteristics of chemical
explosions vary with the weight of the charge and the depth
of the detonation. The RMS source level of the initial shock
wave, a large component of the energy, is given by



SPL dB re 1µPa at 1 m = 269 dB + 7.53 × log10 (w)



where w is the charge weight in pounds (Urick 1975). For in-
stance, 100 lb of TNT produces a shock wave SPL of 284 dB
re 1µPa at 1 m with an almost constant frequency content
from 10 to 1,000 Hz. The energy from the bubble pulse os-
cillations contribute approximately an additional 5 dB of
source level, yielding a total SPL of 289 dB re 1µPa at 1 m.
The signal duration can be obtained from the first few os-
cillations of the bubble pulse, in this case lasting one-third
to one-half a second.



Commercial Shipping



Commercial shipping is the principal source of low-
frequency (5–500 Hz) background noise in the world’s
oceans. Ships contribute to the noise level over large geo-
graphic areas, and the sounds of individual vessels are often
spatially and temporally indistinguishable in distant vessel
traffic. Noise from vessel traffic at high latitudes propagates
particularly well over long distances because the oceanic
sound channel (zone of most efficient sound propagation)
in those regions reaches the surface.



Ships’ noise is generated primarily from (a) propeller ac-
tion, (b) propulsion machinery, and (c) hydraulic flow over
the hull. Propeller noise is associated with cavitation (Ross
1987, 1993), the creation of voids from zones of pressure be-
low the ambient water pressure. The collapse of these voids
generates sound. Cavitation creates both broadband and
tonal sounds, as it may be modulated by blade-passage fre-
quencies and their harmonics, which are called the blade
lines in a spectrum. The broadband and tonal components
produced by cavitation account for 80–85% of ship-radiated
noise power (Ross 1987). Propeller noise also may be gen-
erated by unsteady propeller blade-passage forces, and there
is additional ship noise from propulsion machinery.



Particular vessels produce unique acoustic signatures de-
scribed by their source levels and frequency bands. Sharp
tonal peaks produced by rotating and reciprocating ma-
chinery such as diesel engines, diesel generators, pumps,
fans, blowers, hydraulic power plants, and other auxiliaries
often are seen in these acoustic signatures. Hydrodynamic
flow over the ship’s hull and hull appendages is an impor-
tant broadband sound-generating mechanism, especially
with increased ship speed. At relatively short ranges and in



isolated environments, the spectral characteristics of indi-
vidual ships can be discerned. At distant ranges in the open
ocean, multiple ships contribute to the background noise,
and the sum of many distant sources creates broad spectral
peaks of noise in the 5- to 500-Hz band.



Models for representative sound spectra for different
classes of ships have been developed by the U.S. Navy. The
research ambient noise directionality (RANDI) model
(Wagstaff 1973, Schreiner 1990, Breeding 1993) uses ship
length and speed as well as an empirically derived power law
to determine the broadband (5–500 Hz) spectral level for
various classes of vessels. Peak spectral densities for indi-
vidual commercial ships range from 195 dB re µPa2/Hz at 1
m for fast-moving (20 knots) supertankers to 140 dB re
µPa2/Hz at 1 m for small fishing vessels. Source-level mod-
els also have been developed for the propeller tonal blade
lines, occurring at 6–10 Hz and their harmonics for most of
the world’s large merchant fleet (Gray and Greeley 1980).



Shipping vessel traffic is not uniformly distributed. The
major commercial shipping lanes follow great circle routes
or coastlines to minimize the distance traveled. Dozens of
major ports and “megaports” handle the majority of the
traffic, but hundreds of small harbors and ports host smaller
volumes of traffic. The U.S. Navy lists 521 ports and 3,762
traffic lanes in its catalog of commercial and transportation
marine traffic (Emery et al. 2001). Vessels found in areas out-
side major shipping lanes include fishing vessels, military
ships, scientific research ships, and recreational craft—the
last typically found nearshore.



Lloyd’s Register of the world’s commercial fleet for the
year 2001 listed 92,817 vessels National Research Council
2003b. The principal types (their numbers in parentheses)
are cargo/passenger transport (34,704), fishing (23,841),
towing/dredging (13,835), oil tankers (10,941), bulk dry
transport (6,357), and offshore supply (3,139), but gross ton-
nage may be a more important index of sound production
than vessel numbers. From that perspective, oil tankers and
bulk dry transport vessels represent nearly 50% of the total
tonnage but less than 19% of the total number of vessels.



Vessel operation statistics indicate steady growth in ves-
sel traffic over the past few decades (Mazzuca 2001). There
has been an increase in both the number of vessels and in
the tonnage of goods shipped. For example, there has been
a 30% increase in the volume of goods shipped by the U.S.
fleet (by flag and ownership) over the past 20 years (U.S.
Maritime Administration 2003). Oceanic shipping is an effi-
cient means of transporting large quantities of goods and
materials globally. The globalization of economic infra-
structure means that more raw materials, as well as finished
goods, require long-distance transport. The economic in-
centives for oceanic shipping are strong and, in the near
term, there is no viable alternative for transporting large-
tonnage materials to distant locations.



The bulk of U.S. waterborne trade is conducted through
a few ports (Table 7.1). For instance, the combined Califor-
nia ports of Los Angeles and Long Beach carry 37% of the
total trade as measured by 20-ft-equivalent container traffic
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(U.S. Maritime Administration 2003). Within the U.S. Ex-
clusive Economic Zone, this concentrates the noise from
shipping into the regions adjacent to these ports and their
approaches. Significant concentrations of shipping traffic
also occur in New York (13%) and the Puget Sound (Wash-
ington) area (8%).



Short sea shipping is commercial waterborne trans-
portation that does not transit an ocean. It is an alternative
form of commercial transportation that uses inland and
coastal waterways to move commercial freight from major
domestic ports to its destination. The U.S. Maritime Ad-
ministration and the European Commission are playing ac-
tive roles in the development of short sea shipping to help
reduce freight congestion on national rail and highway sys-
tems. Short sea shipping already accounts for 41% of the to-
tal goods transport market within Europe, compared to
44% by road and 8% by rail (European Commission 2001).
Short sea shipping is of particular concern with respect to
shipping noise and marine mammals because of its coastal
setting.



Seismic Exploration



Seismic reflection profiling uses high-intensity sound to im-
age the Earth’s crust. It is the primary technique for finding
and monitoring reserves of oil and natural gas and is used
extensively by the fossil-fuel extraction industries. It is also
used by academic and government researchers to gather in-
formation for studies on Earth’s origin and tectonic history.



Arrays of airguns are the sound-producing elements in
seismic reflection profiling (Dragoset 1984, 2000). Airguns re-
lease a specified volume of air under high pressure, creating
a sound pressure wave from the expansion and contraction
of the released air bubble. To yield high intensities, multiple
airguns are fired with precise timing to produce a coherent
pulse of sound. Oil industry airgun arrays typically involve
twelve to forty-eight individual guns, towed about 200 m be-



hind a vessel, which operate at pressures of 2,000 psi and are
distributed over a region that measures 20 × 20 m.



The pressure output of an airgun array is proportional to
its operating pressure, the number of airguns, and the cube
root of the total gun volume. For consistency with the un-
derwater acoustic literature, airgun-array source levels are
back-calculated to an equivalent source concentrated into a
1-m-radius volume, yielding source levels as high as 259 dB
peak re 1 µPa at 1 m output pressure (Greene and Moore
1995). This effective source level predicts pressures in the far
field of the array, but in the near field the maximum pres-
sure levels encountered are limited to 220–230 dB peak re 1
µPa. The far-field pressure from an airgun array is focused
vertically, being about 6 dB stronger in the vertical direction
than in the horizontal direction for typical arrays. The peak
pressure levels for industry arrays are in the 5- to 300-Hz
range.



Airguns are towed at speeds of about 5 knots and are typ-
ically fired every 10 s. A seagoing seismic-reflection opera-
tion includes a series of parallel passes through an area by a
vessel towing an airgun array as well as six to ten seismic re-
ceiving streamers (hydrophone arrays). A recent practice is
the use of repeated seismic reflection surveys for “time-
lapse” monitoring of producing oil fields, called “4-D” sur-
veys. More than ninety seismic vessels are available world-
wide (Schmidt 2004), and about 20% of them are conducting
field operations at any given time (Tolstoy et al. 2004).



Offshore oil and gas exploration and construction activi-
ties occur along continental margins. Areas of currently ac-
tivity include northern Alaska and northwestern Canada,
eastern Canada, the U.S. and Mexican Gulf of Mexico,
Venezuela, Brazil, West Africa, South Africa, North Sea,
Middle East, northwestern Australia, New Zealand, south-
ern China, Vietnam, Malaysia, Indonesia, and the Sea of
Okhotsk. New areas of exploration include the deepwater
U.S. Gulf of Mexico and deepwater West Africa, both of
which have seen increasing activity in the past 5–10 years.



A recent study of ambient noise in the North Atlantic
suggests that airgun activity along the continental margins
propagates into the deep ocean and is a significant compo-
nent of low-frequency noise (Nieukirk et al. 2004). Sounds
from airguns were recorded almost continuously during the
summer, originating at locations over 3,000 km from the re-
ceiving hydrophones.



Sonar



Sonar systems intentionally create acoustic energy to probe
the ocean. They seek information about objects within the
water column, at the sea bottom, or within the sediment.
Active sonar emits high-intensity acoustic energy and re-
ceives reflected and/or scattered energy. A wide range of
sonar systems is in use for both civilian and military appli-
cations. For purposes of discussion, sonar systems can be
categorized as low-frequency (<1 kHz), mid-frequency
(1–20 kHz), and high-frequency (>20 kHz).



Military sonars are used for target detection, localization,
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Table 7.1 U.S. foreign waterborne trade, 
calendar year 2002



Rank U.S. port Total Export Import



1 Los Angeles 4,060 866 3,194
2 Long Beach 3,184 717 2,467
3 New York 2,627 747 1,879
4 Charleston 1,197 521 676
5 Savannah 1,014 453 561
6 Norfolk 982 431 551
7 Oakland 979 469 482
8 Houston 851 430 420
9 Seattle 850 338 512



10 Tacoma 769 278 491
Total 19,729 6,814 12,916



Source: U.S. Maritime Administration (2003).



Note: Units are thousands of twenty-foot-equivalent (TEU) containers.
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and classification. They generally cover a broader frequency
range with higher source levels than civilian sonars and are
operated during both training exercises and combat. Be-
cause far more time is spent in training than in combat, train-
ing exercises may be the primary context in which military
sonar is used. Low-frequency active (LFA) sonars are used for
broadscale surveillance; they are designed to allow subma-
rine tracking over scales of many hundreds to thousands of
kilometers. Specialized support ships are used to deploy LFA
sonars, which consist of arrays of source elements sus-
pended vertically below the ship. The U.S. Navy’s surveil-
lance towed array sensor system (SURTASS) LFA sonar uses
an array of eighteen projectors operating in the frequency
range from 100 to 500 Hz, with a 215 dB re 1 µPa at 1 m
source level for each projector ( Johnson 2002). These sys-
tems are designed to project beams of energy in a horizon-
tal direction, and the effective source level of an LFA array,
when viewed horizontally, can be 235 dB re 1 µPa at 1 m or
higher. The signal includes both constant-frequency (CF)
and frequency-modulated (FM) components with a band-
width of approximately 30 Hz. A ping sequence can last from
6 to 100 s, with a time between pings of 6–15 min and a typ-
ical duty cycle of 10–15%. Signal transmissions are emitted
in patterned sequences that may last for days or weeks.



Mid-frequency tactical antisubmarine warfare (ASW)
sonars are designed to detect submarines over several tens
of kilometers. They are incorporated into the hulls of sub-
marine-hunting surface vessels such as destroyers, cruisers,
and frigates (see Table 7.2). There are 117 of these sonars on
U.S. Navy ships currently in active service and equivalent
systems in foreign navies (e.g., British, Canadian, French)
bring the worldwide count to about 300 (Watts 2003). The
AN/SQS-53C is the most advanced surface ship ASW sonar
in use by the U.S. Navy, and it generates FM pulses of 1–2 s
duration in the 1- to 5-kHz band, at source levels of 235 dB
re 1 µPa at 1 m or higher (Evans and England 2001). This
sonar has a nominal 40° vertical beam width (dependent on
frequency), directed 3° down from the horizontal. The
AN/SQS-53C is designed to perform direct-path ASW
search, detection, localization, and tracking from a hull-
mounted transducer array of 576 elements housed in a bul-
bous dome located below the waterline of the ship’s bow.
These systems are used to track both surface and sub-
merged vessels, often detecting surface ships at greater
range than many radar systems.



Other mid-frequency sonars are used by the Navy for
depth sounding, communication between platforms, and
device activation. High-frequency sonars are incorporated
either into weapons (torpedoes and mines) or weapon
countermeasures (mine countermeasures or antitorpedo
devices). They are designed to operate over ranges of a few
hundred meters to a few kilometers. Mine-hunting sonars
operate at tens of kilohertz for mine detection and above
100 kHz for mine localization. These sonars are highly di-
rectional and use pulsed signals. Other high-frequency mil-
itary sonars include side-scan sonar for seafloor mapping,
generally operated at frequencies near 100 kHz.



Over the past decade, there has been a trend in the U.S.
Navy to emphasize training operations in coastal and shal-
low-water settings. There are now plans to construct shal-
low-water training ranges on both the West and East coasts
of the United States.



Commercial sonars are designed for fish finding, depth
sounding, and sub-bottom profiling. They typically gener-
ate sound at frequencies of 3–200 kHz, with only a narrow
frequency band generated by an individual sonar system.
Source levels range from 150–235 dB re 1 µPa at 1 m. Com-
mercial depth sounders and fish finders are typically de-
signed to focus sound into a downward beam. Depth
sounders and sub-bottom profilers are designed, respec-
tively, to locate the sea bottom and to probe beneath it.
They are operated primarily in nearshore and shallow en-
vironments. Fish finders are used in both deep and shallow
areas.



The acoustic characteristics of small-scale commercial
sonars are unlikely to change significantly in the future since
they are limited by several key physical properties. At the
low-frequency end (about 3 kHz), they are limited by the
physical dimensions of the transducers. At the high-
frequency end (200 kHz), they are limited by severe attenu-
ation of sound. Likewise, the maximum power level that
can be emitted by a single transducer (200 dB re 1 µPa at 1
m) is limited by cavitation at shallow depths of operation.
Higher power levels can be achieved by constructing arrays
of sensors on the hull of the vessel. For example, multibeam
echo-sounding systems (e.g., SeaBEAM or Hydrosweep)
form narrow directional beams (e.g., 1° beam width) of
sound and are used for precise depth sounding. Using hull-
mounted arrays of transducers, these systems can achieve
235 dB re 1 µPa at 1 m source levels; they are typically oper-
ated at 12–15 kHz in deep water and at higher frequencies
(up to 100 kHz) in shallow water. They may ensonify a swath
of a few tens of kilometers along the track of the ship.



Sonar is an extremely efficient means for fish finding and
depth sounding/sub-bottom profiling. Nearly all of the
80,000 vessels in the world’s commercial fleet and many of
the 17 million small boats owned in the United States are
equipped with some form of commercial sonar, and new
applications may lead to even greater proliferation of these
systems. It is possible that the impact of the large number
of these systems in use may be offset to some degree by
their limited range.
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Table 7.2 U.S. Navy surface ships with 
mid-frequency antisubmarine warfare sonars



Type of ship Class Type of sonar Number in use



Cruiser Ticonderoga SQS-53 27
Destroyer Spruance SQS-53 11



Arleigh Burke SQS-53 49
Frigate Oliver Hazard Perry SQS-56 30



Total 117
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Research Sound Sources



Research in underwater acoustic propagation and acousti-
cal oceanography often involves the use of sound. Almost
all of the programs in the United States are sponsored by
the Office of Naval Research, and the information obtained
is of value for improving military sonar systems. The sound
sources used for these studies are either commercially avail-
able transducers or systems specially designed to meet spe-
cific research requirements. A wide variety of signals, band-
widths, source levels, and duty cycles are transmitted during
these projects. The spatial extent of most experiments is
tens of kilometers, but basin-scale projects such as the
Acoustic Thermometry of Ocean Climate (ATOC) pro-
gram have also been undertaken.



The ATOC (later the North Pacific Acoustic Laboratory
[NPAL]) project was initiated in the early 1990s to study
ocean warming and received much attention from regula-
tory agencies, the public, and the scientific community be-
cause of concerns regarding the potential impact of its
sound source on marine mammals (Baggeroer et al. 1998).
This program was extensively discussed in two National Re-
search Council (NRC) reports (National Research Council
1994, 2000a. The ATOC source has a 195 dB re 1 µPa at 1 m
level and is deployed at 939 m, near the axis of the deep
sound channel (Howe 1996). It is designed to study the en-
tire North Pacific basin, with the sounds being received by
the U.S. Navy’s fixed hydrophone arrays. The transmitted
signal is centered at 75 Hz with a bandwidth of 37.5 Hz. It
broadcasts at 4-h intervals with a “ramp-up” period of 5 min
and a full-power signal duration of 20 min. The long time
frame for operation of this experiment was a key aspect that
led to questions regarding its potential impact on marine
mammals (Potter 1994).



Another basin-scale sonar research project uses drifting
sources (Rossby et al. 1986), called SOFAR floats. These de-
vices drift at depth and periodically emit a high-intensity
tone (195 dB re 1 µPa at 1 m) that is frequency swept at
200–300 Hz or a continuous signal at 185–310 Hz with a du-
ration of 120 s or more. The sounds are detected by distant
receivers and their timing is used to determine the float lo-
cation and therefore its drift, as a proxy for deep currents.



Acoustic Deterrent Devices and Pingers



Acoustic deterrent devices (ADD) use sound in an effort to
repel marine mammals from fishing activities. The idea be-
hind these devices is that they keep the animals away by in-
troducing a local acoustic annoyance or alerting signal.
Pingers are used in some fisheries to reduce the bycatch of
marine mammals by alerting them to the presence of, or
driving them away from, a net or other entangling object.
These are typically low-power ADDs with source levels of
130–150 dB re 1 µPa at 1 m. Acoustic harassment devices
(AHDs) are used to reduce depredation by marine mam-
mals on caught or cultured fish. These are high-powered de-
vices with source levels of 185–195 dB re 1 µPa at 1 m. Both



pingers and AHDs have frequencies in the 5- to 160-kHz
band, and generate pulses lasting from 2 to 2,000 ms. To re-
duce habituation, a single device may transmit with a vari-
ety of waveforms and time intervals.



Pingers have been shown to be effective in reducing by-
catch, at least for some marine mammal species in some set-
tings (Kraus et al. 1997, Culik et al. 2001, Bordino et al.
2002). A trial of pinger use in the California drift gillnet fish-
ery for swordfish and sharks showed that for both cetaceans
and pinnipeds, the entanglement rate in nets with pingers
was only one-third of what it was in nets without these de-
vices (Barlow and Cameron 2003). Likewise, a large-scale
trial of pingers in Danish gillnet fisheries showed a reduc-
tion in bycatch of harbor porpoises (Larsen 1997, Vinther
1999).



Concerns have arisen that the use of AHDs in aquacul-
ture facilities leads to unintended displacement of marine
mammals, for example, killer whales (Morton and Symonds
2002) and harbor porpoises (Olesiuk et al. 2002) in the vicin-
ity of salmon farms off British Columbia. Likewise, there
are concerns that widespread use of AHDs may lead to the
exclusion of porpoises from important feeding habitat
( Johnston 2002). AHDs have sufficiently high source levels
that they could result in hearing damage to marine mam-
mals exposed at close range.



Polar Icebreakers



Ice-breaking ships are a source of noise in the polar regions
(Erbe and Farmer 2000). Two types of noise have been iden-
tified in association with ice breaking: bubbler system noise
and propeller cavitation noise. Some ice-breaking ships are
equipped with a bubbler system that blows high-pressure air
into the water around the ship to push floating ice away.
While the bubbler system is operating, the noise is continu-
ous, with a broadband spectrum below 5 kHz. A source level
of 192 dB re 1 µPa at 1 m in one-twelfth-octave bands has
been reported for bubbler system noise. Icebreaker pro-
peller cavitation noise is associated with the ship’s ramming
the ice with its propeller turning at high speed. The spec-
trum of propeller cavitation noise is broadband up to at least
20 kHz, and has a source level of 197 dB re 1 µPa at 1 m.



Industrial Activities, Offshore Drilling, 
and Construction



Industrial activities and construction both in the ocean and
along the shoreline can contribute to underwater noise. Ex-
amples include coastal power plants, pile driving, dredging,
tunnel boring, power-generating wind mills, and canal lock
operations (Greene and Moore 1995). The coupling of these
sounds into the marine environment is poorly understood,
but it is generally more efficient at low frequencies.



Marine dredging is commonly conducted in coastal 
waters to deepen channels and harbors, reclaim land, and
mine seabed resources. Reported source levels for dredging
operations range from 160 to 180 dB re 1 µPa at 1 m for one-
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third-octave bands with peak intensity between 50 and 500
Hz (Greene and Moore 1995).



Oil and gas production activities that generate marine
noise include drilling, offshore structure emplacement and
removal, and related transportation. Sound pressure levels
associated with drilling are the highest with maximum
broadband (10 Hz–10 kHz) energy of about 190 dB re 1 µPa
at 1 m. Drill-ship noise comes from both the drilling ma-
chinery and the propellers and thrusters used for station
keeping. Jack-up rigs are the most commonly used offshore
drilling devices, followed by platform drill rigs. Drilling gen-
erates ancillary noise from the movements of supply boats
and support helicopters. Emplacement of offshore struc-
tures creates localized noise for brief time periods, and
powerful support vessels are used to transport these large
structures from the point of fabrication to the point of em-
placement. This activity may last for a few weeks and may
occur eight to ten times a year worldwide. Additional noise
is generated during oil production activities, which include
borehole casing, cementing, perforating, pumping, pipe lay-
ing, pile driving, and ship and helicopter support. Produc-
tion activities can generate received levels as high as 135 dB
re 1 µPa at 1 km from the source (Greene and Moore 1995),
which suggests source levels as high as 195 dB re 1 µPa at 1
m with peak frequencies at 40–100 Hz.



Oil and gas production is moving from shallow-water set-
tings into water depths of up to 3,000 m. Deepwater drilling
and production have the potential to generate higher levels
of noise than shallow-water production, owing to the use of
drill ships and floating production facilities. In addition,
noise generated in deep water may be more easily coupled
into the deep sound channel for long-range propagation.
The worldwide count of offshore mobile drill rigs in use
fluctuates with business conditions, but there is a growing
number of drill rigs available, with an increase of approxi-
mately 10% over the past 5 years.



Small Ships, Boats, and Personal Watercraft



Small vessels do not contribute significantly to the global
ocean sound environment, but may be important local
sound sources, particularly in coastal settings. Examples of
sound levels for whale-watching boats range from 115–127
dB re 1 µPa at 1 m for one-third-octave bands (Au and Green
2000) and 145–169 dB re 1 µPa at 1 m for one-twelfth-octave
bands, with increased sound levels for high-speed operation
(Erbe 2002). A recent study of noise levels from small
powerboats suggests peak spectral levels in the 350- to 1200-
Hz band of 145–150 dB re 1 µPa2/Hz at 1 m (Bartlett and
Wilson 2002). The total number of recreational craft in op-
eration is poorly documented although about 17 million
small boats are owned in the United States (National Marine
Manufacturers Association 2003). The vessel categories are
outboard (8.4 million), inboard (1.7 million), stern drive (1.8
million), personal watercraft (1.4 million), sailboats (1.6 mil-
lion), and miscellaneous (2.5 million). In the inshore waters
of Florida, there are nearly 1 million registered recreational



boaters (U.S. Fish and Wildlife Service 2001), and the num-
ber of boats in operation is raised seasonally by an influx of
boats from out of state.



Comparison of Anthropogenic Sound Sources



The anthropogenic sound sources discussed previously are
summarized by source level and other parameters in Table
7.3, ordered by their intensity. For sources constructed from
arrays of elements (e.g., military sonars and airguns), the in-
dividual source elements can be widely distributed. In this
case, the source level is given for a range of 1 m to stan-
dardize the calculation, but in practice the actual levels ex-
perienced near the source never reach the stated levels. In-
stead, these levels are used to calculate accurately what 
the source level is at longer ranges, where the distance to 
the source is much greater than the source dimensions.
Table 7.3 is designed to approximate the potential for these
sources to impact acutely or injure marine mammals. In
practice, the sensitivity of marine mammals to various
kinds of sound is another important consideration, as dis-
cussed later in the chapter.



Underwater nuclear tests and ship-shock trials produce
the highest overall sound pressure levels, yet these are rare
events and so may be assumed to have limited impact over-
all. Military SURTASS-LFA sonars and large-volume airgun
arrays both have high SPLs. The long ping lengths and high
duty cycles of LFA sonars increase their total energy levels;
both the SURTASS-LFA and airgun arrays have dominant
energy at low frequencies, where long-range propagation is
likely. Mid-frequency military sonars (such as the SQS-53C)
have shorter ping durations and more moderate duty cycles;
because they operate at middle frequencies, propagation ef-
fects also limit their range. Concern for the impact of these
sonars is for local settings (as discussed later in this chapter).



Commercial supertankers are arguably the most nearly
ubiquitous sources of high-intensity, with more than 10,000
vessels operating worldwide. Concern with these noise
sources is concentrated near major ports and along the most
heavily traveled shipping lanes. The moored research sound
source for the ATOC project is a source level equivalent to
a supertanker, although it operates on a low duty cycle.
AHDs have high source levels, whereas ADDs have rela-
tively moderate source levels. Multibeam hull-mounted
echo sounders have high source levels, but their narrow
beam widths and medium frequencies limit their range and
the area that they ensonify. Research acoustic floats (RAFOS)
produce a moderately high source level but are operated at
a very low duty cycle. Fishing vessels have moderate source
levels and may represent at least local acoustic annoyances.



Anthropogenic Noise Energy Budget per Year



An annual energy budget is one approach to comparing the
contribution of each anthropogenic noise source. The ap-
proach taken here is to consider the acoustic energy output
at the source itself, rather than the sum of many sources af-
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ter propagation within the ocean, as would be experienced
by a receiver at a particular location. Ambient noise distri-
butions at a given location result from a complex distribu-
tion of worldwide sources and variable acoustic propaga-
tion. The question considered here is a simpler one: what is
the total energy output from each source type at the loca-
tion of the source. That is, all sources are assumed to be at
a compact location, at a range of 1 m, and the total annual
energy output of each source type is estimated. This is
clearly not the most desirable form of energy budget but is
amenable to a manageable tabulation. Table 7.3 shows the
approximate potential of these sources to produce chronic
effects on marine mammal populations. However, many
other factors have to be considered before these data can be
used to help understand the impacts of sound on marine
mammals, including the distribution of sources in space and
time and the varying sensitivities of marine mammals to
sound.



Starting with the source pressure levels given in Table 7.3,
the additional information needed to go from sound pres-
sure to total energy includes the source directionality, dura-



tion, rate of usage, and total number of sources. The first
step is to convert sound pressure level (p) to acoustic inten-
sity (I), obtained by dividing the squared pressure by the
acoustic impedance (Z):



I = |pv→| = |p|2/Z [watts/m2]



The next step is to account for the directionality of the
source. For omnidirectional sources, the acoustic power (P)
is given by the solid angle (A) emitted by the source (for an
omnidirectional source this is 4π, the area of a sphere of 1
m radius) multiplied by the acoustic intensity (I):



P = AI [ joules/sec]



The energy per source transmission or ping (Eping ) is given
by the acoustic power multiplied by the duration of the
transmission:



Eping = PTping [ joules]



The number of source pings per year per source and the to-
tal number of sources in operation yield the annual energy
output for each source type:
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Table 7.3 Comparison of anthropogenic underwater sound sources ordered by their short-term (∼ 1 s)
energy output, approximating their potential for acute or injurious effects



Ping
energy Peak



SPL (dB re (dB re 1 frequency
Sound source 1 µPa at1m) µPa2-s) Ping duration Duty cycle (%) (Hz) Bandwidth (Hz) Directionality



Underwater nuclear 328 337 8 s Intermittent Low Broad Omnidirectional
device 
(30 kiloton)



Ship shock trial 299 302 2 s Intermittent Low Broad Omnidirectional
(10,000 lb TNT)



Military sonar 235 243 6–100 s 10 250 30 Horizontal
(SURTASS/LFA)



Airgun array 256 241 30 ms 0.3 50 150 Vertical
(2000 psi, 8000 in.3)



Military sonar 235 232 0.5–2 s 6 2,600–3,300 Narrow Horizontal
mid-frequency 
(SQS-53C)



Supertanker 185 —[AQ4] Continuous 100 23 5–100 Omnidirectional 
(337 m length, 
18 knots)



Research sonar 195 226 1200 s 8 75 37.5 Omnidirectional
(ATOC source)



Acoustic harassment 185 185 0.5–2 s 50 10,000 600 Omnidirectional
device



Multibeam 235 218 20 ms 0.4 12,000 Narrow Vertical
echosounder 
(hull-mounted)



Research sonar 195 216 120 s Small 250 100 Omnidirectional
(RAFOS float)



Fishing Vessel 151 —[AQ5] Continuous 100 300 250-1000 Omnidirectional
(12 m length, 
7 knots)



Acoustic deterrent 132 127 300 ms 8 10,000 2000 Omnidirectional
device 
(AquaMark300)
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Etotal = EpingNpings/year
N



sources [ joules]



For continuous sources, the energy of 1 s of transmission is
used for Eping, and the number of seconds the source is in
operation per year is used for Npings/year.



A proposed annual anthropogenic energy budget is pre-
sented in Table 7.4, starting with the sources and sound
pressure levels from Table 7.3. Underwater nuclear explo-
sions, even assuming a 20-year recurrence rate, top the an-
nual energy budget with 2.1 × 1015 J. This is comparable to
a small power plant of 100 MW with an annual energy out-
put of 3.2 × 1015 J. The highest-energy regularly operated
sound sources are the airgun arrays from 90 vessels operat-
ing for 80 days/year to produce 3.9 × 1013 J. Military sonars
for antisubmarine warfare (SSQ-53C) used on 300 vessels for
30 days/year produce 2.6 × 1013 J. The contribution from
shipping comes mostly from the largest vessel classes, with
11,000 supertankers, operating 300 days/year, to yield 3.7 ×
1012 J. Lesser contributions are made by other vessel classes
(e.g., merchant and fishing) and by navigation and research
sonars. For comparison at the low-energy end, a symphony
orchestra produces about 10 W of sound energy, and would
emit 3.2 × 108 J over the course of a year.



LONG-TERM TRENDS 
IN OCEAN NOISE



Overall trends for the level of sound in the sea can be bro-
ken down into anthropogenic and nonanthropogenic com-
ponents. For instance, there is evidence that global climate
change may have resulted in higher sea states (Bacon and
Carter 1993, Graham and Diaz 2001), which would have the
effect of increasing background noise levels. Over the past
few decades, however, it is likely that increases in anthro-
pogenic noise have been more prominent. In order of im-



portance, the anthropogenic sources most likely to have
contributed to increased noise are commercial shipping, off-
shore oil and gas exploration and drilling, and naval and
other uses of sonar.



Waters surrounding Australia, which are remote from
most commercial shipping, allow the effects of anthropo-
genic and natural noise to be separated. At low frequency
(100 Hz), Australian data suggest that ocean noise levels
may be as low as 50 dB re 1 µPa2 /Hz, which is about 30–40
dB below levels in North American and European waters
(Cato and McCauley 2002). These data further suggest that
wind/wave noise increases at low frequencies, in contrast to
the predictions of the deepwater curves developed from
Northern Hemisphere data (Wenz 1962). see The National
Research Council 2003b) pointed to the difficulty of sepa-
rating wind/wave-generated noise from shipping noise in
North American datasets.



Trends in background noise and anthropogenic activity
levels suggest that ocean noise levels increased by 10 dB or
more between 1950 and 1975 (Ross 1987, 1993). These
trends are most apparent in the eastern Pacific and eastern
and western Atlantic, where they are attributed to increases
in commercial shipping. A doubling of the number of ships
explains 3–5 dB, and greater average ship speeds, propul-
sion power, and propeller tip speeds may explain an addi-
tional 6 dB.



Other data on long-term noise trends come from a com-
parison of historical U.S. Navy acoustic array data (Wenz
1969) with modern recordings along the west coast of North
America (Andrew et al. 2002). A low-frequency noise in-
crease of 10 dB over 33 years was observed at a site off the
central California coast. The explanation for a noise increase
in this band is the growth in commercial shipping in terms
of both the number of ships and the gross tonnage. From
1972 to 1999 the total number of ships in the world’s fleet in-



Impacts of Anthropogenic Sound 111



Table 7.4 Comparison of anthropogenic underwater sound sources ordered by their total annual 
energy output



Intensity Directionality Power Number Operate Repetition
Sound source (dB re 1 W/m2) (angle) (dB re 1 W) of sources (days/year) (pings/day) Total energy ( J)



Underwater nuclear 146 4π 157 1 0.05 1 2.1 × 1015



explosions
Airgun arrays 61 π 66 90 80 4320 3.9 × 1013



Military sonar 53 π/2 55 300 30 4,320 2.6 × 1013



(mid-frequency)
Supertankers 3.2 2π 11 11,000 300 86,400 3.7 × 1012



Ship-shock trials 117 4π 128 1 0.5 1 3.3 × 1012



Military sonar 53 π 58 1 30 175 1.7 × 1011



(SURTASS/LFA)
Merchant vessels –17 2π –8.8 40,000 300 86,400 1.4 × 1011



Navigation sonar –1.8 π 3.2 100,000 100 86,400 3.6 × 1010



Fishing vessels –31 2π –23 25,000 150 86,400 1.7 × 109



Research sonar 13 4π 24 10 4 86,400 9.1 × 108



Note: Although this table is designed to approximate the potential of these sources to produce chronic effects, many other factors must be considered, including the distribution
of sources in space and time and the sensitivities of marine mammals to sound.
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creased from approximately 57,000 to 87,000, and the total
gross tonnage increased from 268 to 543 million gross tons.



Mazzuca (2001) compared the results of Wenz (1969),
Ross (1987), and Andrew et al. (2002) to derive an overall in-
crease of 16 dB in low-frequency noise from 1950 to 2000.
This corresponds to a doubling of noise power (3 dB) every
decade for the past 50 years, equivalent to a 7% annual in-
crease in noise. During this period the number of ships in
the world fleet tripled (from 30,000 to 87,000) and the gross
tonnage increased by a factor of 6.5 (from 85 to 550 million
gross tons) (National Research Council 2003b; from Mc-
Carthy and Miller 2002).



OCEAN NOISE 
RESEARCH PRIORITIES



Ocean noise is an important component of the marine en-
vironment. Data on ocean noise trends are scarce, despite
substantial investments by the U.S. Government in the col-
lection of underwater sound data for military purposes
(e.g., SOSUS and other ASW monitoring systems). Expand-
ing use of the sea for commercial shipping, oil and gas de-
velopment, and advanced warfare has resulted in noise lev-
els that are at least ten times higher today than they were a
few decades ago. Without some effort to monitor, reduce,
or at least cap them, these noise levels are likely to increase
and further degrade the marine acoustic environment. Rec-
ommendations for tracking and improving our under-
standing of ocean noise sources are presented below.



Priority 1: Initiate long-term global ocean noise monitoring. A
long-term monitoring program is needed to track future
changes in ocean noise (National Research Council
2003b:90). Acoustic data should be included in global ocean
observing systems now being developed by U.S. and inter-
national research agencies. Data from these monitoring sys-
tems should be openly available and presented in a manner
accessible to decision makers in industry, the military, and
regulatory agencies.



Priority 2: Analyze historical marine anthropogenic noise data.
In tandem with the effort to monitor present-day ocean
noise, a program should be developed to collect, organize,
and standardize data on ocean noise and related anthro-
pogenic activities (National Research Council 2003b:89). In-
frastructure appropriate for maintaining an archive of these
data already exists (i.e., the National Oceanographic Data
Center, www.nodc.noaa.gov). Currently, data regarding
shipping, seismic exploration, oil and gas production, and
other marine activities are either not collected or are diffi-
cult to obtain and analyze because they are maintained by
separate organizations. International cooperation in this ef-
fort should be encouraged.



Priority 3: Develop global models for ocean noise. Marine
noise measurements and source data should be used to de-



velop a global model of ocean noise (National Research
Council 2003b:92), that incorporates both transient and
continuous noise sources. The development of an accurate
global model depends on access to ocean noise data and an-
thropogenic activity data collected by long-term monitor-
ing, as described previously.



Priority 4: Report signal characteristics for anthropogenic noise
sources. An important component of model development is
better understanding of the signal characteristics for repre-
sentative anthropogenic sound sources. The description of
each source should include enough information to allow re-
construction of its character (e.g., frequency content, pres-
sure and/or particle-velocity time series, duration, repeti-
tion rate).



Priority 5: Determine the relationship between anthropogenic
activity level and noise level. Research should be conducted re-
lating the overall levels of anthropogenic activity (such as
the types and numbers of vessels) with the resulting noise
(National Research Council 2003b:90). These correlations
will help to extend noise modeling to areas without direct
long-term monitoring, but where anthropogenic noise
sources are present.



HOW SOUND AFFECTS 
MARINE MAMMALS



The responses of marine mammals to sound depend on a
range of factors, including (a) the sound pressure level and
other properties, for example, frequency, duration, novelty,
and habituation; (b) the physical and behavioral state of the
animals; and (c) the ambient acoustic and ecological fea-
tures of the environment. Richardson et al. (1995) reviewed
marine mammal responses to specific sound sources, but
our present understanding of how marine mammals re-
spond to sound is insufficient to allow reliable predictions of
behavioral responses either to intense sounds or to long-
term increases in ambient background noise.



In humans, the perceived loudness of a sound involves
not only hearing sensitivity but also psychological and phys-
iological factors (Beranek and Ver 1992). A loudness-level
scale has been developed from detailed testing, where the
human subject judges the relative loudness of two sounds;
for instance, the phon (in dB) compares the loudness level
of tones of varying frequency to a 1-kHz reference tone. In
practice, the annoyance level of a sound depends on a range
of factors apart from loudness, such as the sound’s fluctua-
tion; intermittent sounds are more annoying than continu-
ous ones. The degree to which human and terrestrial ani-
mal studies can be reliably extrapolated to marine mammals
is uncertain because there are vast differences in the role of
sound in sensing the marine and terrestrial environments
and the ambient and biologically significant sounds, such as
those of predators, differ in each setting.
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MARINE MAMMAL 
SOUND PRODUCTION



The frequency band of sounds that are important to marine
mammals matches, or extends beyond, the range of the
sounds that they produce. Marine mammal call frequencies
generally show an inverse correlation with body size
(Watkins and Wartzok 1985), with mysticetes having larger
bodies and lower frequency calls than odontocetes.



For mysticetes, most sound production is in the low-
frequency range of 10–2,000 Hz (Edds-Walton 1997). Mys-
ticete sounds can be broadly characterized as (a) tonal calls,
(b) FM sweeps, (c) pulsed tonals, and (d) broadband grunt-
like sounds and are generated either as individual calls or
combined into patterned sequences or songs. For odonto-
cetes, most sound production is in the mid-frequency and
high-frequency range of 1–200 kHz (Matthews et al. 1999).
Odontocetes produce (a) broadband clicks with peak en-
ergy between 5 and 150 kHz, varying by species, (b) burst-
pulse click trains, and (c) tonal or FM whistles that range
from 1 to 25 kHz. Pinnipeds that breed on land produce a
limited array of barks and clicks ranging from less than 1–4
kHz. Those that mate in the water produce complex vocal-
izations during the breeding season. All pinnipeds, the sea
otter, and manatees use sound to establish and maintain the
mother-young bond, especially when attempting to reunite
after separation (Sandegren et al. 1973, Hartman 1979).



The ability to use self-generated sounds to obtain infor-
mation about objects and features of the environment,
called echolocation, has been demonstrated for at least thir-
teen odontocete species (Richardson et al. 1995). No odon-
tocete has been shown to be incapable of echolocation, and
echolocation clicks have been observed in all recorded
species. These echolocation sounds are produced in for-
ward-directed beams, using specialized fats in the forehead
(melon) as acoustic lenses. Some species of odontocetes
produce few or no whistles and very-high-frequency clicks
with peak spectra above 100 kHz. Examples include the
Amazon river dolphin (Inia geoffrensis; Norris et al. 1972),
and the harbor porpoise (Phocoena phocoena; Kamminga
1988).



Other odontocetes produce clicks with peak spectra be-
low 80 kHz and use whistles regularly. Examples include
bottlenose dolphins (Tursiops spp.), which are coastal, and
the pantropical spotted dolphin (Stenella attenuata), which
often occurs in offshore waters. Deep-diving odontocetes,
such as sperm whales (Physeter macrocephalus) and beaked
whales (Ziphiidae), are only known to produce clicks (Mohl
et al. 2000, Hooker and Whitehead 2002, Johnson et al.
2004). Some odontocete whistles have been described as
“signature” calls that identify individuals (Caldwell and
Caldwell 1965). Sounds produced by killer whales are
known to be group specific (Ford 1991, Tyack 2000), and the
patterned “coda” click sequences made by sperm whales
show geographic variation (Rendell and Whitehead 2003).



Source levels for odontocete clicks have been reported to
be as high as 228 dB re 1 µPa at 1 m for false killer whales



(Pseudorca crassidens; Thomas and Turl 1990) and for bot-
tlenose dolphins echolocating in the presence of noise (Au
1993), and 232 dB re 1 µPa at 1 m for male sperm whales
(Mohl et al. 2000). The short duration of such echolocation
clicks (50–200 µs) means that their total energy is low (197
dB re 1 µPa2-s) although their source levels are high. Odon-
tocete whistles have lower source levels than their clicks,
ranging from less than 110 dB re 1 µPa at 1 m for the spin-
ner dolphin (Stenella longirostris; Watkins and Schevill 1974)
to 169 dB re 1 µPa at 1 m for bottlenose dolphins ( Janik
2000). The detection range for odontocete clicks and whis-
tles is about 5 km, although greater detection ranges also
have been reported (Leaper et al. 1992, Barlow and Taylor
1998, Gordon et al. 2000).



Mysticete calls can be detected over long ranges (Payne
and Webb 1971). For instance, blue whales (Balaenoptera
musculus) produce low-frequency (10–100 Hz) calls with es-
timated source levels of 185 dB re 1 µPa at 1 m (McDonald
et al. 2001), which are detectable at ranges of 100 km or
more, depending on the acoustic propagation. Most large
mysticetes (blue, fin, bowhead, right, humpback, Bryde’s,
minke, and gray whales) are known to vocalize at frequen-
cies below 1 kHz, with estimated source levels as high as 185
dB re 1 µPa at 1 m (Richardson et al. 1995).



Source levels and frequencies have been estimated for the
underwater calls of several species of pinnipeds. Examples
are the Weddell seal (Leptonychotes weddellii), which pro-
duces calls from 148 to 193 dB re 1 µPa at 1 m at frequencies
of 0.2–12.8 kHz (Thomas and Kuechle 1982), and the Ross
seal (Ommatophoca rossii), which produces calls at 1–4 kHz
(Watkins and Ray 1985). These calls can be detected at
ranges of several kilometers both in the open ocean and un-
der ice (Wartzok et al. 1982).



MARINE MAMMAL HEARING



Sound propagates efficiently underwater, and one reflection
of its importance to marine mammals is their development
of broader hearing frequency ranges than is typical for ter-
restrial mammals. Audiograms have been produced for
eleven species of odontocetes and nine species of pinnipeds,
out of a total of approximately 127 marine mammal species
(Wartzok and Ketten 1999, Nachtigall et al. 2000). All hear-
ing data are from species that are small enough to be held in
captivity. Direct hearing data are not available for species
that are not readily tested by conventional audiometric
methods. For the latter, audiograms must be estimated
from mathematical models based on ear anatomy or in-
ferred from the sounds they produce and field-exposure ex-
periments (Wartzok and Ketten 1999).



Most delphinids are thought to have functional hearing
from 200 Hz to 100 kHz, and some smaller species may
hear frequencies as high as 200 kHz. Delphinid audiograms
measured to date show peak sensitivity between 20 and 80
kHz, along with moderate sensitivity at 1–20 kHz. Since
ambient noise decreases at high frequencies, odontocetes
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may find it advantageous to hear and echolocate at high fre-
quencies to avoid low-frequency background noise. An-
other factor favoring high frequencies for some odonto-
cetes is the acoustic background noise of inshore and
riverine environments. Higher frequencies also give better
spatial resolution, but at the expense of diminished propa-
gation distance.



Based on modeling but with no measured audiograms,
mysticete hearing probably ranges between 20 Hz and
20–30 kHz. Several of the larger species, such as blue and fin
whales, are thought to hear at infrasonic (down to ∼10 Hz)
frequencies. Pinniped audiogram data suggest that their
best hearing is between 1 and 20 kHz. True seals (phocids)
tend to hear higher frequencies underwater than fur seals
and sea lions (otariids). Some pinnipeds hear moderately
well in both water and air, whereas others are better adapted
for underwater than for in-air hearing. Sea lions have the
most terrestrially adapted hearing, and elephant seals have
the most marine-adapted hearing, with good sensitivity be-
low 1 kHz (Kastak and Schusterman 1998).



Marine mammal hearing is adapted to an aquatic envi-
ronment, yet their hearing anatomy evolved from terrestrial
ancestors. The divergence in hearing physiology between
land and marine mammals is most pronounced in the ex-
ternal ears, which are absent in most marine mammal
species, and in the middle ears, which are extensively mod-
ified in marine mammals. Because levels of ambient noise
in the sea can vary by many orders of magnitude as a result
of storms and other natural phenomena, marine mammals
may have developed resilient mechanisms to guard against
hearing loss. Existing studies do not allow for prediction of
the impacts of high-intensity sounds on marine mammal
hearing except in general terms.



Hearing Losses



Hearing thresholds may be degraded by exposure to high-
intensity sound. Hearing losses are classified as either tem-
porary threshold shifts (TTS) or permanent threshold shifts
(PTS), where threshold shift refers to the raising of the min-
imum sound level needed for audibility. Repeated TTS is
thought to lead to PTS. The extent of hearing loss is related
to the sound power spectrum, the hearing sensitivity, and
the duration of exposure. High-intensity, impulsive blasts
can damage cetacean ears (Ketten et al. 1993). Hearing
losses reduce the range for communication, interfere with
foraging capacity, increase vulnerability to predators, and
may cause erratic behavior with respect to migration, mat-
ing, and stranding. For cetaceans, which are highly depend-
ent on their acoustic sense, both TTS and PTS should be
considered serious cause for concern.



Relatively few data are available on hearing loss in marine
mammals. Experiments on captive bottlenose dolphins
suggest that TTS are observed at levels of 193–196 dB re 1
µPa for exposure to 1-s tones at 20 kHz (Ridgway et al. 1997).
Work with impulsive sources (seismic waterguns) suggests
that exposure to sound pressure levels of 217 dB re 1 µPa



and total energy fluxes of 186 dB re 1 µPa2-s produces TTS
in beluga whales (Delphinapterus leucas; Finneran et al. 2002).
One hypothesis is that animals are most vulnerable to 
TTS at or near the frequencies of their greatest hearing 
sensitivity. For baleen whales, this suggests low-frequency
sensitivity and for smaller cetaceans, mid-frequency and
high-frequency sensitivity. It also raises the question of
why marine mammals (apparently) do not damage their
hearing by their own sound production, as both the tonal
and impulsive sounds that they produce can be comparable
in sound level to those found to induce TTS in the con-
trolled experiments mentioned previously. It is thought that
internal mechanisms may protect an animal from its own
vocalizations.



Masking



Acoustic signals are detected against the ambient back-
ground noise. When background noise increases, it may re-
duce an animal’s ability to detect relevant sound; this is
called masking. Noise is effective for masking when it is
within a critical band (CB) of frequency around the desired
signal. The amount by which a pure tone must exceed the
noise spectral level to be audible is called the critical ratio
(CR). The CR is related to the bandwidth (CB) within which
background noise affects the animal’s ability to detect a
sound. Estimates of marine mammal CBs and CRs come
from captive odontocetes and pinnipeds (Richardson et al.
1995). For all species, the CB expressed as a percentage is
broader at low frequencies (25–75% at 100 Hz), and nar-
rower (1–10 %) at middle and high frequencies (1–100 kHz).
This suggests that band-limited noise is more effective at
masking low frequencies than middle and high frequencies.
An animal’s directional hearing capabilities may help it
avoid masking by resolving the different directions of prop-
agation between the signal and the noise. A directivity index
of as much as 20 dB has been measured for bottlenose dol-
phins (Au and Moore 1984). Directional hearing is less acute
in pinnipeds.



Erbe and associates have studied masking of beluga
whale sounds by icebreaker noise (Erbe and Farmer 1998,
2000, Erbe 2000), including construction of software to
model this process (Erbe et al. 1999). Icebreaker noise from
ramming, ice cracking, and bubbler systems produced
masking at noise-to-signal ratios of 15–29 dB. The predicted
zone of masking for beluga calls from ramming noise was
40 km (Erbe and Farmer 2000). Beluga whales’ vocal output
changes when they are moved to locations with higher back-
ground noise (Au et al. 1985). With noise at low frequencies,
an animal increases both the sound pressure level and the
frequency of its vocalizations, perhaps in an attempt to
avoid or overcome masking. Beluga whales also have been
observed to increase call rates and shift to higher call fre-
quencies in response to boat noise (Lesage et al. 1999). Like-
wise, it has been suggested that killer whales shift their call
frequencies in response to the presence of whale-watching
boats (Foote et al. 2004).
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Hearing Development



Does increased noise in the oceans cause developmental
problems for young animals? High-noise environments af-
fect auditory development in very young rats (Chang and
Merzenich 2003). Brain circuits that receive and interpret
sound did not develop at the same rate in animals living in
an environment of high continuous background noise as in
animals that were raised in a quiet environment. It took
three to four times as long for rats raised in a noisy envi-
ronment to reach the basic benchmarks of auditory devel-
opment. For marine mammals, comparable data may be dif-
ficult to obtain, but the potential for developmental
impairment should be an important consideration when as-
sessing the impacts of ocean noise.



NONAUDITORY SOUND IMPACTS



Nonauditory effects involve the interaction of sound with
marine mammal physiology. Sound is known to have direct
and indirect physiological effects on mammals apart from
its effects on hearing discussed previously. The symptoms of
these physiological effects range from subtle disturbance, to
stress, to injury, and to death.



The physiology of marine mammals is uniquely adapted
to life underwater. For example, deep-diving species have
specialized cardiovascular and pulmonary systems that al-
low breath holding and accommodation to changes in pres-
sure. The same physiology that allows marine mammals to
spend extended periods underwater and make deep dives
may also create vulnerabilities to sound exposure, and their
physiological responses to such exposure may differ from
those of humans and other terrestrial mammals.



Research on human divers, laboratory terrestrial animals,
and captive marine mammals suggests that exposure to 
underwater sound can produce nonauditory physiological
effects. The range of potential impacts may include physio-
logical stress, neurosensory effects, effects on balance (ves-
tibular response), tissue damage from acoustic resonance,
gas bubble formation and/or growth in tissues and blood,
and blast-trauma injury.



The term stress is used to describe physiological changes
that occur in the immune and neuroendocrine systems fol-
lowing exposure to a stressor. Physiological stress responses
are not fully understood; however, indicators of stress 
that is due to noise have been measured in marine mam-
mals. For instance, dolphins experience heart rate changes
in response to sound exposure (Miksis et al. 2001). A beluga
whale showed increased stress hormone levels (norepi-
nephrine, epinephrine, and dopamine) with increased
sound exposure level (Romano et al. 2004). Prolonged
noise-induced stress can lead to debilitation such as infertil-
ity, pathological changes in digestive and reproductive or-
gans, and reduced growth, as documented for some fish and
invertebrates (Banner and Hyatt 1973, Lagardere 1982).



Cases of neurologic disturbance have been described for



human divers exposed to intense underwater sound (160–
180 dB re 1 µPa for 15 min). Symptoms during exposure in-
cluded head vibrations, lightheadedness, somnolence, and
an inability to concentrate. These divers reported recurrent
symptoms days to weeks after exposure, including, in one
case, a partial seizure 16 months after the initial exposure
(Stevens et al. 1999). Effects of this type have yet to be stud-
ied in marine mammals.



Sound exposure in humans may elicit a vestibular re-
sponse or dizziness (called the Tullio phenomenon) at
thresholds as low as 101–136 dB re 1 µPa (Erlich and Law-
son 1980). When human diver vestibular function was as-
sessed before and after underwater sound exposure, tran-
sient effects were detected immediately postexposure to 160
dB re 1 µPa for 15 min (Clark et al. 1996). Likewise, rats ex-
posed to 180 dB re 1 µPa for 5 min exhibited mild transient
impairment in vestibulomotor function (Laurer et al. 2002),
and vestibular effects have been detected in guinea pigs im-
mediately following underwater sound exposure of 160 dB
re 1 µPa for 5 min ( Jackson and Kopke 1998).



Acoustic resonance can lead to an amplification of pres-
sure within mammalian air cavities in response to sound.
Lung and other air cavity resonance is important for estab-
lishing thresholds for injury because at any given level of ex-
citation, the vibration amplitude is greatest at resonance. In
vivo and theoretical studies related to tissue damage sup-
port a damage threshold of the order of 180–190 dB re 1 µPa
(Cudahy et al. 1999, Cudahy and Ellison n.d.[AQ2]). These
studies also provide a relationship between resonance and
body mass, based on underwater measurements of terres-
trial mammals, including humans, as well as extrapolation
from in-air results. Finneran (2003) measured resonance 
frequencies for beluga whale and bottlenose dolphin lungs
directly and found them to be at low frequencies (30 and 36
Hz, respectively). An important issue for resonance effects
is the tuning or amplification effect of the resonance. The
degree of tuning (defined as Q, with high Q indicating
sharper tuning) that has been measured in vivo in the lungs
of pigs and humans is from 3 to 5 (Martin et al. 2000), 
and for beluga whales and bottlenose dolphins is 2.5 and 3.1,
respectively (Finneran 2003). This suggests that a moderate
level of amplification (a factor of 3) occurs at resonance 
frequencies.



Sound can increase gas bubble presence in mammalian
tissues, especially when dissolved gases are abundant as a re-
sult of repeated dives. Human divers are obliged to decom-
press slowly following dives to prevent bubble formation,
whereas deep-diving marine mammals have evolved a
means to avoid decompression sickness during their routine
diving activity. Intense sound generates bubbles—in vivo
cavitation (ter Harr et al. 1982); it also leads to bubble
growth—rectified diffusion (Crum and Mao 1996, Houser
et al. 2001). The growth of bubbles increases the potential
for blocked arteries.



Intense pressures from sources such as explosions can
damage air-filled cavities, such as lungs, sinuses, ears, and in-
testines (Cudahy et al. 1999). A dramatic pressure drop, such
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as occurs from blast waves, may cause air-filled organs to
rupture. Research on blast damage in animals suggests that
the mechanical impact of a short-duration pressure pulse
(positive acoustic impulse) is best correlated with organ
damage (Greene and Moore 1995). Peak pressures of 222 dB
re 1 µPa result in perforation and hemorrhage of air-filled
intestines in rats (Bauman et al. 1997). Lethal peak pressures
of 237 dB re 1 µPa cause pulmonary contusion, hemor-
rhage, barotraumas, and arterial gas embolisms in sheep
(Fletcher et al. 1976). Two humpback whales were found
dead following a nearby 5,000-kg explosion, and examina-
tion of the temporal bones in their ears revealed significant
blast trauma (Ketten et al. 1993).



EFFECTS OF NOISE ON 
MARINE MAMMAL BEHAVIOR



The behavioral responses of marine mammals to noise are
complex and poorly understood (Richardson et al. 1995).
Responses may depend on hearing sensitivity, behavioral
state, habituation or desensitization, age, sex, presence of
offspring, location of exposure, and proximity to a shore-
line. They may range from subtle changes in surfacing and
breathing patterns to cessation of vocalization to active
avoidance or escape from the region of highest sound lev-
els. For instance, several studies suggest that bowhead
whales follow a pattern of shorter surfacings, shorter dives,
fewer blows per surfacing, and longer intervals between
blows when exposed to anthropogenic noise (Richardson et
al. 1995), even at moderate received levels (114 dB re 1 µPa).
Another common response pattern is a reduction or cessa-
tion of vocalization, such as for right whales in response to
boat noise (Watkins 1986), bowheads in response to play-
back of industrial sounds (Wartzok et al. 1989), sperm
whales in response to pulses from acoustic pingers (Watkins
and Schevill 1975) and in the presence of military sonar
(Watkins et al. 1985), and sperm and pilot whales (Globi-
cephala spp.) in response to an acoustic source for oceano-
graphic research (Bowles et al. 1994). Moreover, humpback
whales lengthen their song cycles when exposed to the LFA
source (Miller et al. 2000), move away from mid-frequency
sonar (Maybaum 1993), and tend to cease vocalizations
when near boats (Watkins 1986). Beluga whales adjust their
echolocation clicks to higher frequencies and higher source
levels in the presence of increased background noise (Au 
et al. 1985). Gray whales (Eschrichtius robustus) exhibited an
avoidance response when exposed to airgun noise, and their
response became stronger as the source level increased from
164 to 180 dB re 1 µPa (Malme et al. 1984). They also pref-
erentially avoided LFA transmissions conducted in a land-
ward direction (Tyack and Clark 1998).



Marine mammals have been observed to have little or no
reaction to some anthropogenic sounds. For example,
sperm whales continued calling when they encountered
echosounders (Watkins 1977) and when they were exposed
to received sound levels of 180 dB re 1µPa from a detonator



(Madsen and Mohl 2000). A fin whale (Balaenoptera physalus)
continued to call with no change in rate, level, or frequency
in the presence of noise from a container ship (Edds 1988).



Age and sex are important factors in noise sensitivity. For
instance, juvenile and pregnant Steller sea lions (Eumetopias
jubatus) are more likely to leave a haul-out site in response
to aircraft overflights than are territory-holding males and
females with young (Calkins 1979). Walruses (Odobenus ros-
marus) may stampede and crush calves (Loughrey 1959) or
temporarily abandon them (Fay et al. 1984) when exposed
to sounds from aircraft or vessels. In gray whales, cow-calf
pairs are considered more sensitive than other age or sex
classes to disturbance by whale-watching boats (Tilt 1985),
and humpback groups containing at least one calf appear to
be more sensitive to vessel traffic than are groups without
calves (Bauer et al. 1993).



Marine mammal responses also appear to be affected by
the context of the exposure, for example, by the location of
the source relative to that of the animal, by the motion of
the source, and by the onset of the source and its repetition
(random versus periodic and predictable). Fin whales are
more tolerant of a stationary than a moving source
(Watkins 1986). Humpback whales are less likely to react to
a continuous source than to one with a sudden onset
(Malme et al. 1985). California sea lions (Zalophus californi-
anus) and harbor seals (Phoca vitulina) react at greater range
from a ship when they are hauled out, and this is also true
of walruses (Fay et al. 1984). Bowheads are more responsive
to overflights of aircraft when they are in shallow water
(Richardson and Malme 1993). In the St. Lawrence River,
beluga whales are less likely to change their swimming and
diving patterns in the presence of vessels moving at low
speed than in the presence of fast-moving boats (Blane and
Jaakson 1994). In Alaska, beluga whales feeding on river
salmon may stop and move downstream in response to
noise from small boats, whereas they are relatively unre-
sponsive to noise from fishing boats (Stewart et al. 1982). In
Bristol Bay, beluga whales continue to feed when sur-
rounded by fishing vessels, and they may resist dispersal
even when deliberately harassed (Fish and Vania 1971). In
Sarasota Bay, bottlenose dolphins had longer interbreath in-
tervals during approaches by small boats (Nowacek et al.
2001). In Kings Bay, Florida, manatees’ use of boat-free sanc-
tuaries increased as the number of boats in the bay in-
creased (Buckingham et al. 1999).



Only a few studies document long-term marine mammal
responses to anthropogenic sound, suggesting abandon-
ment of habitat in some cases. At Guerrero Negro Lagoon
in Baja California, shipping and dredging associated with a
salt works may have induced gray whales to abandon the
area through most of the 1960s (Bryant et al. 1984). After
these activities stopped, the lagoon was reoccupied, first by
single whales and later by cow-calf pairs. Killer whales (Or-
cinus orca) in the British Columbia region were displaced
from Broughton Archipelago in 1993–1999, a period when
acoustic harassment devices were in use on salmon farms
(Morton and Symonds 2002).
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HABITUATION AND 
TOLERANCE OF NOISE



Habituation is the loss of responsiveness to noise over time.
A diminution of responsiveness over time may be due to the
animals’ becoming accustomed to, and no longer threat-
ened by, the signal. Alternatively, animals may return to the
noisy area because of its importance, despite the annoying
nature of the sound. The best evidence for habituation of
marine mammals to intense sound comes from attempts to
use acoustic harassment devices (AHDs) to keep marine
mammals away from aquaculture facilities or fishing equip-
ment ( Jefferson and Curry 1994). For instance, there is evi-
dence that harbor seals habituate to AHDs, partly because
they modify their swimming behavior to keep their heads
out of the water when they are in high-intensity sound fields
(Mate and Harvey 1987). Likewise, harbor porpoises have
been shown to habituate to gillnet pingers over a span of 10
or 11 days (Cox et al. 2002).



Observations of responses to whale watching and other
vessels also suggest some level of habituation to noise. Near
Cape Cod, common minke whales (Balaenoptera acutoros-
trata) changed from being attracted to vessels to appearing
generally uninterested, fin whales from flight reactions to
disinterest; and humpback whales from mixed, but usually
strongly negative, to strongly positive reactions (Watkins
1986). At San Ignacio Lagoon, Baja California, gray whales
become less likely to flee from whale-watching boats as the
season progresses ( Jones and Swartz 1984).



Habituation does not signify that hearing loss or injury
from high-intensity sounds has not occurred. Humpback
whales in Newfoundland remained in a feeding area near
where there was seafloor blasting (Todd et al. 1996). Re-
ceived sound pressure levels at 1 mi from the explosions
were typically 145–150 dB re 1 µPa at 240–450 Hz, with pre-
sumed source levels of 295–300 dB re 1 µPa at 1 m based on
the size of the explosive charges. The whales showed no
clear reaction to the blasting in terms of behavior, move-
ment, or residence time. However, increased incidental en-
trapment in nets followed the blast exposure (Todd et al.
1996). In addition, two whales were found dead after a
5,000-kg explosion, and examination of the temporal bones
of their inner ears revealed significant blast trauma Ketten
et al. 1993). This incident highlights the difficulty of using
overt behavioral reactions to monitor the effects of noise or
high-intensity sound on marine mammals.



INCIDENTS OF MASS 
STRANDING ASSOCIATED WITH
HIGH-INTENSITY SOUND



Multiple-animal strandings (“mass strandings”) have been
associated with the use of high-intensity sonar during naval
operations and with the use of airguns during seismic re-
flection profiling. A key characteristic of these incidents is
that they predominantly involved beaked whales, particu-



larly Cuvier’s beaked whales (Ziphius cavirostris). In many of
the areas where such events occurred, Cuvier’s beaked
whale was not thought to be the most abundant cetacean
species present.



Odontocetes are known to mass strand, that is, to come
ashore in groups of two or more animals (Walsh et al. 2001).
Mass strandings of beaked whales, however, are relatively
rare. The National Museum of Natural History, Smithson-
ian Institution ( J. Mead pers. comm.) has compiled a global
list of Cuvier’s beaked whale strandings involving two or
more animals (Table 7.5). Except for a stranding of two in-
dividuals in 1914, there are no records of multiple-animal
strandings until 1963. Between 1963 and 2004, three to 
ten mass strandings of Cuvier’s beaked whales were re-
ported per decade (Fig. 1) although improved reporting may
be a factor in explaining the increasing number of mass-
stranding events detected in recent decades.



The first published suggestion of a connection between
beaked whale strandings and naval activity was by Sim-
monds and Lopez-Jurado (1991). They described a set of
three multianimal strandings associated with naval activity
in the Canary Islands in 1985, 1988, and 1989, and additional
incidents of beaked whale mass strandings in the Canary
Islands were noted in 1986 and 1987. These authors did not
posit a connection between beaked whale mass strandings
and the use of ASW sonar, but rather related them to the
nearby presence of naval operations.



The increased incidence of multianimal beaked whale
stranding events can be correlated with the advent of mid-
frequency ASW sonar. Prototypes of hull-mounted ASW
sonars (e.g., SQS-23 and 26) were first tested in 1957 (Gerken
1986) and were deployed on a broad range of naval ships
(frigates, cruisers, and destroyers) belonging to the United
States and other nations beginning in the early 1960s. This
timing coincides with increased reports of mass strandings
of Cuvier’s beaked whales (Fig. 7.1). Eleven out of thirty-
two of the documented mass strandings of these whales
have been associated with concurrent naval activities. Ef-
forts to record marine mammal strandings worldwide have
been intensified during the past few decades, so, again,
greater efficiency of reporting may be a factor in the in-
creased numbers recorded.



An examination of the circumstances surrounding these
mass strandings may help to define the association with the
occurrence of high-intensity sound. Two such strandings
have been documented by detailed investigative reports: the
Kyparissiakos Gulf, Greece, incident of May 1996 (D’Amico
and Verboom 1998) and the Bahamas incident of March
2000 (Evans and England 2001). Examination of other
beaked whale mass strandings provides additional perspec-
tive on the diversity of sound sources, environment, and
conditions associated with these events.



Kyparissiakos Gulf, Greece, May 1996



Frantzis (1998, 2004) first drew attention to a mass strand-
ing of Cuvier’s beaked whales in the Ionian Sea that coin-



Impacts of Anthropogenic Sound 117



Reynolds.100-123  6/10/05  4:54 PM  Page 117











cided with tests of ASW sonar by the North Atlantic Treaty
Organization (NATO). Twelve of these animals stranded
along 38 km of coastline on 12–13 May 1996; another
stranded along the same coastline about 20 km to the north
on 16 May and was driven back out to sea. Two weeks later,
one more animal was found decomposing on a remote
beach on the neighboring Zákinthos Island, located north-
east of the strandings on the mainland. Twelve of these
fourteen animals stranded alive, with no apparent disease or
pathogenic cause. These strandings coincided with a 4-day
period (12–16 May) when the vessel NRV Alliance was tow-
ing an acoustic source in the vicinity, primarily at depths 
between 70 and 85 m. The source generated both low- 
and mid-frequency sound at source levels of 226 dB re 1 µPa
at 1m. The transmitted low-frequency signal included a 2-s
upsweep at 450–650 Hz, and a 2-s continuous tone at 700
Hz. The mid-frequency signal included a 2-s upsweep at
2.8–3.2 kHz and a 2-s tone at 3.3 kHz. Both frequencies 
were projected as horizontally directed beams with vertical



beamwidths of about 20°. Three source tows of about 2 h
duration were conducted each day, and the beaked whale
strandings occurred nearest in time to the first two source
runs of 12 May (runs 9 and 10; D’Amico and Verboom 1998)
and the last two source runs of 13 May (runs 13 and 14;
D’Amico and Verboom 1998). Sound propagation modeling
suggests that sound pressure levels only exceeded 190 dB re
1 µPa at ranges of less than 100 m. The sound levels present
broadly throughout the Kyparissiakos Gulf are thought to
have been in the range of 140–160 dB re 1 µPa (D’Amico and
Verboom 1998).



The association in space and time between stranding lo-
cations and acoustic source tracks suggests that the animals
were affected by the ASW sonar (D’Amico and Verboom
1998). Figure 7.2 shows the acoustic source tracks and
stranding locations for 12 and 13 May. There is a general cor-
relation between the offshore source track locations and the
inshore stranding locations. The 13 May source track is
shifted northward from the 12 May track, and likewise some
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Table 7.5 Strandings of at least two Cuvier’s beaked whales, from Smithsonian records



Year Location Species (numbers) Correlated activity



1914 United States (New York) Zc (2)
1963 Italy Zc (15+)
1965 Puerto Rico Zc (5)
1968 Bahamas Zc (4)
1974 Corsica Zc (3), Stenella coeruleoalba (1) Naval patrol
1974 Lesser Antilles Zc (4) Naval explosion
1975 Lesser Antilles Zc (3)
1980 Bahamas Zc (3)
1981 Bermuda Zc (4)
1981 United States (Alaska) Zc (2)
1983 Galapagos Zc (6)
1985 Canary Islands Zc (12+), Me (1) Naval maneuvers
1986 Canary Islands Zc (5), Me (1)
1987 Canary Islands Zc (group), Me (2)
1987 Italy Zc (2)
1988 Canary Islands Zc (3), Me (1), Hyperoodon ampullatus (1), Kogia breviceps (2) Naval maneuvers
1989 Canary Islands Zc (19+), Me (2), Md (3) Naval maneuvers
1991 Canary Islands Zc (2) Naval maneuvers
1991 Lesser Antilles Zc (4)
1993 Taiwan Zc (2)
1994 Taiwan Zc (2)
1996 Greece Zc (14) Navy LFAS trials
1997 Greece Zc (3)
1997 Greece Zc (8)
1998 Puerto Rico Zc (5)
2000 Bahamas Zc (9), Md (3), unid.[AQ6] ziphiids (2), Balaenoptera 



acutorostrata (2), Stenella frontalis (1) Naval maneuvers
2000 Galápagos Zc (3) Seismic airgun
2000 Madeira Zc (3) Naval maneuvers
2001 Solomon Islands Zc (2)
2002 Canary Islands Zc (7), Me (2), Md (1), unid. ziphiids (9) Naval maneuvers
2002 Baja California Zc (2) Seismic airgun
2004 Canary Islands Zc (2) Naval maneuvers



Source: J. Mead (pers. comm.), with updates by the author.



Note: Zc, Cuvier’s beaked whale. Other beaked whales that stranded during these events included Gervais’ beaked whale, Mesoplodon europaeus (Me), and
Blainville’s beaked whale, Mesoplodon densirostris (Md).
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of the 13 May stranding locations are located farther north.
Correlation of stranding times and source track locations
for 12 May suggests that at least three of the six animals with
known stranding times were affected by the 0600–0800 h
source tow as their stranding times precede the 1100–1300
h source tow. Assuming that they were near the source
when they were exposed to the sound (and therefore ex-
posed at levels above 190 dB re 1 µPa), their swimming dis-
tances to reach the shore would be approximately 30 nmi,
covered at speeds of approximately 10 knots. Alternatively,
they might have been exposed at locations inshore relative
to the source, which would suggest lower sound exposure
levels (140–160 dB re 1 µPa) but shorter swimming distances
and speeds. The two 12 May afternoon stranding locations
with known times likewise occurred at swimming distances
of 20–30 nmi from the source track locations.
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Fig. 7.1. Reported Cuvier’s beaked whale mass stranding events tabulated
by decade. Total numbers of reported events per decade (gray) are
shown, along with the events documented in association with naval
activities or airgun usage (black). Incidence of mass-stranding events
increased following the deployment of mid-frequency ASW sonar
beginning in the 1960s (dashed line), although the level of effort
dedicated to reporting has also increased during this period.
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Bahamas, 15–16 March 2000



Sixteen cetaceans were found stranded along the Provi-
dence Channel in the Bahama Islands during a 2-day period
in March 2000, and the episode was correlated with a U.S.
Navy training exercise using ASW sonar (Evans and Eng-
land 2001). The stranded animals were predominantly
beaked whales (seven Ziphius cavirostris, three Mesoplodon
densirostris, and two ziphiid sp.), although two minke whales
were among the animals that live-stranded. One Atlantic
spotted dolphin (Stenella frontalis) stranded at a somewhat
distant location and is thought to have died of unrelated
causes. Eight of the beaked whales died and the remaining
animals were refloated, their fates remaining unknown
(Balcomb and Claridge 2001). Tissue samples were col-
lected from five of the dead beaked whales. Gross necropsy
results suggested that all five were in good body condition;
none showed evidence of debilitating disease. Hemor-
rhages were found in the acoustic fats of the head, the inner
ears, and spaces around the brain, with no evidence of ex-
ternal blunt-force trauma. The pattern of injury in the fresh-
est specimens suggested that the ears were structurally in-
tact and that the animals were alive at the time of injury
(Ketten et al. 2004).



Five Navy ships were operating hull-mounted ASW
sonars in the area, four of which were described in a pre-
liminary report (Evans and England 2001). Of the four ships
described, two operated SQS-53C hull-mounted sonars and
two used SQS-56 hull-mounted sonars (Watts 2003). The
former were operated at 2.6 and 3.3 kHz with a source level
of 235 dB re 1 µPa at 1 m or higher and ping lengths of 0.5–2
s alternating between tones and FM sweeps. The latter were
operated at 6.8, 7.5, and 8.2 kHz at 223 dB re 1 µPa at 1 m.
Integrated sound exposures of 160–165 dB re 1 µPa for
50–150 s would have been experienced in near-surface wa-
ters (15 m depth) throughout much of the Providence
Channel on 15 March 2000 (Evans and England 2001). Peak
sound pressure levels above 185 dB re 1 µPa would have
been experienced only within a few hundred meters of the
ship tracklines along the central portion of the channel.



The association in space and time between the stranding
locations and acoustic source tracks shown in Figure 7.3 is



Fig. 7.2. Kyparissiakos Gulf, Greece, Cuvier’s
beaked whale (Ziphius cavirostris) mass
stranding locations and acoustic source tracks
for 12 May and 13 May 1996. Times for the
source tracks and strandings are indicated in
GMT. The stranding locations for each day are
indicated by black dots on the respective maps.
For 13 May, strandings occurring on the
previous day are indicated by white dots;
strandings occurring after 13 May are shown
by gray dots (D’Amico and Verboom 1998,
Frantzis 2004).
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compelling evidence that these animals were affected by the
high-intensity sound sources (Evans and England 2001). A
few hours before midnight on 15 March, two source ships
(designated B and C) entered the Providence Channel off
the southwest end of Abaco Island and moved through the
channel toward the west. Both ships were using active sonar
as they entered the channel (ship B 53C sonar, and ship C 56
sonar) with pulse repetition rates of about 24 s. The second
pair of source ships (A with 53C sonar, and D with 56 sonar)
entered the channel at about 0400 h on 15 March, again
from the east and moving west.



A cluster of strandings occurred at the south end of
Abaco Island during the morning of 15 March, with the first
recorded stranding at 0730 h. These strandings appear to
have occurred at the same time or soon after the second pair
of source ships passed through the channel south of Abaco,
and about 8 h after the first pair of source ships passed this
point in the channel. These standings occurred at minimum
ranges of 10–30 nmi from the ships’ closest points of ap-
proach. During the late morning, the source ships moved
northwestward, approaching Grand Bahama Island, and a
cluster of noon and afternoon strandings occurred on the
south coast of Grand Bahama Island, again with minimum
source-to-shore ranges of 20–30 nmi. Balcomb and Claridge
(2001) noted that individual Cuvier’s beaked whales that
had been identified photographically in this region previ-
ously have not been sighted subsequent to the stranding
event, suggesting that the beaked whale mortality was
higher than simply the number of whales that were known
to have mass stranded.
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Fig. 7.3. Bahamas stranding locations and acoustic source tracks for 15
March 2000. Stranding locations (asterisks) are shown, along with known
stranding times (all times are given as local). Tracks for four U.S. Navy
ships are shown moving from east to west through the Providence
Channel. Ship tracks are shown as broken lines (ships are given
designations A, B, C, and D following Evans and England 2001). Arrows
along each ship track designates 0730 h, the time of the first recorded
stranding, located at the south end of Abaco Island. Ships B and C entered
the channel near Abaco before midnight on 15 March, whereas ships A
and D entered the channel at about 0400 h (Evans and England 2001).



The highest sound exposures would have been experi-
enced by animals distributed at locations along the source
tracks, suggesting that following exposure they might have
swum toward the stranding sites 10–30 nmi distant. How-
ever, data on beaked whale distribution (K. Balcomb and D.
Claridge pers. comm.) suggest that Mesoplodon densirostris is
found predominantly along the margins of the channel, in
waters about 500 m deep, and that Z. cavirostris is also found
along the channel margins, but in deeper waters. Combin-
ing the source modeling and the animal distribution data
suggests that sound at moderate exposure levels (e.g.,
150–160 dB re 1 µPa for 50–150 s) would have been received
at the most likely locations of beaked whales in Providence
Channel (Evans and England 2001).



Madeira, May 2000



Three Cuvier’s beaked whales stranded in May 2000 on the
Madeira Archipelago in the northeastern Atlantic (Freitas
2004). The area south of Madeira Island, specifically the
deep channel between Madeira and Porto Santo islands, is a
known location for Ziphius cavirostris sightings. The animals
stranded on 9, 13, and 14 May: two subadults (one male, one
female) and a female of unknown age. The two subadults
were examined and found to have eye hemorrhages, pleural
hemorrhages, and lesions of the lungs (Freitas 2004). It was
concluded that they had stranded while still alive. The third
animal was found in an advanced state of decomposition
and was not examined in detail. A NATO exercise was sig-
naled by the presence of naval vessels and aircraft in the
deepwater channel between the islands during the period
9–14 May. The exercise was reported to have involved one
aircraft carrier, three submarines, and more than forty sur-
face vessels. Details of the acoustic sources in use during the
exercise have not been made available.



Canary Islands, 24 September 2002



A mass stranding of fourteen to nineteen beaked whales oc-
curred on the Canary Islands of Fuerteventura and Lan-
zarote, associated with naval maneuvers by Spain and other
NATO countries on 24–25 September 2002. The stranded
animals included seven Ziphius cavirostris, two Mesoplodon
europaeus, and one M. densirostris. On 24 September a total
of fourteen animals were found stranded; five were dead,
three were alive and subsequently died, and six were pushed
back to sea. Five more animals were found dead and in a de-
composed state between 25 and 28 September. It is possible
that these included animals that had been pushed out to sea
and then had stranded again. Preliminary necropsy results
for six of the beaked whales suggest that they were healthy.
The strandings occurred at dawn or in the early morning,
and the animals that were found alive all appeared disori-
ented. Those that were found dead had been feeding shortly
prior to stranding (Martín et al. 2004).



Necropsies and dissections (Fernández 2004) revealed no
visible signs of traumatic lesions physically caused by ship
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strikes, fishing activities, or blunt trauma generally. The
stomach contents, and their freshness and digestive status,
indicated that there was only a short period between the on-
set of illness and death.



Examination of these animals’ heads and bodies revealed
hemorrhages and bubbles (Fernández 2004). Hemorrhages
were observed along acoustic paths in the head and in the
brain and spinal cord. The hemorrhagic areas observed
macroscopically in the acoustic fat were also demonstrated
histologically. All of the animals were bleeding profusely
from the eyes and there was evidence of multifocal pe-
techial (pinpoint) hemorrhages. Fat embolisms were ob-
served, which could have been responsible for hemorrhages
in the macrovascular system. Focal hemorrhages were
found in the dura mater membrane, and there was a large
quantity of blood in the subarachnoid space around the 
cranial spinal cord. A generalized congestion of the blood
vessels in the brain was seen in all the fresh animals, and
multifocal subarachnoid hemorrhages were detected. Addi-
tionally, in the tissues that were fresh, empty spaces and 
bubbles were seen inside the blood vessels. In sections of
the brain, multifocal petechial hemorrhages were located
mainly in the white matter. All the lungs presented general
diffuse congestion, some subpleural hemorrhages, and alve-
olar edema. The kidneys were enlarged, with marked vas-
cular congestion and hemorrhages in the capsular and in-
terstitial areas. Degeneration (in vivo) of vestibucochlear
portions of the ear was noted. Although the exact physical
mechanism for these injuries is not known, several hy-
potheses currently under investigation are focused on
nonauditory acoustic effects ( Jepson et al. 2003).



The strandings occurred along the southeastern coast of
the islands of Fuerteventura and Lanzarote. At the time of
the 24–25 September strandings, ten NATO countries (Ger-
many, Belgium, Canada, France, Greece, Norway, Portugal,
Turkey, the United Kingdom, and the United States) 
were conducting a multinational naval exercise (known as
NEOTAPON[AQ3] 2002); however, the acoustic sources
employed during the exercise are not known at this time.
The participating countries include ASW sonar in their ca-
pabilities although the details of their systems vary (Watts
2003). Common features of the sonars that may have been
used in this exercise include high-amplitude source levels
(SPL > 223 dB RMS re 1 µPa at 1 m), periodic (15–60 s) rep-
etition, pulses (up to ∼4 s), with significant energy at mid-
dle frequencies (3–10 kHz), and formed into horizontally di-
rective beams (Watts 2003). Eight mass strandings of Z.
cavirostris have been documented in the Canary Islands
since 1985, and naval exercises have been recorded as asso-
ciated with five of them (Table 7.5; Martín et al. 2004).



Gulf of California, 24 September 2002



A stranding of two Ziphius cavirostris occurred on 24 Sep-
tember 2002 on Isla San Jose in the Gulf of California, Mex-
ico, coincident with seismic reflection profiling by the R/V
Maurice Ewing operated by Columbia University, Lamont-



Doherty Earth Observatory (Malakoff 2002, Taylor et al.
2004). On 24 September at about 1400–1600 h local time
(2100–2300 h GMT), fishermen discovered two live-
stranded whales and unsuccessfully attempted to push
them back out to sea ( J. Urbán-Ramírez pers. comm.). A
group of marine biologists found the whales dead on 25
September (B. Taylor pers. comm.). By 27 September, when
one carcass was necropsied, the advanced state of decom-
position precluded determination of the cause of death.



On 24 September the R/V Ewing had been firing an array
of twenty airguns with a total volume of 8,500 in.3. Such an
array is expected to have an effective broadband source level
of 256 dB peak re 1 µPa at 1m, with maximum energy at fre-
quencies of 40–90 Hz. A later attempt to directly measure
the array source level (Tolstoy et al. 2004) was unsuccessful
owing to equipment malfunction and ambiguities in con-
verting the pulsed signals into RMS pressure values. Source
levels of airgun arrays at middle frequencies (1–5 kHz) are
thought to be diminished from levels at low frequencies by
20–40 dB (Goold and Fish 1998, Tolstoy et al. 2004). The 
Ewing airguns were fired with a repetition rate of approxi-
mately 20 s (50 m distance between shots). Figure 7.4 shows
the Ewing track for 24–25 September; the ship was on a tran-
sect line directed toward the stranding site and reached the
closest point of approach (18 nmi) at 1430 h local time (2130
h GMT). These animals would have received the highest
sound pressure levels if they were exposed at locations near
the source tracks. Then, following exposure, they might
have swum toward the stranding site 20–30 nmi distant. Al-
ternatively, they might have been exposed at lower source
levels at locations nearer the stranding site.



Summary of Beaked Whale Stranding Events



The mass strandings of beaked whales following exposure
to sound from sonar or airguns present a consistent pattern
of events. Cuvier’s beaked whales are, by far, the most com-
monly involved species,; making up 81% of the total num-
ber of stranded animals. Other beaked whales (including
Mesoplodon europaeus, M. densirostris, and Hyperoodon ampul-
latus) account for 14% of the total, and other cetacean
species (Stenella coeruleoalba, Kogia breviceps, and Balaenoptera
acutorostrata) are sparsely represented. It is not clear
whether: (a) Ziphius cavirostris are more prone to injury
from high-intensity sound than other species, (b) their be-
havioral response to sound makes them more likely to
strand, or (c) they are substantially more abundant than the
other affected species in the areas and times of the expo-
sures leading to the mass strandings. One, two, or three of
these possibilities could apply. In any event, Z. cavirostris has
proven to be the “miner’s canary” for high-intensity sound
impacts. The deployment of naval ASW sonars in the 1960s
and the coincident increase in Z. cavirostris mass strandings
suggest that lethal impacts of anthropogenic sound on
cetaceans have been occurring for at least several decades.



The settings for these strandings are strikingly consistent:
an island or archipelago with deep water nearby, appropri-
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ate for beaked whale foraging habitat. The conditions for
mass stranding may be optimized when the sound source
transits a deep channel between two islands, such as in the
Bahamas, and apparently in the Madeira incident. When ex-
posed to these sounds, some beaked whales swim to the
nearest beach. The animals appear on the beach not as a
tight cluster of individuals but rather distributed over miles
of coastline. Such scatter in the distribution of stranding lo-
cations is an important characteristic, which has resulted in
these events being called “atypical” mass strandings
(Frantzis 1998, 2004, Brownell et al. 2004). The stranded an-
imals die if they are not returned to the sea by human in-
tervention, and the fate of the animals that are returned to
the sea is unknown. Necropsies of stranded animals suggest
internal bleeding in the eyes, ears, and brain, as well as fat
embolisms.



The implicated sounds involve pulses with high-intensity
source levels (235 dB re 1 µPa at 1 m) from sonar or airgun
arrays. Middle frequencies (1–6 kHz) are clearly implicated
in the sonar-induced stranding incidents. It is unclear
whether low-frequency sound also has the potential of caus-
ing injury to beaked whales. Although airguns create pre-
dominantly low-frequency energy, they may also have am-
ple mid-frequency energy. The actual sound exposure levels
received by animals that later strand are unknown although
in the best-documented events these levels may be bounded
by careful sound propagation modeling and by knowledge
of where the animals are most likely to be found. Source 
levels high enough to create permanent or temporary hear-
ing loss would be experienced only at ranges close to the
source (< 1 km). The sound exposures calculated for sites of
most likely animal presence appear to be significantly lower.
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Fig. 7.4. Gulf of California Ziphius cavirostris stranding location (black
dot) and best estimate for the time of stranding (2200 h GMT), along
with the R/V Ewing track for 24–25 September 2002. Times along the
ship’s track are indicated in GMT. The ship’s closest point of approach to
the stranding site was 18 nmi.



For instance, in the Bahamas, the most likely exposure lev-
els appear to have been 150–160 dB re 1 µPa for 50–150 s, or
less, well below the level expected to create hearing loss in
odontocetes. Given that damage to hearing appears un-
likely, other mechanisms are needed to explain the connec-
tion between sound exposure and stranding in beaked
whales.



RESEARCH PRIORITIES FOR SOUND
EFFECTS ON MARINE MAMMALS



A decade has passed since the National Research Council
(1994) outlined a set of research priorities for understanding
the effects of noise on marine mammals. In most of the areas
outlined for study, a basic understanding is still lacking. Many
of the same research priorities were reiterated by two sub-
sequent National Research Council (2000a, 2003b) reports.
The need to study the impacts of noise in the field rather
than in captive settings means that a clear understanding
may not become available for many years. There is also the
need to differentiate the effects that are significant for indi-
vidual animals from those that are significant on a popula-
tion level. Addressing population-level impacts requires ob-
servations that are distributed in space and time and large
numbers of observations to provide statistical power.



Priority 1: Understand, in detail, the causes of mass strandings
of beaked whales. When exposed to high-intensity sound,
some beaked whales strand and die. Understanding the
causes and consequences of beaked whale mass stranding
represents the highest research priority for marine mam-
malogists studying the conservation implications of expo-
sure to sound. The sound levels implicated in these events is
probably not sufficient to cause permanent or temporary
hearing threshold shifts. What is the mechanism for damage
or disturbance? The behavioral reaction is swift and vigor-
ous on an individual level. The lack of close animal cluster-
ing on the beach suggests little or no social component to
these strandings, yet the potential for large numbers of an-
imals to strand suggests significance at a population level.
What are the source characteristics that lead to damage? Is
low-frequency sound (the primary energy component of
airguns) as damaging as mid-frequency sound (used by SQS-
53 ASW tactical sonars)? What sound pressure exposure
level creates damage or disturbance? Beaked whale mass
stranding events make it clear that high-intensity anthro-
pogenic sound is a threat to at least some marine mammals,
yet key parameters about beaked whale strandings must 
be understood before we can predict the impacts of high-
intensity sound on other species in other settings.



Priority 2: Determine behavioral responses to anthropogenic
sound. A key impediment to assessing the biological effects
of ocean noise is the paucity of knowledge about marine
mammal behavior and specifically the lack of understanding
of their behavioral responses to anthropogenic sound. Be-
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havioral data must be collected in the wild to provide a basis
for understanding potential effects. Significant effects of
ocean noise may be confined to a few individuals exposed to
high sound pressure levels, or they may extend to entire pop-
ulations as a result of widespread exposure. Controlled ex-
posure experiments might be helpful in defining obvious or
short-term effects on individuals but may not reveal long-
term impacts. Discerning population-level effects is chal-
lenging as the observations must be conducted over long dis-
tances and extended periods of time, and there are many
confounding influences. Relating migration and movement
to noise level is one potential approach. Do marine mam-
mals systematically avoid habitat areas with high noise lev-
els? More subtle behavioral changes may be associated with
exposure to high ambient ocean noise. Is natural sound (e.g.,
snapping shrimp) useful for prey location? A better under-
standing of how and why marine mammals make and use
sound would greatly aid our ability to predict how ocean
noise might be disruptive to marine mammal behavior. The
sound avoidance response has been exploited to exclude ma-
rine mammals from fish pens and fishing operation areas us-
ing acoustic harassment devices. However, does their be-
havioral response take place before some hearing loss
occurs? Our ignorance about marine mammal behavioral re-
sponses to sound is abysmal, and knowledge of this subject
must be improved in the face of rising ocean noise levels.



Priority 3: Improve tools for assessing and measuring the be-
havior of marine mammals. Better research tools are needed
to observe marine mammal behavior in the wild. Such tools
are needed both to characterize normal behavior and to de-
tect changes in behavior associated with anthropogenic
sound. Acoustic recording tags are important for detailed
behavioral studies in the presence of sound. Technical im-
provements are needed over current tags to increase their
duration of attachment, to expand the volume of stored
data, and to enhance the suite of available sensors. Im-
provements to the tag attachment system are particularly
needed for large cetaceans, which cannot be captured for
tagging. Current noninvasive attachments have limited du-
ration, whereas invasive attachments may involve both dis-
turbance and injury to the animal. Technology for passive
acoustic tracking is another important component of be-
havioral study with the potential for improvement.



Priority 4: Develop tools to study marine mammal physiology in
the wild. For many species of marine mammal, large num-



bers of individuals will probably never be maintained in cap-
tivity for study of their physiology, so tools are needed to
study marine mammal physiology in the wild. For instance,
indicators of stress may be used to assess the impact of an-
thropogenic noise. If stress factors can be measured from
blubber or blood samples, perhaps biopsy or other tissue
samples collected in the wild could reveal regional or popu-
lation-wide stress levels associated with noise. Moreover,
without a field method that can be rapidly deployed to de-
termine hearing capabilities, it is difficult to collect audio-
metric data on all marine mammal species and under the full
range of conditions where chronic noise may have degraded
hearing capabilities. The ability to collect audiometric data
on a beached or net-entangled animal is a first step and will
be especially useful when high-intensity sound is suspected
of having played a role in the animal’s stranding.



Priority 5: Characterize and monitor marine mammal popula-
tions in areas of high-intensity sound generation. High-intensity
anthropogenic ocean sound sources are primarily concen-
trated in well-defined zones: (a) at major commercial ports
and along shipping lanes, (b) within military test and training
sites, and (c) within regions of oil exploration and develop-
ment. The marine mammal populations that inhabit or move
through those zones should be characterized and monitored.
A combination of visual and acoustic monitoring may be
necessary for efficient assessment of marine mammal distri-
butions, ambient noise, and anthropogenic sound. Such
monitoring data will help determine whether noise is a fac-
tor in discouraging habitat use by marine mammals.
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Global Assessment of Organic
Contaminants in Farmed Salmon



Ronald A. Hites,1* Jeffery A. Foran,2 David O. Carpenter,3



M. Coreen Hamilton,4 Barbara A. Knuth,5 Steven J. Schwager6



The annual global production of farmed salmon has increased by a factor of 40
during the past two decades. Salmon from farms in northern Europe, North
America, and Chile are now available widely year-round at relatively low prices.
Salmon farms have been criticized for their ecological effects, but the potential
human health risks of farmed salmon consumption have not been examined
rigorously. Having analyzed over 2 metric tons of farmed and wild salmon from
around the world for organochlorine contaminants, we show that concentra-
tions of these contaminants are significantly higher in farmed salmon than in
wild. European-raised salmon have significantly greater contaminant loads than
those raised in North and South America, indicating the need for further
investigation into the sources of contamination. Risk analysis indicates that
consumption of farmed Atlantic salmon may pose health risks that detract from
the beneficial effects of fish consumption.



Between 1987 and 1999, salmon consump-
tion increased annually at a rate of 14% in the
European Union and 23% in the United
States (1). Currently, over half the salmon
sold globally is farm-raised in Northern Eu-
rope, Chile, Canada, and the United States,
and the annual global production of farmed
salmon (predominantly Atlantic salmon,
Salmo salar) has risen from �24,000 to over
1 million metric tons during the past two
decades (2). The health benefits of eating fish
such as salmon have been well documented
(3, 4). However, salmon are relatively fatty
carnivorous fish that feed high in the food
web, and as such, they bioaccumulate con-



taminants (5). The potential risks of eating
contaminated farmed salmon have not been
well evaluated. Three previous studies re-
porting contaminants in salmon are incon-
clusive because of their very small sample
sizes and narrow geographic representation
(6–8). As a result, the extent of this prob-
lem and the potential risks to human health
remain unclear.



We measured organochlorine contami-
nants in approximately 700 farmed and wild
salmon (totaling �2 metric tons) collected
from around the world. We do not report on
other important contaminants, such as meth-
ylmercury, because our preliminary study (9)
showed no significant difference in methyl-
mercury levels between farmed and wild
salmon. Using the data on organochlorine
contaminants, we assessed the variation in
contaminant loads between farmed and wild
salmon and among geographic regions, and
we calculated the human health risks of salm-
on consumption. Farmed Atlantic salmon
from eight major producing regions in the
Northern and Southern hemispheres were
purchased from wholesalers that could obtain
fish of the appropriate size within the sam-



pling period; in addition, farmed Atlantic
salmon fillets were purchased at supermar-
kets in 16 large cities in North America and
Europe. For comparison, samples of five wild
species of Pacific salmon [chum (Oncorhyn-
cus keta), coho (O. kisutch), chinook (O.
tshawytscha), pink (O. gorbuscha), and sock-
eye (O. nerka)] were obtained from three
different geographic regions. Wild Atlantic
salmon were not studied because few are
available commercially; nor did we analyze
farmed Pacific salmon because they are not
raised in any substantial amounts (2, 10).



A total of 594 individual whole salmon
were purchased from wholesalers and fil-
leted; an additional 144 fillets were pur-
chased from retailers in Boston, Chicago,
Denver, Edinburgh, Frankfurt, London, Los
Angeles, New Orleans, New York, Oslo, Par-
is, San Francisco, Seattle, Toronto, Vancou-
ver, and Washington, DC. Composites of fil-
lets from whole salmon were made on the
basis of the location where they were pro-
duced (farmed salmon) or purchased (wild
salmon). Composites of fillets from retailers
were made on the basis of the retail outlet
where they were purchased. Each composite
sample consisted of fillets from three salmon
per location or three fillets per retail outlet,
giving 246 measurable samples. All samples
were homogenized and analyzed by gas chro-
matographic high-resolution mass spectrom-
etry (11). Strict quality assurance and quality
control procedures were followed (11). Thir-
teen samples of salmon feed were purchased
from the European, North American, and
South American outlets of the two major fish
feed companies, which together have �80%
of the global market for fish feed (12), and
were analyzed as above.



Contaminant concentrations in farmed
and wild salmon were compared by analysis
of variance. In comparing wild and farmed
salmon, farmed salmon were considered as a
single group. In addition, locations at which
salmon were farmed were compared by anal-
ysis of variance with multiple comparisons of
means to test for differences among locations
in contaminant levels. In all analyses of vari-
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ance, the replicate composites from each
source were not assumed to be independent
observations. Differences between farmed
and wild salmon and differences among
farming locations were consistently substan-
tial and highly significant.



Figure 1 shows the concentrations of 14
organochlorine contaminants in the samples
of farmed and wild salmon. Thirteen of these
contaminants were significantly more con-
centrated in the farmed salmon as a group
than in the wild salmon [F � 3.75, P �
0.0573 for lindane; F � 9.93, P � 0.0025 for
hexachlorobenzene (HCB); and F � 11.71,
P � 0.001 for the other 12 contaminants,
with df � (1, 64) for all]. Concentrations in
farmed salmon from Europe and from North
America were significantly higher than those
in wild salmon for all 14 contaminants (P �
0.05 for all 28 comparisons). Concentrations
in farmed salmon from South America were
significantly higher than those in wild salmon
for six contaminants [polychlorinated biphe-
nyls (PCBs), dioxins, dieldrin, cis-nonachlor,
total DDT, and mirex] but significantly lower
for two contaminants (HCB and lindane)
(P � 0.05 for each). In addition, concentra-



tions of all contaminants in farmed salmon
from Europe were significantly greater than
concentrations in farmed salmon from both
North and South America [F � 8.31 to
65.87, with df �(2, 48); P � 0.001 for all
14 contaminants].



We focused additional analysis on PCBs,
dioxins, toxaphene, and dieldrin because the
patterns of their occurrence in farmed and
wild salmon are similar to the patterns of all
contaminants evaluated in this study and
because an abundance of human health risk
information is available for these com-
pounds (13–19).



The average measured concentrations for
these four contaminants are shown in Fig. 2,
A to D, as a function of location. As noted
above, total PCBs, dioxins, toxaphene, and
dieldrin were consistently and significantly
more concentrated in the farmed salmon as a
group than in the wild salmon [F � 60.53,
26.80, 15.03, and 32.22, with df �(1, 64) for
all; P � 0.0003 for all]. Salmon fillets ob-



tained from commercial outlets in the various
cities generally clustered with the farmed
samples, not with the wild samples.



PCB, dioxin, toxaphene, and dieldrin con-
centrations were highest in farmed salmon
from Scotland and the Faroe Islands and low-
est in farmed salmon from Chile and Wash-
ington state. Salmon produced in Europe had
significantly higher contaminant levels than
those produced in both North and South
America [F � 26.15, 23.36, 64.42, and 59.26,
with df �(2, 48) for all; P � 0.0001 for all].
Even the least contaminated farmed salmon,
from Chile and Washington state, had signif-
icantly higher contaminant loads of PCBs,
dioxins, and dieldrin than wild salmon [F �
28.55, 8.61, and 4.66, with df �(1, 26); P �
0.0001, P � 0.0069, and P � 0.0402, respec-
tively]. Farmed salmon fillets purchased from
supermarkets in Frankfurt, Edinburgh, Paris,
London, and Oslo were generally the most
contaminated, although those purchased in
Boston and San Francisco approached these



Fig. 1. Concentrations (in ng/g wet weight,
except dioxins) of 14 contaminants found in
farm-raised (red bars) and wild (green bars)
salmon. The vertical lines represent the 10th,
50th, and 90th percentiles, and the boxes rep-
resent the 25th to 75th percentiles. Dioxins are
in pg of World Health Organization toxic equiv-
alents (WHO-TEQs) per g of wet weight and
include polychlorinated dibenzo-p-dioxins and
dibenzofurans and dioxin-like PCBs. Typically
75% of the total TEQ was due to the dioxin-like
PCBs. Other abbreviations are as follows: Tot
DDT, the p,p� and o,p� isomers of DDT, DDD,
and DDE; Nona, nonachlor; Chlor, chlordane;
Hep Epox, heptachlor epoxide.



Fig. 2. Concentrations of (A) PCBs in ng/g wet weight, (B) dioxins (for detail, see Fig. 1) in pg of
WHO-TEQ/g wet weight, (C) toxaphene in ng/g wet weight, and (D) dieldrin in ng/g wet weight
in farmed, supermarket, and wild salmon. The concentrations are all given as functions of the
locations where the salmon were grown or purchased. Red represents farmed salmon, green
represents wild salmon, and yellow represents salmon purchased at supermarkets. The error bars
represent standard errors. The number of samples is given in parentheses after the location
identifier. The locations are sequenced by average contaminant rank.
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concentrations. Those purchased in New Or-
leans and Denver were the least contaminated
of the store-bought samples. The concentra-
tions of PCBs, dioxins, toxaphene, and diel-
drin in salmon fillets purchased in cities in
Europe were significantly higher than in
those purchased in cities in North America
[F � 22.08, 31.46, 116.80, and 36.50, with
df �(1, 14); P � 0.0001 for all]. Most of the
salmon sold in European stores comes from
European farms, which produce the more
contaminated salmon, whereas much of the
salmon sold in U.S. stores comes from Chile
and Canada (20, 21).



Some of the concentrations in the store-
bought farmed samples were quite variable. For
example, dieldrin concentrations in the three
samples purchased in Washington, DC, were
4.63, 0.61, and 0.46 ng per gram of wet weight
(ng/g wet weight). Based on information from



the retailer, the two Washington, DC, samples
with the lowest concentrations came from
farms in Chile, and the one with the highest
concentration came from a farm in Iceland.
This is further evidence that farmed salmon
from the North Atlantic had higher contaminant
concentrations than those from Chile.



The large differences between the farmed
and wild salmon contaminant concentrations
are most likely a function of their diet. Farmed
salmon are fed a concentrated feed high in fish
oils and fish meal, which is obtained primarily
from small pelagic fishes (22). We analyzed 13
samples of commercial salmon feed (Fig. 3).
Although the concentrations in these feed sam-
ples were quite variable, they were generally
similar to or greater than those in the farmed
salmon. The concentrations in feed purchased
from Europe were significantly higher than
those in feed purchased from North and South



America [F � 7.05, 11.16, 31.35, and 6.78,
with df � (1, 11); P � 0.022, 0.007, 0.001, and
0.024, respectively]. This may reflect higher
contaminant concentrations in forage fish from
the industrialized waters of Europe’s North At-
lantic as compared to forage fish from the wa-
ters off North and South America—the primary
sources of fish harvested for fish meal and fish
oil (23). Uptake of organic contaminants from
water to fish is a minor accumulation pathway
(24), so we did not analyze contaminants in
water where farmed and wild salmon live.



The human health effects of exposure to
PCBs, toxaphene, and dieldrin in salmon tis-
sues are a function of contaminant toxicity,
concentration in fish tissues, and fish con-
sumption rates. We used the approach of the
U.S. Environmental Protection Agency
(EPA) (25) to assess the comparative health
risks of consuming farmed and wild salmon.
Individual contaminant concentrations in
farmed and wild salmon do not exceed U.S.
Food and Drug Administration (FDA) action
or tolerance levels for PCBs and dieldrin
(26). However, FDA action and tolerance
levels are not strictly health-based, do not
address the health risks of concurrent expo-
sure to more than one contaminant, and do
not provide guidance for acceptable levels of
toxaphene and dioxins in fish tissue (27–29).
The U.S. EPA approach (25) is designed to
manage health risks by providing risk-based
consumption advice regarding contaminated
fish (for example, one should limit consump-
tion of a particular species to a specified
number of meals per month or week).



The combined concentrations of PCBs, tox-
aphene, and dieldrin trigger stringent consump-
tion advice for farmed salmon purchased from
wholesalers and for store-bought farmed fillets.
This advice is much more restrictive than con-
sumption advice triggered by contaminants in
the tissues of wild salmon (Fig. 4, A and B).
The most restrictive advice (less than one-half
meal of salmon per month), which reflects the
highest health risks, was generated for farmed
salmon fillets purchased from stores in Frank-
furt, Germany, and for farmed salmon from
Scotland and the Faroe Islands. The concentra-
tions of PCBs, toxaphene, and dieldrin trigger
EPA consumption advice of no more than 1
meal per month for all samples of farmed salm-
on and for all but two samples of store-bought
salmon, for which the advice is no more than 2
meals per month.



The methods used to develop this con-
sumption advice for PCBs, toxaphene, and
dieldrin are based on estimates of potential
cancer risks and on an assumption of risk
additivity (25). A variety of noncancer health
effects have also been associated with expo-
sure to PCBs (19), toxaphene (30), dieldrin
(31), and other contaminants found in salm-
on. Some of these noncancer endpoints, such
as adverse neurobehavioral and immune ef-



Fig. 3. Concentrations of
(A) PCBs in ng/g wet
weight, (B) dioxins (for
detail, see Fig. 1) in pg of
WHO-TEQ/g wet weight,
(C) toxaphene in ng/g wet
weight, and (D) dieldrin in
ng/g wet weight in com-
mercial fish feed pur-
chased at facilities in var-
ious countries at various
times of the year. Each
bar represents the analy-
sis of one sample of fish
feed, and the country
from which it was ob-
tained is indicated. The
concentrations are given
as functions of the loca-
tions where the fish feed
was purchased. Fish feed
purchased in Europe is in-
dicated by red, and fish
feed purchased in North
or South America is indi-
cated by gray. The loca-
tions are sequenced by av-
erage contaminant rank.



Fig. 4. Consumption advisories (in meals per month) based on U.S. EPA cumulative risk assessment
methods for PCBs, toxaphene, and dieldrin for (A) farmed (red) and wild (green) salmon and for (B)
supermarket salmon (yellow). The country in which the salmon was produced or the city from
which it was purchased is indicated.
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fects and endocrine disruption, occur at lower
concentrations than those implicated in can-
cer (17). However, these hazards were not
considered in the present analysis because
quantitative risk or threshold levels are not
available regarding these effects.



Our data indicate that farmed salmon have
significantly higher contaminant burdens than
wild salmon and that farmed salmon from Eu-
rope are significantly more contaminated than
farmed salmon from South and North America.
Fish that is not contaminated is a healthy food,
high in nutrients, such as omega-3 polyunsatu-
rated fatty acids, that are known to have a
variety of beneficial human health effects (3,
4). However, this study suggests that consump-
tion of farmed salmon may result in exposure to
a variety of persistent bioaccumulative contam-
inants with the potential for an elevation in
attendant health risks. Although the risk/benefit
computation is complicated, consumption of
farmed Atlantic salmon may pose risks that
detract from the beneficial effects of fish con-
sumption. This study also demonstrates the im-
portance of labeling salmon as farmed and
identifying the country of origin. Further stud-
ies of contaminant sources, particularly in feeds
used for farmed carnivorous species such as
salmon, are needed.
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Regulation of Bone Mass in Mice
by the Lipoxygenase Gene Alox15
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The development of osteoporosis involves the interaction of multiple en-
vironmental and genetic factors. Through combined genetic and genomic
approaches, we identified the lipoxygenase gene Alox15 as a negative reg-
ulator of peak bone mineral density in mice. Crossbreeding experiments with
Alox15 knockout mice confirmed that 12/15-lipoxygenase plays a role in
skeletal development. Pharmacologic inhibitors of this enzyme improved
bone density and strength in two rodent models of osteoporosis. These
results suggest that drugs targeting the 12/15-lipoxygenase pathway merit
investigation as a therapy for osteoporosis.



Osteoporosis is one of the most common
bone and mineral disorders in all aging com-
munities. It is characterized by low bone
mass (and thus, low bone strength), which
results in fractures from relatively minor trau-
ma. Although life-style and environmental
factors play key roles in the development of
osteoporosis, there is now clear evidence that
genetic factors are also of great importance
(1). Bone mineral density (BMD) achieved in



early adulthood (peak bone mass) is a major
predictor of osteoporotic fracture risk. Genet-
ic segregation analyses in inbred mouse
strains (2) have identified linkage between
peak BMD and several chromosomal regions
(or quantitative trait loci, QTLs), but the
identities of the underlying genes remain un-
known. Recent studies suggest that regulato-
ry variation is important in a variety of com-
plex traits (3). Quantitative gene expression
studies can identify genetic variation affect-
ing transcription within genes contributing to
differences in complex traits. This is particu-
larly useful for analysis of traits for which a
priori gene candidates do not exist.



To identify genes that might regulate BMD,
we investigated a region on mouse chromo-
some 11 that strongly influences peak BMD
(4). We generated a DGA/2 (D2) background
congenic mouse with an 82-megabase (Mb)
region of chromosome 11 replaced by the cor-
responding region of the C57BL/6 (B6) ge-
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Spreading Dead Zones and
Consequences for Marine Ecosystems
Robert J. Diaz1* and Rutger Rosenberg2



Dead zones in the coastal oceans have spread exponentially since the 1960s and have serious
consequences for ecosystem functioning. The formation of dead zones has been exacerbated by the
increase in primary production and consequent worldwide coastal eutrophication fueled by riverine
runoff of fertilizers and the burning of fossil fuels. Enhanced primary production results in an
accumulation of particulate organic matter, which encourages microbial activity and the consumption of
dissolved oxygen in bottom waters. Dead zones have now been reported from more than 400 systems,
affecting a total area of more than 245,000 square kilometers, and are probably a key stressor
on marine ecosystems.



The visible ecosystem response to eutroph-
ication is the greening of the water column
as the algae and vegetation in coastal areas



grow in direct response to nutrient enrichment.
Themost serious threat from eutrophication is the
unseen decrease in dissolved oxygen (DO) levels
in bottom waters, created as planktonic algae
die and add to the flow of organic matter to the
seabed to fuel microbial respiration (1). Hypoxia
occurs when DO falls below ≤2 ml of O2/liter,
at which point benthic fauna show aberrant
behavior—for example, abandoning burrows for
exposure at the sediment-water interface, culmi-
nating in mass mortality when DO declines be-
low 0.5 ml of O2/liter (2). In most cases, hypoxia
is associated with a semi-enclosed hydrogeomor-
phology that, combined with water-column strati-
fication, restricts water exchange. More recently,
dead zones have developed in continental seas,
such as the Baltic, Kattegat, Black Sea, Gulf of
Mexico, and East China Sea, all of which are
major fishery areas.



Although the anthropogenic fertilization of
marine systems by excess nitrogen has been
linked to many ecosystem-level changes, there
are natural processes that can lead to nutrient
enrichment along continental margins that produce
similar ecosystem responses. Coastal upwelling
zones associated with the western boundary of
continental landmasses are highly productive
but are associated with severe hypoxia (<0.5 ml
O2/liter). These oxygen minimum zones (OMZs)
occur primarily in the eastern Pacific Ocean, south
Atlantic west of Africa, Arabian Sea, and Bay of
Bengal, and are persistent oceanic features oc-
curring in thewater column at intermediate depths
(typically 200 to 1000 m) (3). Where they extend
to the bottom, the benthic fauna is adapted to DO
concentrations as low as 0.1ml of O2/liter. This is
in stark contrast to the faunal responses seen dur-



ing recent eutrophication-induced hypoxic events
in coastal and estuarine areas where DO concen-
trations this low led to mass mortality and major
changes in community structure (2).



GlobalNature of Eutrophication-InducedHypoxia
The worldwide distribution of coastal oxygen de-
pletion is associated with major population cen-
ters and watersheds that deliver large quantities
of nutrients (Fig. 1 and table S1). Most of these
systems were not hypoxic when first studied,
but it appears that from the middle of the past
century, the DO concentrations of many coastal
ecosystems have been adversely affected by eu-
trophication. The observed declines in DO have
lagged about 10 years behind the increased use of
industrially produced nitrogen fertilizer that be-
gan in the late 1940s, with explosive growth in
the 1960s to 1970s (4). For marine systems with
data from the first half of the 20th century, de-
clines in oxygen concentrations were first ob-
served in the 1950s in the northern Adriatic Sea
(5), between the 1940s and 1960s in the north-
western continental shelf of the Black Sea (6),
and in the 1980s in the Kattegat (7). Localized
declines of DO levels were noted in the Baltic
Sea as early as the 1930s, but it wasn’t until the
1960s that hypoxia became widespread (7). Lo-
calized hypoxia had also been observed since the
1930s in the Chesapeake Bay (8) and since the
1970s in the northern Gulf of Mexico (9) and
many Scandinavian coastal systems (7). Paleo-
indicators (foraminifera ratios and organic and
inorganic compounds) show that hypoxia had not
been a naturally recurring event in these ecosys-
tems (10, 8). The number of dead zones has ap-
proximately doubled each decade since the 1960s
(fig. S1 and table S1).



Hypoxia tends to be overlooked until higher-
level ecosystem effects are manifested. For ex-
ample, hypoxia did not become a prominent
environmental issue in the Kattegat until several
years after hypoxic bottom waters were first re-
ported and fish mortality and the collapse of the
Norway lobster fishery attracted attention (11).
Although hypoxia in the northernGulf ofMexico



has affected benthic communities over the past
several decades, there is no clear signal of hy-
poxia in fishery landings statistics (9).



Ecosystem-level change is rarely the result of
a single factor, and several forms of stress typ-
ically act in concert to cause change. The shal-
low northwest continental shelf of the Black
Sea provides an example of a system stressed
by eutrophication-driven hypoxia in combination
with other stressors, including overfishing and
the introduction of invasive species, all of which
led to drastic reductions in demersal fisheries.
Nutrient inputs declined in the 1990s, hypoxia
disappeared, and ecosystem services recovered;
however, nutrient inputs are again rising as agri-
culture expands and a return to hypoxic condi-
tions may be imminent (12). The key to reducing
dead zones will be to keep fertilizers on the land
and out of the sea. For agricultural systems in
general, methods need to be developed that close
the nutrient cycle from soil to crop and back to
agricultural soil (13).



Degrees of Hypoxia
Themost common formof eutrophication-induced
hypoxia, responsible for about half the known
dead zones, generally occurs once per year, in the
summer after spring blooms—when the water is
warmest and stratification is strongest—and lasts
until autumn (table S1). The usual ecosystem re-
sponse to seasonal oxygen depletion is mortality
of benthic organisms followed by some level of
recolonization with the return of normal oxygen
conditions. Higher-level trophic transfer from the
benthos is limited by seasonal hypoxia and can oc-
cur only when normal DO conditions prevail (2).



Periodic oxygen depletion has been observed
in about a quarter of systems reported as hypoxic
and may occur more often than seasonally, but
this tends to be less severe, lasting from days to
weeks. Many smaller systems, such as the York
River in the Chesapeake Bay (2), are vulnerable
to periodic hypoxia because local weather events
and spring neap-tidal cycles influence stratifica-
tion intensity. Diel cycles that influence produc-
tion and respiration can also cause hypoxia that
lasts only hours but has a daily reoccurrence (14).
The margins of seasonal dead zones may also
experience periodic hypoxic events influenced by
wind and tides (15).



Another 17% of the systems reported as
hypoxic experience infrequent episodic oxygen
depletion, with less than one event per year,
sometimes with years elapsing between events.
Episodic oxygen depletion is the first signal that a
system has reached a critical point of eutrophi-
cation, which, in combination with physical pro-
cesses that stratify the water column, tips the
system into hypoxia. In 1976, a single hypoxic
event in the New York Bight that covered about
1000 km2 caused mass mortality of demersal
fishes and benthos and blocked the northward
migration of bluefish (Pomatomus saltatrix) (16).
Many systems experience episodic hypoxia be-
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fore the onset of seasonal hypoxia, such as in the
northern Adriatic, Pomeranian Bay, and the Ger-
man Bight. Paleoindicators and models from the
northern Gulf of Mexico also support this pattern
of occurrence.



Because eutrophication increases the volume
of organic matter that reaches the sediments,
there is a tendency for hypoxia to increase in
time and space. In systems prone to persistent
stratification, oxygen depletion may also per-
sist. This type of persistent hypoxia accounts
for 8% of dead zones, including the Baltic Sea,
the largest dead zone in the world, as well as
many fjordic systems.



Progression of Hypoxia
Coastal hypoxia seems to follow a predictable
pattern of eutrophication first enhancing the dep-
osition of organic matter, which in turn promotes
microbial growth and respiration and produces a
greater demand for oxygen. DO levels become
depleted if the water column stratifies. In the sec-
ond phase, hypoxia occurs transiently, accompa-
nied bymass mortalities of benthic animals.With
time and further buildup of nutrients and organic
matter in the sediments, a third phase is initiated,
and hypoxia becomes seasonal or periodic, char-
acterized by boom-and-bust cycles of animal pop-
ulations. If hypoxia persists for years and organic
matter and nutrients accumulate in the sediments,
a fourth phase is entered, during which the hy-
poxic zone expands, and as the concentration of
DO continues to fall, anoxia is established and
microbially generated H2S is released. This type
of threshold response has been documented in
theGulf ofMexico (17), Chesapeake Bay (8), and
Danish waters (18).



The critical point in the response trajectory of
an ecosystem to eutrophication is the appearance



of severe seasonal hypoxia. Although some level
of nutrient enrichment is a positive force in en-
hancing an ecosystem’s secondary productivity
and, to a point, fishery yields (19), eutrophication
and seasonal hypoxia favor only benthic species
with opportunistic life histories, shorter life spans,
and smaller body sizes (2).



Ecosystem Responses
The effect of seasonal hypoxia on biomass and
annual secondary production is well documented
(2, 9). What is not well understood is how hy-
poxia affects the habitat requirements of dif-
ferent species or the resilience of an ecosystem.
Pelagic species will experience habitat compres-
sion when hypoxia makes deeper, cooler water
unavailable in the summer (15) or overlaps with
nursery habitat (9). For example, the spawning
success of cod in the central Baltic is hindered
by hypoxic water at the halocline (70 to 80 m),
the depth where salinity is high enough to pro-
vide buoyancy for cod eggs (20). Similar habitat
compression occurs when sulphide is generated
in sediments. In this case, as the redox potential
discontinuity layer is compressed close to the
sediment-water interface, deeper-dwelling spe-
cies, including the key bioturbators that control
pore-water chemistry (21), are eliminated. The
presence of Fe3+ and Mn4+ in the sediment may
buffer the system and reduce the formation of
poisonous H2S. Reduced bioturbation associ-
ated with hypoxia also alters sedimentary hab-
itats by disrupting nitrification and denitrification.
Hence, under hypoxic conditions, instead of ni-
trogen being removed as N2 by denitrification,
ammonia and ammonium together with phos-
phorus are the main fluxes out of reduced sedi-
ments (8, 22) and may stimulate further primary
production.



Habitat compression and the loss of fauna as a
result of hypoxia have profound effects on eco-
system energetics and function as organisms
die and are decomposed by microbes. Ecosys-
tem models for the Neuse River estuary (23),
Chesapeake Bay (24), and Kattegat (25) all show
hypoxia-enhanced diversion of energy flows into
microbial pathways to the detriment of higher
trophic levels (Fig. 2). Only under certain circum-
stances will demersal fish predators be able to con-
sume stressed benthic prey, because their tolerance
to low oxygen concentration tends to be less (~3 to
4ml ofO2/liter) than that of the benthic fauna. Thus,
it is only within a narrow range of conditions that
hypoxia facilitates upward trophic transfer. As the
benthos die, microbial pathways quickly dominate
energy flows. Ecologically important places, such
as nursery and recruitment areas, suffer most from
energy diversion intomicrobial pathways because
hypoxia tends to occur in summer, when growth
and predator energy demands are high.



Missing Biomass
Areas within ecosystems exposed to long periods
of hypoxia have low annual secondary produc-
tion and typically no benthic fauna. Estimates of
the missing biomass in Baltic dead zones that are
now persistently hypoxic are ~264,000metric tons
of carbon (MTC) annually (7) and represent ~30%
of total Baltic secondary production (26). Simi-
larly, estimates for the Chesapeake Bay indicate
that ~10,000 MT C is lost because of hypoxia
each year, representing ~5% of the Bay’s total
secondary production (27). If we estimate that
~40% of benthic energy should be passed up the
food chain in the Baltic (28) and 60% in the
Chesapeake Bay (26), when hypoxic conditions
prevail, 106,000 MT C of potential food energy
for fisheries is lost in the Baltic and 6,000MTC in
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Fig. 1. Global distribution of 400-plus systems that have scientifically
reported accounts of being eutrophication-associated dead zones. Their
distribution matches the global human footprint [the normalized human



influence is expressed as a percent (41)] in the Northern Hemisphere. For
the Southern Hemisphere, the occurrence of dead zones is only recently
being reported. Details on each system are in tables S1 and S2.
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the Chesapeake Bay, respectively. In areas of the
Gulf of Mexico that experience severe seasonal
hypoxia, benthic biomass is reduced by as much
as 1.4 MT C/km2 (9); assuming a 60% transfer
efficiency, this is equivalent to approximately
17,000 MT C of lost prey to demersal fisheries.



Is the production lost during periodic hypoxia
made up by the ecosystem during normal condi-
tions, or partly compensated for by higher sec-
ondary production outside the dead zone? The
latter seems to occur in the Baltic, where second-
ary production outside the dead zones has doubled
as a result of eutrophication (26); but if the dead
zones were eliminated, the Bal-
tic would be more productive by
at least a third to a half, assum-
ing that organic matter was pro-
cessed through benthos instead
of by microbes. In Chesapeake
Bay, because hypoxia dissipates
after about 3 months, the en-
tire area affected is returned to
production by recruitment (27).
Aerial estimates of missing bio-
mass for about a third of the
world’s dead zones (table S1)
indicate that asmuch as 343,000
to 734,000 MT C is displaced
over a total area of 245,000 km2



as a result of hypoxia.
The duration of seasonal hy-



poxia then becomes the primary
factor affecting ecosystem ener-
gy flows. Within most systems
that have strong seasonal cycles,
increases in populations are re-
lated to recruitment events timed
to take advantage of the input
of new organic matter, usually



a spring or autumn bloom; populations normally
decline from a combination of resource depletion
and predation (29). Thus, the shorter the interval
between recruitment and the onset of hypoxia, the
greater the negative effect on the upward flow of
energy in the food chain. During persistent
hypoxia, there is a drastic reduction in secondary
production, and microbes remineralize virtually
all organic matter.



Recovery
By the end of the 20th century, oxygen depletion
of marine systems had become a major world-



wide environmental problem, with only a small
fraction (4%) of the 400-plus systems that had
developed hypoxia exhibiting any signs of im-
provement (table S1). These improvements in
DO were related to reductions in three factors:
organic and nutrient loadings, stratification strength,
and freshwater runoff.



From 1973 to 1990, the hypoxic zone on the
northwestern continental shelf of the Black Sea
had expanded to 40,000 km2; however, since 1989,
the loss of fertilizer subsidies from the former
Soviet Union reduced nutrient loading by a factor
of 2 to 4, with the result that, by 1995, the hy-
poxic zone had gone (12). As oxygen levels nor-
malized, ecosystem function improved, and the
benthic fauna started to recolonize but have not
recovered to prehypoxic levels. In the Gulf of
Finland, a decrease in water-column stratifica-
tion occurred between 1987 and 1994, which
improved DO conditions and facilitated the
return of benthic fauna (7); however, with the
return of stratification, conditions have again
deteriorated.



In the northern Gulf ofMexico, the occurrence
and extent of the dead zone are tightly coupled
with freshwater discharge from the Mississippi
River, which delivers large quantities of nutrients
from U.S. agricultural activities. During years
with low river flow, the area of hypoxia shrinks to
<5000 km2, only to increase to >15,000 km2



when river flow is high (30).
The management of nutrients and carbon in-



puts has virtually eliminated dead zones from
several systems, including the Hudson and East
Rivers in the United States and the Mersey and
Thames Estuaries in England (31, 32). However,
in other systems, such as the Chesapeake Bay, the
management of nutrient input has not improved
DO. Nevertheless, the management of sewage



and pulp mill effluents has led to
many small-scale reversals in
hypoxia (table S1).



The key factors in determin-
ing the degree of ecosystem
degradation are the duration of
exposure and DO concentration.
It may take years to recover from
severe hypoxia and, moreover,
the tolerance to oxygen deple-
tion of mature community spe-
cies may not mirror that of the
opportunistic species that are the
first colonizers. The benthos of
many coastal areas may be re-
established by larval recruitment
and succession, as described in
the Pearson-Rosenberg model
(33); however, the pattern of spe-
cies that establish during recov-
ery will not be the same as the
pattern of species loss duringDO
deterioration, and consequently
a hysteresis-like response will be
observed (Fig. 3). A pronounced
hysteresis-like responsewas doc-
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Fig. 3. Generalized pattern of benthic community response to hypoxia (34). As DO
declines to <0.7 ml of O2/liter and extends through time, mass mortality of both equi-
librium (stage III) and opportunistic (stage I) species occurs (red). If anoxia is reached,
benthos are eliminated. The recovery path from severe hypoxia is different than the
decline path because of the hysteresis-like progression of successional dynamics. When
exposed to mild hypoxia, mortality is moderate, and the recovery path is closer to the
response path (blue) as fauna restart from midsuccessional stage II. When exposed to
intermediate oxygen conditions, the response is minor (green) and not hysteresis-like.
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Fig. 2. Conceptual view of how hypoxia alters ecosystem energy flow. The green area indicates the range
of energy transferred from the benthos to higher-level predators under normoxia, typically 25 to 75% of
macrobenthic carbon. As a system experiences mild or periodic hypoxia, there can be a pulse of benthic
energy to predators. This “windfall” is typically short-lived and does not always occur. With declining
oxygen, higher-level predation is suspended, benthic predation may continue, and the proportion of
benthic energy transferred to microbes rapidly increases (orange). Under persistent hypoxia, some energy
is still processed by tolerant benthos. Microbes process all benthic energy as hydrogen sulphide, and
anoxia develops (red).
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umented in Gullmarsfjord, Sweden, which suf-
fered hypoxia for about half a year, during which
time the fauna was eliminated in deeper areas and
diversity and abundance were reduced to less than
one-third at medium depths (34). Within 2 years,
the benthic community had recovered to the same
community composition and density that had ex-
isted before the hypoxic event (Fig. 3). In this fjord,
sedimentary redox conditions had not become
intensely reducing, and rapid colonization occurred
by larvae from benthic communities in adjacent
undisturbed areas. Should hypoxia prevail for
more than 5 years, recovery would be prolonged
(35) and the hysteresis-like response exagger-
ated, as was recently observed in the Black Sea,
where recovery of the benthos after hypoxia in
1994 was still not complete in 2004 (36).



Prospects for Change
Further expansion of dead zones will depend on
how climate change affects water-column strati-
fication and how nutrient runoff affects organic-
matter production. General circulation models
predict that climate change alone will deplete
oceanic oxygen by increasing stratification and
warming as well as by causing large changes in
rainfall patterns (37), enhancing discharges of fresh
water and agricultural nutrients to coastal ecosys-
tems. For example, climate predictions for the
Mississippi River basin indicate a 20% increase
in river discharge, which will elevate nutrient
loading and lead to a 50% increase in primary
production, a 30 to 60% decrease in subpycnocline
DO, and an expansion of the oxygen-depleted area
(38). Conversely, if the climate becomes stormier
and stratification decreases because of increased
mixing, the risk of oxygen depletion will decline.
Tropical storms and hurricanes influence the du-
ration, distribution, and size of the Gulf of Mexico
dead zone in a complex way. In 2005, four hur-
ricanes (Cindy,Dennis, Katrina, andRita) disrupted
stratification and aerated bottom waters. After the
first two storms, stratification was reestablished and
hypoxia reoccurred, but the total area was a fourth
less than predicted from spring nitrogen flux. The
other two hurricanes occurred later in the season
and dissipated hypoxia for the year (30).



Climate change also has the potential to
expand naturally occurring OMZs into shallower
coastal waters (3), damaging fisheries and af-
fecting energy flows in the same way that
eutrophication-driven hypoxia does. There is cur-
rently about 1,148,000 km2 of seabed covered by
OMZs (<0.5 ml of O2/liter), and a small change
in oceanographic processes could lead to a major



expansion of these zones. Areas at greatest risk
for expanding OMZs encompass the western con-
tinental shelves of South America, Africa, and
the Indian subcontinent, where extensive OMZ
and upwelling areas already exist. The develop-
ment of dead zones along the western coast of
other countries is highly likely if wind patterns
shift and cause stronger upwelling. This effect
might explain the recent development of a dead
zone off the coast of Oregon (39). Furthermore,
there is a possibility that increased loadings of
terrestrial nutrients have contributed to an expan-
sion of the OMZ on the western Indian conti-
nental shelf (40).



The weight of evidence indicates that in pre-
industrialized times, most coastal and offshore
ecosystems never became hypoxic except in nat-
ural upwellings. However, measuring the effects
of hypoxia on ecosystems is complicated bymany
factors, not least of which is the inadequate data
on historic trends in DO concentrations and fau-
nal populations, as well as the combined effects
of multiple stressors, including fishing and habi-
tat loss. It is the recurring nature of hypoxia that
alters an ecosystem’s state and prevents full re-
covery of function.



Currently, hypoxia and anoxia are among the
most widespread deleterious anthropogenic influ-
ences on estuarine and marine environments, and
now rank with overfishing, habitat loss, and harm-
ful algal blooms as major global environmental
problems. There is no other variable of such eco-
logical importance to coastal marine ecosystems
that has changed so drastically over such a short
time as DO.We believe it would be unrealistic to
return to preindustrial levels of nutrient input, but
an appropriate management goal would be to
reduce nutrient inputs to levels that occurred in
the middle of the past century, before eutrophi-
cation began to spread dead zones globally.
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Abstract
Overexposure to intense sound can cause temporary or permanent hearing loss. Post-exposure
recovery of threshold sensitivity has been assumed to indicate reversal of damage to delicate
mechano-sensory and neural structures of the inner ear and no persistent or delayed consequences
for auditory function. Here we show, using cochlear functional assays and confocal imaging of the
inner ear in mouse, that acoustic overexposures causing moderate, but completely reversible,
threshold elevation leave cochlear sensory cells intact, but cause acute loss of afferent nerve terminals
and delayed degeneration of the cochlear nerve. Results suggest that noise-induced damage to the
ear has progressive consequences that are considerably more widespread than are revealed by
conventional threshold testing. This primary neurodegeneration should add to difficulties hearing in
noisy environments, and could contribute to tinnitus, hyperacusis and other perceptual anomalies
commonly associated with inner ear damage.



Keywords
noise-induced hearing loss; primary neural degeneration; excitotoxicity; synaptic ribbon; spiral
ganglion cell; noise damage risk



Introduction
Noise-induced hearing loss (NIHL) is a major health problem (DHHS, 2009), because
opportunities for overexposure abound, and exposures that damage hearing are not necessarily
painful or even annoying. After overexposure, NIHL recovers with an exponential time course
(Miller et al., 1963)for 2–3 weeks, depending on initial severity. Thresholds may fully recover
(“temporary” threshold shift) or stabilize at an elevated value (“permanent” threshold shift).
Permanent NIHL is due to destruction of cochlear hair cells or damage to their mechano-
sensory hair bundles (Liberman and Dodds, 1984). Hair cells normally transduce sound-evoked
mechanical motion into receptor potentials, which lead to transmitter release at their
glutamatergic synapses with cochlear afferent fibers (Fig. 1). Hair cell damage can be visible
within minutes after overexposure, and hair cell death can continue for days (Wang et al.,
2002). In contrast, noise-induced loss of spiral ganglion cells (SGCs), the cell bodies of the
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cochlear afferent neurons contacting these hair cells, is delayed by months and can progress
for years (Kujawa and Liberman, 2006).



There is no hair cell death in temporary NIHL; however, swelling of cochlear nerve terminals
at their hair-cell synapses, suggestive of glutamate excitotoxicity, is seen within 24 hrs post-
exposure (Spoendlin, 1971; Liberman and Mulroy, 1982; Robertson, 1983). Such sound-
evoked excitotoxicity can be blocked by glutamate antagonists and mimicked by glutamate
agonists in the absence of sound (Pujol et al., 1993; Sun et al., 2001; Puel et al., 2002; Ruel et
al., 2007). Some noise or drug exposures can be followed by rapid post-exposure recovery of
cochlear synaptic ultrastructure and auditory thresholds, suggesting that swollen terminals have
recovered or regenerated (Zheng et al., 1997; Puel et al., 1998; Zheng et al., 1999). Neuronal
counts have not been made, however, and long survivals after apparently reversible noise
exposures have not been evaluated.



Here, we revisit the issue of neural degeneration in ears with temporary noise-induced threshold
shifts. We show rapid, extensive and irreversible loss of synapses within 24 hrs post-exposure,
and delayed and progressive loss of cochlear neurons over many months, although hair cells
remain and recover normal function. Despite recovery of threshold sensitivity, the
consequences of such primary neuronal loss on auditory processing of suprathreshold sounds
are likely dramatic, especially in difficult listening environments.



Materials and Methods
Animals and Groups



Mice of the CBA/CaJ strain were used in this study, because they show excellent cochlear
sensitivity and limited age-related elevation in cochlear thresholds. Male CBA/CaJ mice were
noise exposed at 16 weeks of age and held without further treatment for various post-exposure
times. Age-, strain-, and gender-matched animals held identically, except for the exposure,
served as controls. All procedures were approved by the IACUC of the Massachusetts Eye and
Ear Infirmary.



Acoustic Overexposures
The acoustic overexposure stimulus was an octave band of noise (8-16 kHz) at 100 dB SPL,
for 2 hrs. During exposures, animals were unrestrained within small cells in a subdivided cage
(1 animal/cell). The cage was suspended directly below the horn of the sound-delivery
loudspeaker in a small, reverberant chamber. Noise calibration to target SPL was performed
immediately before each exposure session. Sound pressure levels varied by <1 dB across the
cages.



Physiological Tests
Mice were anesthetized with ketamine (100mg/kg, i.p.) and xylazine (10 mg/kg i.p.). Acoustic
stimuli were delivered via a custom acoustic assembly consisting of two electrostatic drivers
as sound sources (EC-1, Tucker Davis Technologies) and a miniature electret microphone at
the end of a probe tube to measure sound pressure in situ. Auditory brainstem responses (ABRs)
were recorded via subdermal needle electrodes (vertex -ventrolateral to pinna). For compound
action potentials (CAPs) of the cochlear nerve, the recording electrode was placed at the round
window niche. Stimuli were 5 msec tone pips with a 0.5 msec rise-fall time delivered at 30/
sec (ABR) or 16/sec (CAP). The response from the electrodes was amplified, filtered, and
averaged (512 samples, for ABR, or 128 samples, for CAP; polarity alternating). Sound level
was incremented in 5 dB steps, from ~10 dB below threshold to 90 dB SPL. Threshold for
ABR was defined as the lowest stimulus level at which a repeatable wave I could be identified
in the response waveform. CAP threshold was defined as the sound pressure required to
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produce a wave I response of 6 μV peak to peak. For both neural responses, the wave I
component was identified and the peak to peak amplitude computed by offline analysis of
stored waveforms. Distortion product otoacoustic emissions (DPOAEs) were recorded for
primary tones with a frequency ratio of 1.2, and with the level of the f2 primary 10 dB less
than f1 level, incremented together in 5 dB steps. Ear-canal sound pressure was amplified and
digitally sampled, then FFTs were computed and averaged by both waveform and spectral
averaging. The 2f1-f2 DPOAE amplitude and surrounding noise floor were extracted. Iso-
response contours were interpolated from plots of amplitude vs. sound level. ‘Threshold’ is
defined as the f1 level required to produce a DPOAE of -5 dB SPL. To avoid distortion of non-
physiologic origin, stimulus levels were kept below 80 dB SPL; in all cases, however, the range
of noise-induced threshold shifts did not exceed the dynamic range available for response
monitoring; i.e., there was no artificial ‘ceiling’ limiting the measured threshold shifts. ABRs
and DPOAEs were recorded from all animals, CAPs from subsets of animals just before tissue
recovery for histological processing.



Histologic Preparation, Confocal Imaging and Synaptic Counts
For immunostaining and quantification of synaptic degeneration, cochleae were perfused with
4% paraformaldehyde and 0.25% glutaraldehyde, post-fixed for 1–2 hrs, decalcified in EDTA,
microdissected into 6 pieces and immunostained with antibodies to 1) C-terminal binding
protein 2 (mouse anti-CtBP2 from BD Biosciences used at 1:200), and either 2) heavy
neurofilaments (chicken anti-NF-H from Chemicon used at 1:1000) or 3) parvalbumin (goat
anti-parvalbumin from Swant at 1:5000) and appropriate secondary antibodies coupled to
Alexafluors in the red and green channels. A nuclear dye, TOPRO-3 was added to aid in hair
cell counting, and in some cases, phalloidin (coupled to Alexafluor 568) was added to image
stereocilia bundles. Immunostaining with post-synaptic markers such as glutamate receptors
(rabbit anti-GluR2/3 from Chemicon) or proteins associated with the post-synaptic density
(mouse anti-PSD-95 from Chemicon) did not survive the decalcification process required to
reliably dissect entire cochleas from base to apex. Cochlear lengths were obtained for each
case, and a cochlear frequency map computed to precisely localize IHCs from the 5.6, 8.0,
11.3, 22.6, 32, 45.2 and 64 kHz regions in each case. Confocal z-stacks of these 7 regions from
each ear were obtained using a high-resolution (1.4 N.A.) oil-immersion objective and 2X
digital zoom on a Leica TCS SP2. Care was taken to span the entire synaptic pole of the hair
cells in the z-dimension, with a z-step-size of 0.25 mm, from the subjacent inner spiral bundle
to the apical most ribbon or nerve terminal in the supranuclear region. Image stacks were ported
to image-processing software (Amira®: Visage Imaging), where synaptic ribbons were
counted and divided by the total number of IHC nuclei in the microscopic field (including
fractional estimates, when necessary, at the apical and basal ends of the image stack). To avoid
underestimating ribbon counts due to superposition in the image stacks, 3-D renderings were
produced, using the “isosurface” feature in Amira®, and rotated to disambiguate the xy
projection images.



Histologic Preparation and Ganglion Cell Counts
For quantification of SGC death, animals were intravascularly perfused with a buffered
solution of glutaraldehyde and paraformaldehyde. The temporal bones were removed, post-
fixed, osmicated, decalcified (0.1M EDTA), dehydrated and embedded in Araldite in a strictly
stereotyped orientation. Serial sections (40 μm thickness) were cut and mounted on microscope
slides, and the precisely mid-modiolar section through the upper basal turn was identified: this
area is known from 3-D reconstruction and cochlear mapping to correspond to the 32 kHz
region. Using high-N.A. oil-immersion objectives and DIC optics, Rosenthal’s canal in this
cochlear region was live-imaged with a digital camera interfaced to Neurolucida® software
(MicroBrightField). Although the ganglion cell region appears darkly stained when viewed
with low-power objectives, individual cells could be easily resolved with high power objectives
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and high illumination levels (Suppl. Fig. 1). A mask corresponding to a rectangle 90 × 60 μm
was superimposed on the image, and all ganglion cells with a nucleolus within that area
(throughout the entire section thickness) were counted. Accuracy was insured by using the
software to place a small marker at the xy position of each nucleolus, while repeatedly rolling
the focus to image the entire depth of the section. To correct for possible variation in section
thickness, the cell counts were divided by the true thickness of each section, as determined by
imaging the top and bottom surface with DIC optics and reading output values of the calibrated
z-axis sensor.



Results
In the mammalian inner ear (Fig. 1), the two classes of sensory cells have different roles: inner
hair cells (IHCs) act as mechanoelectric transducers, releasing neurotransmitter to excite the
sensory fibers of the cochlear nerve, whereas outer hair cells (OHCs) act as biological motors
to amplify motion of the sensory epithelium. We use two complementary techniques for
assessing cochlear function and the degree of noise-induced threshold shift in mice. When
combined, they allow differential diagnosis of OHC vs. IHC/neuronal dysfunction throughout
the cochlea, from the low-frequency apical turn to the high-frequency basal tip.



The auditory brainstem response (ABR) and the compound action potential (CAP), measured
from scalp or round-window electrodes respectively, are sound-evoked potentials generated
by neuronal circuits in the ascending auditory pathways: the first ABR or CAP wave represents
summed activity of the cochlear nerve (Buchwald and Huang, 1975; Antoli-Candela and Kiang,
1978). ABRs can be recorded non-invasively at serial post-exposure times. Although more
invasive, the CAP potentials have a larger signal-to-noise ratio, and therefore can be a more
sensitive indicator of subtle abnormalities.



To complement these measures of cochlear output, we assess OHC function via distortion
product otoacoustic emissions (DPOAEs), which can be measured in the ear-canal sound
pressure (Shera and Guinan, 1999). When two tones are presented to the normal ear, distortion
components at additional frequencies are produced in the hair cell receptor potentials that can
drive the OHCs’ biological motors to move the sensory epithelium at the distortion frequencies.
The resultant pressure waves from the motion of the epithelium are conducted back through
the middle ear to the eardrum, which moves like a loudspeaker diaphragm to produce DPOAEs,
which can be measured in the ear canal.



A. Noise-induced decrements in cochlear neural responses without changes in hair cell
function



We adjusted the sound level and duration of an octave-band noise exposure to produce a
moderate, but reversible, threshold elevation. At 24 hrs post-exposure, this 2-hr long, 100 dB
SPL noise-band produced a 40 dB elevation of neural response thresholds (ABRs, CAPs) at
high frequencies (Figs. 2b,c) coupled with slightly smaller threshold elevations in DPOAEs
(Fig. 2a), suggesting substantial OHC dysfunction and an additional contribution of neural
damage. Indeed, swelling of the peripheral terminals of cochlear nerve fibers in the IHC area
is seen following these exposures (Wang et al., 2002). The upward spread of cochlear damage
with respect to the exposure spectrum (Fig. 2) is typical of acoustic injury (Cody and Johnstone,
1981) and is well explained by level-dependent nonlinearities in cochlear mechanics (Robles
and Ruggero, 2001). By 2 wks post-exposure, response thresholds returned to normal pre-
exposure values and remained stable 8–16 wks later (Fig. 2).



Although threshold sensitivity recovered, suprathreshold response decrements suggested loss
of neurons in some cochlear regions (Fig. 3). At 32 kHz, where acute threshold shifts were
large (Fig. 2), ABR amplitudes recovered to only ~40% of pre-exposure values (Fig. 3d),
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whereas at 12 kHz, where initial shifts were small, amplitude recovery was more complete
(~80%; Fig. 3b). In contrast, the amplitude-vs.-level functions for the DPOAEs recovered
completely at all test frequencies: mean data for 12 and 32 kHz are shown Figures 3a and 3c,
respectively. This neural response decrement coupled with full recovery of DPOAE amplitudes
suggests neuronal loss in high-frequency regions, despite complete OHC recovery.



B. Noise-induced neural degeneration without loss of hair cells
a. Control ears—To quantify degeneration of cochlear hair cells and nerve terminals, and
the synapses that connect them, we used confocal imaging of the sensory epithelium. As
schematized in Figure 1, synapses were rendered visible by immunostaining for a component
of the pre-synaptic “ribbon” (CtBP2), a structure characteristic of hair cell afferent synapses
and likely involved in vesicle delivery to the active zone (Khimich et al., 2005). To assess
cochlear nerve terminals, we used either anti-neurofilament immunostaining (Figs. 4,5), to
reveal all the unmyelinated nerve fibers in the sensory epithelium, or anti-parvalbumin (a
calcium buffer), which stains only the terminal swellings of cochlear nerve fibers under the
IHCs (Fig. 6). Antibodies to the post-synaptic glutamate receptors (AMPA-type) that are
present in cochlear nerve terminals (Matsubara et al., 1996) work well only in lightly fixed and
undecalcified tissue, from which it is impossible to dissect the basal half of the cochlea, where
the major noise-induced damage is seen.



In the mammalian cochlea, outside of the extreme apex, > 95% of cochlear nerve fibers are
unbranched, contacting a single IHC via a single terminal swelling (Fig. 1), with a single active
zone at which a single pre-synaptic ribbon is tethered to the IHC membrane (Liberman et al.,
1990). Thus, ribbon counts in normal ears provide an accurate metric of the IHC afferent
innervation. In 11 control ears, we used confocal z-stacks (e.g. Fig 4a) to count synaptic ribbons
in five cochlear regions (from apex to base), converting cochlear location to cochlear frequency
according to the map for the mouse (Taberner and Liberman, 2005). Mean counts in control
ears showed a broad peak of ~17 ribbons/IHC in mid-cochlear regions, declining to ~10
ribbons/IHC towards the apical and basal ends (Fig. 7). These values closely match electron-
microscopic counts of afferent synapses (mean = 16.8/IHC) from serial sections of IHCs in
mid-cochlear regions of the mouse (Stamataki et al., 2006) and ribbon counts vs. cochlear place
determined by confocal microscopy (Meyer et al., 2009).



The neurofilament/CtBP2 double-immunostain reveals the normal relation between cochlear
nerve terminals and hair cell synaptic ribbons. In the control ear, almost all IHC ribbons are
coupled with a nerve terminal, if they are sufficiently isolated to be resolvable (e.g. filled arrows
in Figs. 4a and 5a). Since neurofilaments do not fill the terminal swellings, we also used
antibodies against parvalbumin, which does (Fig. 6a): the parvalbumin immunostaining reveals
a one-for-one relation between terminal swellings and ribbons in the control ear (for some
ribbons, the associated terminals are in deeper focal planes). These light-microscopic
observations of a one-for-one coupling between ribbons and terminals are consistent with
conclusions from serial section ultrastructural studies in both cat (Liberman, 1980b) and mouse
(Stamataki et al., 2006).



b. Noise-exposed ears—In noise-exposed ears, there was no loss of hair cells, either IHCs
or OHCs, at any post-exposure time out to at least 1 year. Images from 1 and 3 days post-
exposure show the normal array of nuclei in both IHC and OHC areas: since anti-CtBP2 also
stains IHC nuclei, they appear red in Figure 4; when a fluorescent nuclear stain is added (blue
channel: TOPRO-3), IHC nuclei appear purple, and the three rows of OHC nuclei are blue
(Fig. 5). Stereocilia bundles appeared normal at the light microscopic level, even at 24 hrs post
exposure (Suppl. Fig. 2), when the temporary threshold shifts were 20–40 dB (Fig. 2).
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Despite the normal hair cell populations, there was dramatic degeneration of both pre- and
post-synaptic elements in the IHC area throughout the high-frequency (basal) half of the
cochlea. This degeneration was observed at all post-exposure times, beginning at 24 hrs, the
earliest time examined. Pre-synaptic ribbons were decreased in number, many remaining
ribbons were abnormally large, and some ribbons were displaced away from the basolateral
IHC membrane towards the cell nucleus (Figs. 4b, 5c). Ribbons were counted in at least five
cochlear regions from noise-exposed ears at three post-exposure times from 1 day to 8 wks
(Fig. 7). In the 32-kHz region of noise-exposed ears, where acute threshold shifts were greatest
(Fig. 2) and where persistent ABR amplitude decrements suggested significant neuronal loss
(Fig. 3d), ribbon counts were reduced from ~16 to less than 7/IHC at 24 hrs post-exposure.
Numbers had not recovered 8 wks later. In contrast, in the 12-kHz region, where initial
threshold shifts were small (Fig. 2), and amplitude recovery was essentially complete (Fig.
3b), decreases in ribbon number in the noise-exposed ears were correspondingly small (Fig.
7). Ribbons in the OHC area appeared unchanged in number and morphology in all cochlear
regions at all survival times (e.g. Fig. 5a,c).



In noise-exposed ears, fiber density in the IHC area was reduced, at all post-exposure times,
in proportion to the loss of ribbons. Although the terminal plexus under each IHC is too
complicated to allow fiber counts or other quantitative measures, the decreased density of
neurofilament-positive elements is obvious to qualitative assessment (Figs. 4b, 5c). The
proportional loss of ribbons and terminals is particularly clear in xy projections in regions
where ribbon counts are especially reduced (e.g. dashed box in Fig. 4b) and in the xz projections
where the organ of Corti is viewed in cross-section (Figs. 5b,d). Note that many of the remaining
neurofilament-positive elements in the noise-exposed ears are efferent fibers from the
olivocochlear bundle (See Fig. 1), which appear unaffected: the thick fibers crossing the tunnel
of Corti (open arrowheads in Figs. 4 and 5) are medial olivocochlear neurons projecting to
OHCs (Spoendlin and Gacek, 1963), and the thin fibers spiraling under the IHCs (unfilled
arrows in Fig. 5) are lateral olivocochlear fibers in the inner spiral bundle targeting cochlear
nerve dendrites (Liberman, 1980a).



The ribbon counts in noise-exposed ears may underestimate the neural degeneration, because
many ribbons included in these counts are far from the basolateral membrane (e.g. filled
arrowheads in Fig. 5c) and thus not at active zones where terminals are present. The
parvalbumin staining shows that, in exposed ears, some of the ribbons we count lack apposed
terminals (open arrows in Fig. 6b), yet very few terminal swellings lack apposed ribbons. Such
an underestimation is supported by the quantitative comparisons between neural response
decrements and ribbon losses summarized in Figure 8: 8 wks post-exposure, neural amplitudes
were decreased by > 60% at 32 kHz, whereas ribbon counts were decreased by ~50%; at 12
kHz, response amplitudes were reduced by ~30%, whereas ribbon counts were decreased by
~10%. Similar results were seen in the cochlear nerve CAPs, where amplitudes remained
depressed by >60% out to at least 64 wks post-exposure (data not shown). In contrast, OHC-
based DPOAE amplitudes (Fig 8a) returned to normal values within days of exposure and
remained stable over the period of post-exposure monitoring.



Although the loss of peripheral terminals of the cochlear neurons was rapid, the death of the
cell and the disappearance of the somata were extremely slow. To evaluate this delayed neural
degeneration, we counted SGCs in tissue sections (Suppl. Fig. 1) from separate groups of noise-
exposed animals. As quantified in Figure 8d, ganglion cell numbers in the 32 kHz region were
close to normal at 2 wks post-exposure. However, by ~1 yr, dramatic loss was seen throughout
the basal turn in every ear (Fig. 4d, 8d), and by 2 yrs, cell counts near the 32 kHz region had
decreased by ~50% (Fig. 8d), comparable to ribbon losses seen in the first 24 hours after
exposure (Fig. 7, 8c). Hair cell populations remained intact in corresponding regions. Ganglion
cell loss was modest (<10%) in unexposed, aging animals (Fig. 8d, triangles), mirrored by
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similarly modest age-related decreases in both IHC ribbon counts (Fig. 8c, triangles) and
suprathreshold neural responses (data not shown).



Discussion
A. Threshold recovery despite neuronal loss: resolving the paradox



The rapid post-exposure loss of pre-synaptic ribbons and post-synaptic terminals documented
here must functionally silence the affected neurons, despite complete recovery of hair cell
function. Such a conclusion is supported by the parity (Fig. 8) between the degree of ribbon
loss and the fractional decrement in neural response amplitudes in the affected high-frequency
cochlear regions. Such neurodegeneration is not inconsistent with the observed recovery of
threshold sensitivity. Thresholds for sound-evoked neural potentials are insensitive to diffuse
neuronal loss (Liberman et al., 1997;El-Badry and McFadden, 2007), so long as hair cells,
particularly OHCs, are functioning normally. Behavioral thresholds also are unaffected by
diffuse neuronal loss, as seen in a study of trained cats before and after partial section of the
cochlear nerve (Schuknecht and Woellner, 1953).



To understand why neural degeneration is reflected in neural response amplitudes (Fig. 3d),
but not thresholds (Fig. 2), consider that threshold is defined by a criterion response amplitude,
just above the measurement noise floor (~0.1 μV for mouse ABRs: Fig. 3b,d). With a criterion
of 0.25 μV, thresholds are increased by < 5 dB at 8 wks post-exposure (Fig. 3d), although
amplitudes are reduced by > 50%. Consider also that ABR amplitude is a function of both the
sound-evoked discharge probability of each responding fiber and the number of fibers
responding synchronously (Kiang et al., 1976). Thus, diffuse loss of half the cochlear nerve
and the resultant 50% decrease in response amplitude, can be compensated either by doubling
the discharge rates in remaining neurons or doubling the number of neurons responding. Either
of these compensatory increases is accomplished with only a few dB increase in stimulus level,
because, discharge rate in cochlear neurons climbs steeply near threshold, and activity spreads
quickly to neurons with higher or lower best frequencies (Taberner and Liberman, 2005).



Thus, although DPOAE and ABR thresholds are sensitive metrics of hair cell damage, they
are quite insensitive to “primary” neuronal degeneration, i.e. loss of cochlear neurons without
loss of hair cells. Practically, using threshold as a high-throughput screening tool for deafness
phenotype, e.g. in mutagenesis studies (Kermany et al., 2006), selects against discovery of
primary neuronal disorders, thereby reinforcing the sense that such disorders are rare, compared
to the “secondary” neuronal degeneration seen weeks and months after IHC death. Behavioral
thresholds, too, can fail to provide evidence of underlying neurodegeneration (Schuknecht and
Woellner, 1953). Thus, dependence on this measure, alone, to quantify noise-induced damage
in humans is seriously flawed.



B. Primary vs. secondary degeneration: how primary loss has gone unnoticed
After high-level noise exposure, hair cell loss can be seen in minutes to hours, whereas SGC
loss is not seen for weeks to months (Spoendlin, 1971; Johnsson, 1974; Lawner et al., 1997).
This difference in degenerative time course, and the correlation, in long-surviving ears,
between regions of hair cell loss (particularly IHCs) and regions of SGC death (Liberman and
Kiang, 1978), has suggested that hair cells are the primary targets of acoustic overexposure,
whereas noise-induced SGC death occurs only as a secondary event to the loss of hair cells
and, perhaps, of the neurotrophins they provide (Glueckert et al., 2008).



In contrast, the present results show that noise-induced SGC death can be extensive despite a
normal hair cell complement. Prior evidence for direct noise-induced neuronal damage has not
been lacking. Swelling of cochlear nerve terminals is seen in the IHC area 24 – 48 hrs after
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overexposure, even when threshold shifts are ultimately reversible (Liberman and Mulroy,
1982; Robertson, 1983). The same acute swelling is observed after cochlear perfusion of
glutamate agonists, and the same recovery of cochlear neural thresholds has been noted (Zheng
et al., 1997; Zheng et al., 1999). Based on the lack of swollen terminals at longer survivals, the
recovery of threshold sensitivity, and the occasional presence of growth-cones in damaged ears
(Puel et al., 1998), previous studies have suggested that noise- or drug-damaged terminals
either recover or regenerate (Pujol et al., 1993; Zheng et al., 1997; Puel et al., 1998; Pujol and
Puel, 1999; Zheng et al., 1999; Ruel et al., 2007). However, neuronal counts were not made,
and ears were not followed for extended post-exposure times.



The present quantitative analysis of hair cell synapses, cochlear nerve terminals and SGCs
suggests a different view, i.e. that the acute noise-induced damage to cochlear nerve terminals
is irreversible in the adult, and that there is minimal nerve regeneration or renewed
synaptogenesis after noise. Significant terminal regrowth and re-connection can be seen in
neonatal cochleas in vitro after chemically mediated neurodegeneration (Brugeaud and Edge
2009). In the adult ear, however, the close agreement between the acute loss of synapses/
terminals and the delayed loss of cell bodies suggests that the long-term fate of SGCs is sealed
within the first 24 hrs post-exposure, although it may take years for the cells to degenerate. We
previously observed a slow-onset loss of SGCs in exposed ears with damaged, but surviving,
hair cells and a corresponding permanent noise-induced hearing loss of ~40 dB (Kujawa and
Liberman, 2006). Lacking knowledge of the rapid synaptic changes revealed here, we viewed
this slow neurodegeneration as an age/noise interaction of indeterminate origin. Confocal
analysis has since revealed a similar degree of acute synaptic degeneration (data not shown),
suggesting that, whether or not surviving hair cells recover, noise-induced slow-onset primary
neural degeneration may always be preceded by rapid loss of synaptic terminals.



Together, these observations suggest that much noise-induced degeneration of the cochlear
nerve is primary, in that it will occur in the absence of hair cell damage. Such primary neural
loss may never exceed 50–60% (the most we have observed), thus the less vulnerable 40–50%
may die only secondarily to loss of hair cells or supporting cells in the organ of Corti.



C. Mechanisms of rapid synaptic loss vs. slow neuronal death
The immunostaining patterns in our noise-exposed ears suggest that, within hours after an
exposure at the limits of threshold-shift reversibility, roughly half the pre-synaptic ribbons
disappear from IHCs, along with a corresponding proportion of the (unmyelinated) post-
synaptic afferent terminals that formerly contacted them. At this early post-exposure time, there
is no obvious loss of myelinated peripheral axons. Thus, the terminal retraction apparently
proceeds only as far centrally as the first node of Ranvier, where it pauses, before continuing
in a second wave of degeneration in which the peripheral axon disappears (Liberman and
Kiang, 1978). Several observations suggest that this terminal damage arises from a type of
excitotoxicity involving AMPA receptors at these glutamatergic afferent synapses: 1) the
phenomenon can be mimicked by cochlear perfusion of exogenous glutamate receptor agonists
such as AMPA and kainate (Pujol et al., 1993), 2) it can be blocked by antagonists of AMPA
receptor-mediated transmission (Ruel et al., 2000); and 3) it is not seen in the OHC area
(Robertson, 1983), where, correspondingly, AMPA receptors are not expressed (Matsubara et
al 1996).



Once the terminal has retracted, the slow-onset degeneration of the cell body and axons may
result from withdrawal of the neurotrophin signaling among hair cells, supporting cells and
nerve terminals. In the cochlea, the key neurotrophin, NT-3, is expressed by IHCs and their
support cells in response to neuregulin released by the neurons. Blockade of this signaling
pathway, by dominant-negative neuregulin receptors in supporting cells leads to primary
neuronal degeneration (Stankovic et al., 2004). Retraction of peripheral terminals after noise
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damage may suppress the neurotrophin cascade by increasing the distance between the ligand
release sites and their respective receptors on neurons and epithelial cells in the organ of Corti.
The reasons for the extremely slow time course remain unclear.



D. Relevance to sensorineural hearing loss in humans
The primary neural degeneration described here likely occurs in noise-exposed human ears as
well: 1) acute noise-induced swelling of cochlear-nerve terminals has been observed in every
mammal studied, including cat (Liberman and Mulroy, 1982), guinea pig (Robertson, 1983;
Pujol et al., 1993) and mouse (Wang et al., 2002); 2) the mouse strain we use (CBA/CaJ) has
noise vulnerability typical of other mammals (Yoshida et al., 2000); and 3) the same synaptic
loss without hair cell damage is seen in guinea pigs after an exposure at the limit of threshold
reversibility (data not shown). Indeed, human SGC counts decline dramatically with age (Otte
et al., 1978) and can be seen in areas remote from regions of threshold elevation (Felder and
Schrott-Fischer, 1995). Since IHC sensory fibers constitute 95% of the cochlear nerve
(Spoendlin, 1972), dysfunction in this neural population must have important consequences
for hearing, even if threshold sensitivity recovers. Loss of cochlear neurons should decrease
the robustness of stimulus coding in low signal-to-noise conditions, for example speech in
noise, where spatial summation via convergence of activity from groups of neurons must be
important in signal processing. Peripheral neurodegeneration also can lead to changes in
brainstem circuitry and cortical reorganization, with over-representation of surviving cochlear
regions (Irvine et al., 2000). These changes may contribute to other post-exposure perceptual
anomalies, including tinnitus (perception of phantom sounds) and hyperacusis (intolerance of
moderately intense stimuli), classic sequelae of sound overexposure that can occur with or
without threshold elevation (Bauer et al., 2007; Eggermont, 2007).



It is sobering to consider that normal threshold sensitivity can mask ongoing and dramatic
neural degeneration in noise-exposed ears, yet threshold sensitivity represents the gold standard
for quantifying noise damage in humans. Federal exposure guidelines (OSHA, 1974; NIOSH,
1998)aim to protect against permanent threshold shifts, an approach that assumes that
reversible threshold shifts are associated with benign levels of exposure. Moreover, lack of
delayed threshold shifts after noise has been taken as evidence that delayed effects of noise do
not occur (Humes et al., 2005). The present results contradict these fundamental assumptions
by showing that reversibility of noise-induced threshold shifts masks progressive underlying
neuropathology that likely has profound long-term consequences on auditory processing. The
clear conclusion is that noise exposure is more dangerous than has been assumed.



Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of the cochlear sensory epithelium showing inner and outer hair cells and their
afferent innervation as they appear in tissue immunostained for neurofilament (green) and a
synaptic ribbon protein (CTBP2: red)
Inner and outer hair cells and their afferent innervation are shown as they appear in tissue
immunostained for neurofilament (green) and a synaptic ribbon protein (CTBP2: red). The
approximate orientations of the confocal z stacks shown in subsequent figures are also indicated
(small box for Figs. 4 and 8; larger box for Fig 7): the viewing angle for the xy projections is
indicated. Efferent terminals in IHC and OHC areas have few neurofilaments and thus do not
stain brightly in the confocal images.
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Figure 2. The level and duration of an acoustic overexposure were adjusted so that cochlear
thresholds were elevated for several days before returning to normal
A 2-hr exposure to an octave-band (8–16 kHz) noise at 100 dB SPL produced ~40 dB maximum
threshold shifts 1 day post-exposure that recovered by 2 wks to normal pre-exposure values,
as assessed via distortion product otoacoustic emissions (DPOAEs: a), auditory brainstem
responses (ABRs: b) and compound action potentials (CAPs: c). Thresholds are expressed re
age-matched unexposed controls. Group means ± SEMs are shown: n=6–21 ears per group.
ABR and DPOAE measurements are from the same animals; CAP thresholds are from a
separate group.
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Figure 3. Despite threshold recovery, suprathreshold neural responses at high frequencies were
permanently attenuated, although recovery of otoacoustic emissions suggests cochlear sensory cells
are normal
At 8 wks post-exposure, suprathreshold amplitudes of ABR wave 1, the far-field response of
the cochlear nerve, were less than half their pre-exposure values (d) in regions where temporary
threshold shift was maximal (Fig. 2: 32 kHz), but recovered more completely (b), where initial
shifts were less severe (Fig. 2: 12 kHz). In contrast, mean DPOAE amplitudes returned to
normal by 8 wks post exposure at both 12 kHz (a) and 32 kHz (c), suggesting complete recovery
of OHC function, endolymphatic potentials, and cochlear mechanics. Together, these data
suggest a primary loss of afferent innervation in the 32 kHz region. Group means ± SEMs are
shown: n=7–21 ears per group.
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Figure 4. Despite reversibility of threshold shift and intact sensory cells, noise-exposed ears show
rapid loss of cochlear synaptic terminals (a,b) and delayed loss of cochlear ganglion cells (c,d)
Despite reversibility of threshold shift and intact sensory cells, noise-induced
neurodegeneration progressed from the IHC-afferent terminal to afferent cell body with post-
exposure time. Immunostaining reveals synaptic ribbons (red, anti-CtBP2) and cochlear nerve
dendrites (green, anti-neurofilament) in the inner hair cell (IHC) area of a control (a) and an
exposed (b) ear at 1 day post noise. Outlines of selected IHCs are indicated (a, b: dashed lines);
the position of IHC nuclei is more irregular in the traumatized ears. Each confocal image
(a,b) is the maximum projection of a z-series spanning the IHC synaptic region in the 32 kHz
region: the viewing angle is from the epithelial surface (see Fig. 1). Each image pair (red/
merge) shows the same confocal projection without, or with, the green channel, respectively.
Merged images show juxtaposed pre-synaptic ribbons and post-synaptic terminals, in both
control and exposed ears (a,b: filled arrows), and the lack of both in denervated regions (b:
dashed box). Anti-CtBP2 also stains IHC nuclei; anti-neurofilament also stains efferent axons
to OHCs (a,b: unfilled arrowheads). Cochlear sections show normal density of ganglion cells
2 wks post exposure (c) compared with diffuse loss after 64 wks (d): both images are from the
32 kHz region of the cochlea.
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Figure 5. Double-staining for anti-neurofilament (green) and anti-CtBP2 (red) suggests cochlear
nerve terminals have disappeared where there is loss of synaptic ribbons
Tissues double stained for anti-neurofilament (green) and anti-CtBP2 (red) are shown as
confocal projections of the 45 kHz region from a control (a,b) and an exposed (c,d) ear 3 days
after noise; viewed from the surface of the sensory epithelium (xy projections in a,c) and in
cross-section views (xz projection, b,d) of half the extent in the x dimension (dashed box). The
dramatic reduction in cochlear terminals is especially clear in the xz projections. In the xy
projections, filled arrows indicate some of the synaptic ribbons paired with nerve terminals;
filled arrows (c) point to three ribbons that are displaced from the basolateral IHC membrane
and appear uncoupled from nerve terminals. Open arrows (a,c) point to spiraling efferent axons
in the inner spiral bundle and the open arrowheads show efferents to outer hair cells crossing
the tunnel of Corti. Scale bar in a applies to all panels.
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Figure 6. Immunostaining cochlear-nerve terminal swellings suggests that ribbon counts
underestimate the degree of IHC denervation
These confocal projections of the IHC area in the 45 kHz region of a control ear (a) and an ear
3 days post exposure (b) are immunostained with anti-parvalbumin (green), which stains
terminal swellings, and anti-CtBP2 (red), which stains synaptic ribbons. In the control ear,
there is close to a one-for-one relation between ribbons and terminals (e.g. filled arrows). In
the exposed ear, almost all terminals are near a ribbon (e.g. filled arrows); however, some
ribbons are not paired with terminals (e.g. unfilled arrows): some appear intracellular, i.e. far
from the IHC membrane. The vacuolization of terminals in the exposed ear is part of the acute
excitotoxic response to overstimulation (Wang et al., 2002).
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Figure 7. Synaptic ribbon counts in six cochlear regions of control and noise-exposed ears show
synaptic loss throughout the basal half of the cochlea
Mean numbers (±SEMs) of synaptic ribbons per IHC were computed from confocal z-stacks
such as those in Fig. 2 from control ears (n=11) and exposed ears at 6 cochlear locations and
4 post-exposure times: 1 day (n=6), 3 days (n=5) and 8 wks (n=6).
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Figure 8. Normalized functional and histopathological metrics vs. post-exposure time show a close
match between synaptic loss (c) and loss of neural amplitudes (b); ganglion cell loss (d) is
significantly delayed and hair cell responses (a) return to normal
There is a close match between synaptic loss (c) and loss of neural amplitudes (b); ganglion
cell loss (d) is significantly delayed and hair cell responses (a) return to normal. Suprathreshold
response amplitudes (a,b) are for 80 dB SPL; complete growth functions are in Fig. 3. Values
are expressed as a percentage of control means (± SEMs, n=7–21 per group). Loss of ribbons
was quantified (c) by comparing age-matched controls (n=11) to exposed ears at 4 post-
exposure times: 1 day (n=6), 3 days (n=5), 2 wks (n=4) and 8 wks (n=6). Data from two cochlear
regions are shown: 12 kHz and 32 kHz (see key). To control for aging, ribbons were counted
in unexposed 104 wk animals (n=3: triangles in c). Loss of ganglion cells (d) was quantified
at the 32 kHz place in control (n=7) and exposed ears at 3 post-exposure times: 2 wks (n=6),
52–64 wks (n=7) and 104 wks (n=6). To control for aging, cells were counted in unexposed
104 wk animals (n=12: triangles in e). For all counts (c,d), means ± SEMs are shown, and data
are expressed as a percentage of values from unexposed 16 wk animals.
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a b s t r a c t



Over the past 15 years or so, several Scottish harbour seal (Phoca vitulina) populations have declined in
abundance and several factors have been considered as possible causes, including toxins from harmful
algae. Here we explore whether a link could be established between two groups of toxins, domoic acid
(DA) and saxitoxins (STXs), and the decline in the harbour seal populations in Scotland. We document
the first evidence that harbour seals are exposed to both DA and STXs from consuming contaminated
fish. Both groups of toxins were found in urine and faeces sampled from live captured (n ¼ 162) and
stranded animals (n ¼ 23) and in faecal samples collected from seal haul-out sites (n ¼ 214) between
2008 and 2013. The proportion of positive samples and the toxins levels measured in the excreta were
significantly higher in areas where harbour seal abundance is in decline. There is also evidence that DA
has immunomodulatory effects in harbour seals, including lymphocytopenia and monocytosis. Scottish
harbour seals are exposed to DA and STXs through contaminated prey at potentially lethal levels and
with this evidence we suggest that exposure to these toxins are likely to be important factors driving the
harbour seal decline in some regions of Scotland.



© 2015 Elsevier Ltd. All rights reserved.


1. Introduction



From spring to autumn marine phytoplankton proliferate and
give rise to blooms, some of which result in the release of toxins
and are known as harmful algal blooms or HABs. HABs have
increased in distribution, frequency and intensity globally since the
1980s (Anderson, 1989; Hallegraeff, 1993) and are now a major
factor contributing to mass mortalities among marine mammals
worldwide (Geraci et al., 1989; Scholin et al., 2000; Van Dolah,
2000). In Scottish waters two of the most important toxin-
producing species are the dinoflagellates from the genus Alexan-
drium and the diatoms from the genus Pseudo-nitzschia. Some
species from these two phytoplankton genera have the ability to
produce marine toxins such as domoic acid and saxitoxins. These
toxins can induce significant health effects in mammalian systems


. Jensen).


(Collins et al., 2009; Fehling et al., 2004; Hall and Frame, 2010; Hart
et al., 2007; Landsberg, 2002; Van Dolah, 2005). Marine mammals
such as seals are exposed to these neurotoxins by consuming
contaminated prey for example planktivorous fish or squid (Bargu
et al., 2002; Flewelling et al., 2005; Landsberg, 2002; Lefebvre
et al., 1999; Robertson et al., 2004). Exposure to these neuro-
toxins can have direct consequences on the health and survival rate
of this marine mammal species.



1.1. Scottish harbour seal decline



Since around 2000 many of the harbour seal (Phoca vitulina)
populations inhabiting Scottish coastal waters have been in rapid
decline, but the causes remain unknown. For example, harbour seal
populations on the east coast and in the Northern Isles (Orkney and
Shetland) in particular have decreased by up to 85% between 2000
and 2010, representing an average rate of decline of up to 18% per
annum (SCOS, 2013). One factor potentially involved in the decline
is the effect of marine toxins on harbour seal health and survival
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Table 1
Number of live captured harbour seals used for this study.



Region Season Faeces (Sex) Urine (Sex) Serum



East coast Spring 7 (2 F, 5 M) 6 (1 F, 5 M) 7
Summer 4 (1 F, 3 M) 10 (4 F, 6 M) 10
Autumn 9 (5 F, 4 M) 19 (11 F, 8 M) 19



Northern Isles Spring n.a n.a n.a
Summer 10 (9 F, 1 M) 21 (16 F, 5 M) 21
Autumn 15 (8 F, 7 M) 17 (7 F, 10 M) 17



West coast Spring 16 (9 F, 7 M) 23 (10 F, 13 M) 23
Summer 4 (4 F, 0 M) 14 (10 F, 4 M) 14
Autumn n.a n.a n.a



The table displays the number of live captured harbour seals by region, season
(spring ¼ Mar, Apr, May; summer ¼ Jun, Jul, Aug; autumn ¼ Sept, Oct) and matrix
(faeces, urine or serum).
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(Hall and Frame, 2010). Here, we investigate the exposure and
health effects of DA and STXs in Scottish harbour seals; examine
accumulated toxin levels in different prey species and explore
possible links between toxin concentrations and degree of expo-
sure between the declining and the stable harbour seal
populations.



1.2. Domoic acid in marine mammals



Pseudo-nitzschia diatoms are a common part of the phyto-
plankton community in Scottish marine waters, with some of these
species known to produce DA (Fehling et al., 2006; Trainer et al.,
2012). Official monitoring for DA in shellfish from inshore and
offshore areas in Scotland started in 1998 and it has since been
detected in shellfish above the regulatory limit (20 mg DA/kg of
shellfish meat) (Tett and Edwards, 2002) on a regular basis. In
humans DA ingestion triggers the condition known as amnesic
shellfish poisoning (ASP) and can cause neuronal degeneration and
necrosis in specific parts of the brain. After an outbreak of illness in
humans caused by the consumption of DA contaminated blue
mussels in Canada in 1987, a regulatory level was established for
human consumption (Bates et al., 1989). In the US, acutely (rapid
ingestion of large amount of DA) DA-exposed California sea lions
(Zalophus californianus, CSLs) showed neurological signs such as
ataxia, head weaving, seizures or coma (Gulland et al., 2002).
Haematological parameter changes have also been documented in
CSLs following DA toxicosis, but the physiological mechanism un-
derlying this is not well understood (Gulland et al., 2002). For
example, Gulland et al. (2012) found that eosinophil counts were
significantly higher in CSLs showing clinical signs of DA toxicity,
and this was also reported for bottlenose dolphins (Tursiops trun-
catus) in the northern Gulf of Mexico (Schwacke et al., 2010).
Studies have suggested that pregnant CSL females may have higher
exposure due to sequestration of the toxins in the amniotic fluid
and that DA causes reproductive failure (Brodie et al., 2006;
Goldstein et al., 2008). In addition, endocrinological changes have
also been documented when CSLs are exposed to DA as it also af-
fects the adrenal gland, lowering the production of cortisol
(Gulland et al., 2012, 2002).



1.3. Paralytic Shellfish Poisoning toxins in marine mammals



Paralytic Shellfish Poisoning (PSP) toxins (saxitoxins and de-
rivatives) pose the greatest concern for seals in Scotland due to the
high lethal effect of some of the analogues (Deeds et al., 2008). Due
to a lack of information on chronic PSP toxicity data, the European
Food and Safety Authority (EFSA) established an oral acute refer-
ence dose (ARfD) in humans of 0.5 mg STX equivalents/kg body
weight in humans (Alexander et al., 2009). Canids, which are
considered to be evolutionarily and physiologically similar to seals,
have a lethal dose of 180e200 mg STX/kg b.w. (McFarren et al.,
1961). Mice have an acute oral LD50 dose of 263 mg STX/kg and
whilst humans have a minimum oral dose of 7e16 mg of STX/kg
body weight (Levin, 1992; Schantz et al., 1975). Mortal cases in
humans linked to PSP poisoning have been observed at oral doses
reaching 500e12,400 mg STX/kg body weight (Meyer, 1953). Since
the outbreak of PSP in the UK in 1968 where 80% of the Shags
(Phalacrocorax aristotelis) on the Farne Islands on the northeast
coast of England, were killed (Coulson et al., 1968), an official
monitoring programme has been set up to monitor the Scottish
coast for the presence of Alexandrium spp. in the vicinity of shellfish
aquaculture sites. Concurrently, shellfish were also analysed for the
presence of PSP toxins using the mouse bioassay (MBA), until its
replacement in 2008 with a chemical analysis method using Liquid
Chromatography with Fluorescence Detection (LC-FLD) (Turner


et al., 2009). Although toxic PSP events in shellfish have been
very sporadic in Scottish waters, no known human cases of PSP
have been reported (Swan and Davidson, 2011). PSP toxins have
also been found in a range of organisms such as fish and benthic
invertebrates (Landsberg, 2002) even though Alexandrium cells
were absent from the water column (Sakamoto et al., 1992). Toxic
Alexandrium spp. normally produce more than one PSP toxin de-
rivative including STX, gonyautoxin I ~ VIII, neosaxitoxin (NEO), C-
toxins and decarbamoyl toxins where some of these derivative are
very toxic whilst others are only mildly toxic or potentially non-
toxic (Anon, 2005; Oshima, 1995). PSP toxins bind to the voltage-
gated sodium channels in the brain blocking the flow of ions
across the cell membrane. This process inhibits nerve and muscle
cells to send electrical signals, which prevents normal cellular
function, and could lead to paralysis. PSP toxins can also bind to the
potassium channel where it modifies the channel gating and re-
duces the potassium conductance (Cusick and Sayler, 2013;
Narahashi et al., 1967).



Respiratory arrest is the most severe symptom of PSP exposure,
which could rapidly be followed by death. Evidence of STX expo-
sure in the endangered North Atlantic right whale (Eubalaena gla-
cialis) (Doucette et al., 2006) occurred in 2001 where STX was
considered to be a contributing factor in the failure of the popu-
lation to recover from decline. Saxitoxin was also considered to be
involved in the sudden unusual mortality event of the Mediterra-
nean monk seal (Monachus monachus) off western Sahara in 1997
(Hern�andez et al., 1998) and humpback whales (Megaptera
novaeangliae) off Cape Cod Bay, USA in 2001 (Geraci et al., 1989).


2. Methods



2.1. Sample collection from live captured harbour seals



Urine, faeces and blood samples were collected from live-
captured harbour seals (Table 1) between 2008 and 2013, from
various locations around Scotland with the aim to detect and
quantify DA and PSP toxins. These locations were arbitrary located
in three assigned zones, East, North and West for the purpose of
this study (Fig. 1). The harbour seal populations have different
abundance trends. While the west coast population is stable or
increasing in certain areas, in the Northern Isles and the east coast
the population of harbour seals is declining. The harbour seal
samples were collected in relation to capture-release studies car-
ried out by the Sea Mammal Research Unit (SMRU) under the UK
Animal (Scientific Procedures) Act 1986, Project and Personal
Licenses. Once captured, all the seals were weighed and anaes-
thetised using 0.05 mg kg�1 Zoletil100 (Virbac, France) intrave-
nously using the extradural vein. Blood samples were collected
from the extradural vein and stored in plain and heparinised blood











Fig. 1. Sampling locations. The collection sites of harbour seal faecal and/or urine samples. The size of the circles reflects the sample size, green circles indicate samples from live
captured and stranded harbour seals, and brown circles indicate anonymous faecal samples collected at haul-out sites. The purple boundaries and labels represent the regions used
for the analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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vacuum tubes (Vacutainers, Becton Dickinson Ltd, UK). A subsam-
ple was taken out from the heparinised tube for further haema-
tology work. Each samples was then centrifuged (3000� g, 10 min)


and serum or plasma samples were extracted and subsequently
stored at �20 �C for health analysis. For DA analysis urine was
identified as a major route of DA excretion (Suzuki and Hierlihy,











Fig. 2. Relationship between DA concentrations in faecal samples from the ASP ELISA
kit and the analysis carried out at Marine Scotland Science (MSS) using the UHPLC-MS/
MS.
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1993), hence urine samples were collected using a catheter.
Furthermore, faecal samples were also collected manually using a
modified plastic pipette when possible. Before analysis both urine
and faecal samples were stored at �20 �C.



2.2. Haul-out collection of anonymous faecal samples



Faecal samples were collected from selected sites around Scot-
land (Fig. 1) in spring and autumn at harbour seal haul-out sites in
2003 and during the 2008e2013 period. Samples were collected at
low tide into individual plastic bags and stored at �20 �C until
extraction and analysis. Grey seals (Halichoerus grypus) also
sometimes use some of these haul-out sites, therefore sub-samples
of the faeces from themixed sites were stored for DNA extraction to
identify which seal species they belong to.



2.3. Samples from stranded harbour seals



Faecal and urine samples were collected from dead stranded
harbour seals (Table 2) in collaboration with the Scottish Marine
Animal Stranding Scheme during post-mortem examinations and
were stored at�20 �C until extraction and analysis for the presence
of DA and/or PSP toxins.



2.4. Otolith identification



Any excess faecal material was sieved and any fish otoliths
present were removed and identified (to species where possible)
using a reference collection and other available guides (Breiby,
1985; Brodeur, 1979; H€ark€onen, 1986). A reference collection was
also used to identify fish consumed from other skeletal elements
remaining.



2.5. Fish collection



Fish were collected from local fishermen in the summer and
autumn of 2012 and throughout the calendar year of 2013 (except
Jan, Feb and Apr 2013) from the Firth of Forth. The fish were
randomly selected based on availability and varied in length from 5
to 50 cm. It is important to stress that not all species were caught
every month. Also to our knowledge, the fish were not collected
during any HAB.



2.6. Domoic acid extraction and quantification



Domoic acid was extracted from faeces and fish viscera by using
50% methanol in a 1:4 sample to solvent ratio. Homogenised


Table 2
DA percentage positive above the LOQ and number of stranded harbour seals.



Region Period Faeces Urine



East coast Winter n.a 100.0 (2)
Spring 0.0 (1) 0.0 (1)
Summer 22.2 (9) 50.0 (4)
Autumn 33.3 (3) 100.0 (1)



Northern Isles Winter 100.0 (1) 33.3 (3)
Spring n.a n.a
Summer n.a 0.0 (1)
Autumn n.a n.a



West coast Winter n.a n.a
Spring 0.0 (1) 33.3 (3)
Summer n.a 0.0 (1)
Autumn n.a n.a



The table displays the number of stranded harbour seals (in brackets) used for this
study by region, season (winter ¼ NoveFeb, spring ¼ MareMay;
summer ¼ JuneAug; autumn ¼ Sept and Oct) and matrix (faeces and urine).


samples were then centrifuged at 3000� g for 30 min and the su-
pernatants were filtered through a 0.45 mm syringe filters (Milli-
pore Corp., Bedford, MA). The faecal extracts were further purified
by Solid Phase Extraction (SPE), using Strong Anion Exchange (SAX)
columns (Supelco, UK) based on the method developed by Lefebvre
et al. (1999). Urine samples were used directly for the ASP Enzyme-
Linked Immunosorbent Assay (ASP ELISA assay kits, Biosense,
Norway) method. The ELISA assay has no cross-reactivity to non-
toxic, structural analogues like kainic acid. This direct competitive
ELISA was used to measure DA concentration in urine and SPE
faecal extracts.



To confirm the results obtained using the ASP ELISA, an ultra-
high performance liquid chromatography-tandem mass spec-
trometry (UHPLC-MS/MS) method based on the method developed
(Bra~na-Magdalena et al., 2014) was used to quantify DA. Both
methods were compared using a selection of positive samples
(Fig. 2) and were found to correlate well (n ¼ 19, r2 ¼ 0.95). The
limit of detection for DA (LOD) was calculated as 0.004 mg/g and
limit of quantification (LOQ) at 0.025 mg/g, based on the signal to
noise ratio of toxin standard chromatographic peaks.


2.7. Paralytic shellfish poisoning (PSP) toxins extraction and
quantification



For PSP toxins extraction from faecal material and fish viscera, a
4 g sub-sample was extracted at 1:1 sample to solvent ratio with
0.1 M HCl, and proteins were precipitated using 30% trichloroacetic
acid (TCA) (Van de Riet et al., 2009). Urine samples were processed
for PSP toxins based on the method by Garcia et al. (2005). Analysis
of PSP toxins in the extracts was carried out using High Perfor-
mance Liquid Chromatography (HPLC) with post-column oxidation
(PCOx) and fluorescence detection (FLD) according to the method
developed by Van de Riet et al. (2009). To confirm some of the
toxins obtained with the PCOx method, some extracts that were
found to contain PSP toxins were investigated further. A pre-
column oxidation HPLC-FLD method (AOAC 2005.06 (AOAC,
2005)) refined and validated for UK shellfish samples (Turner
et al., 2009) was used as a confirmatory method for the results
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obtained with the PCOx method. In this confirmation method,
selected extracts were analysed following reverse-phase C18 SPE
clean-up followed by periodate and peroxide oxidation. Unoxidised
extracts were also analysed to assess the presence of naturally-
fluorescent matrix co-extractives.



2.8. Total white blood cell counts and differential white cell counts



Total white blood cells (WBC) were counted manually in
duplicate using a haemocytometer chamber (Double Improved
Neubauer, Philip Harris Scientific Ltd., Glasgow, UK) at 1:11 dilution
with Baar's fluid. Total WBC was calculated from the mean of the
duplicates� 10�1000/106¼ total white cells� 106/ml. Differential
WBC were carried out from a thin smear of blood stained with
Leishmann's stain (VWR International Ltd., Leicestershire, UK).
WBC differentials (including monocytes, lymphocytes, neutrophils,
and eosinophil) were identified and 200 cells counted manually.
The proportion of each cell type was then converted to an absolute
quantity using the total white blood cell counts.



2.9. Cortisol quantification



For the quantification of cortisol in the plasma samples, a
commercially available solid phase enzyme-linked immunosorbent
assay (ELISA) kit was used (DRG Cortisol ELISA EIA-1887, DRG di-
agnostics, Marburg, Germany). The kit is based on the principle of
competitive binding and allows the measurement of cortisol in
unextracted plasma and serum samples. The levels were measured
according to the ELISA kit instructions with a standard curve
ranging between 0 and 800 ng/ml.



2.10. Data and statistical analysis



The harbour seals were divided into three different regions, the
Northern Isles (including the north coast of mainland Scotland), the
west coast and the east coast (Fig. 1, Marked on map with: “North”,
“West” and “East”). Investigation of regional, annual and sex-
specific variation was carried out in relation to toxin exposure.
The year 2011 was removed from the analysis as only one sample
was collected that year. Part of the toxin result datasets was ana-
lysed as presence/absencewith regards to the LOQ, as DAmeasured
in urine has shown to be a difficult matrix to analyse using ELISA


Fig. 3. DA measured in urine from live captured harbour seals (A) by year and (B) by mon
logarithmic scale from live captured harbour seals. The colours represent the different region
and the box ranges from the first quartile to the third quartile, whiskers represent the low
horizontal line indicates the median of the data set, separate circles are outliers (DA range:
the reader is referred to the web version of this article.)


(Seubert et al., 2014). Generalised linear models were used to select
the models that best fitted the data with toxin concentration (in
urine or faeces) as the dependent factor and sex and region as the
independent factors. Each toxin was tested in turn before a com-
bined exposure of multiple toxins was investigated. To specify the
relationship between toxin concentration and haematology pa-
rameters, linear models were used. Toxin concentration was used
as the dependent variable and white blood cell count, plasma
cortisol or faecal parasite egg count as the independent variables.
The faecal parasite egg count was treated as a confounding variable
in relation to the eosinophil count. Because of outliers in the data
set some of the data were transformed to a logarithmic scale in the
plots and models. Akaike's information criterion (AIC) was used to
rank the models (Akaike, 1974). All analyses were performed using
R software (R Development Core Team 2007).


3. Results



3.1. Domoic acid exposure in live captured harbour seals



During the 2008e2010 period all of the urine samples (n ¼ 50)
taken from the live captured harbour seals analysed for DA were
found to contain quantifiable levels of DA (ASP ELISA LOQ>0.004 mg/
ml). However, during the period from 2012 to 2013 only 43.66%
>LOQ (n ¼ 31) of urine samples were found to contain quantifiable
levels of DA. The year with the highest DA concentration measured
in urine was 2008 where the mean was 4.57 mg/ml and the 75%
quantile: 2.53 mg/ml. This year was significantly different to the
other years (Fig. 3a, Table 3, model 1, p < 0.01). Across all years, the
east coast region had a significantly higher average DA concentra-
tion (Table 3, model 2, p ¼ 0.02, mean: 2.99 mg/ml and 75% quantile
1.82 mg/ml) than the Northern Isles (mean: 0.97 mg/ml and 75%
quantile 0.65 mg/ml) and the west coast (mean: 0.41 mg/ml, 75%
quantile 0.36 mg/ml). Seals showing urinary exposure to DA were
more likely to be females (Table 3, model 3, p¼ 0.02, mean: 2.40 mg/
ml, 75% quantile: 1.43 mg/ml) than males (mean: 0.34 mg/ml, 75%
quantile: 0.13 mg/ml). A seasonal trendwas observedwhere all urine
sampled from June to September had concentrations of DA > LOQ
(Fig. 3b), whereas May and October had significantly lower con-
centrations than the rest of the year (Table 3, model 4, p < 0.01). The
highestDAmeasured inharbour seal urinewas froma female caught
on the east coast in September 2008 with 63.17 mg/ml.


th. Concentration of DA in urine (mg/ml) (A) by year and (B) by month, plotted on a
s sampled. The width of the box is proportional to the square root of the samples sizes
est and highest values still within 1.5� interquartile range (IQR) of DA and the black
0.00e63.17 mg/ml). (For interpretation of the references to colour in this figure legend,











Table 3
Regression models for DA concentration in urine samples.



Model Variable Residual deviance df fitted df P value AIC



1. Year 100.5 119 1 <0.01 104.5
2. Region 145.97 118 2 0.02 152.0
3. Sex 147.9 119 2 0.02 151.9
4. Month 77.1 113 7 <0.01 93.1



The table shows results from live captured harbour seals with separate variables
these include: year, region, sex and month of the year. Alternative models were
explored using forward-selection with the three variables and interaction terms
among them. Res deviance, degrees of freedom (df), p-value and AIC are shown for
each model. Model without explanatory variables, res dev ¼ 153.57/120 df.



Table 4
Regression models for DA concentration in faecal samples.



Model Variable Residual deviance df fitted df P value AIC



1. Year 91.1 95 1 0.04 95.1
2. Region 89.7 94 2 0.05 95.7
3. Sex 95.6 95 1 0.54 99.6
4. Month 81.8 89 7 0.51 97.8
5. Year�Area 79.4 91 5 0.01 91.4
6. Region� Sex 84.85 91 5 0.04 96.9



The table shows results from live captured harbour seals with separate variables and
interactions between them, these include: year, region, sex and month of the year.
Alternative models were explored using forward-selection with the three variables
and interaction terms among them. Res deviance, degrees of freedom (df), p-value
and AIC are shown for each model. Model without explanatory variables, res
dev ¼ 95.96/96 df.
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Between 2008 and 2013, 19.59% of the faecal samples (n ¼ 97)
collected from the live captured harbour seals analysed for DAwere
found to contain levels above the LOQ (>0.020 mg/g, Fig. 4a). From
2008 to 2010 nearly 30% of faecal samples were found to contain
quantifiable amounts of DA levels (Fig. 4a) while the number
decreased to 11.11% from 2012 to 2013 (Fig. 4a). DA concentrations
were significantly different throughout the years, with 2008
(Table 4, model 1, p¼ 0.04, mean: 1.60 mg/g, 75% quantile: 1.47 mg/g)
being the year with the highest proportion of DA positive faecal
samples while in 2013 all faecal samples (n ¼ 16) were negative.
There was a significant spatial difference in DA faeces contamina-
tion where the live captured harbour seals from east coast (mean:
0.79 mg/g, 75% quantile: 0.03 mg/g) and the Northern Isles (mean
0.90 mg/g, 75% quantile: 0.29 mg/g) had a higher proportion of
positive faeces samples (above LOQ) than their counterparts from
the west coast (Table 4, model 2, p ¼ 0.05, mean; 0.14 mg/g, 75%
quantile: <LOQ). There was no difference between the sex of the
animals and the month of capture (Table 4, model 3, p ¼ 0.54 and
model 4, p ¼ 0.51) with regards to DA exposure (Fig. 4b). The
proportion of DA positive faeces differed throughout the years
between the regions with for example in 2012 all seal faecal sam-
ples from the Northern Isles (n ¼ 17) were negative for DA (Table 4,
model 5, p ¼ 0.01). There was a significant correlation between
region and sex as shown by the more prominent presence of DA in
male seals faeces from the east coast than in females (Table 4,
model 6, p < 0.04). Other interaction terms (year and sex, year and
month, region and month or the four-way interaction with year,
region, sex and month) did not improve the fit of the model
(p > 0.91, AIC > 103.8). The highest DA concentration in faeces,
whichwas recorded in this study, belonged to a harbour seal female
from the Northern Isles caught in 2008 with a value of 25.87 mg/g.


Fig. 4. DA measured in faeces from live captured harbour seals (A) by year and (B) by mo
logarithmic scale from live captured harbour seals. The colours represent the different region
and the box ranges from the first quartile to the third quartile, whiskers represent the lowe
the median of the data set, separate circles are outliers (DA range: 0.00e25.87 mg/g). (For int
web version of this article.)


Our analysis of harbour seal exposure to DA, recorded through
the analysis of urine or faecal samples, showed that harbour seals
contaminated with DA were significantly more likely (p ¼ 0.02) to
belong to populations from the east coast of Scotland, where 77.08%
(n ¼ 48) were found to contain detectable levels of DA, or from the
Northern Isles where 71.67% (n ¼ 60) had quantifiable amounts of
DA in their excrements. This is higher when comparing with seals
from the west coast where a total of 53.70% (n ¼ 54) had quanti-
fiable DA in their excrements. The results also indicate that females
77.78% (n ¼ 81) were significantly more likely (p < 0.01) to be
exposed to DA than males 56.79% (n ¼ 81).


3.2. Domoic acid in anonymous harbour seal faecal samples



Of the 180 anonymous faecal samples collected (faeces collected
from haul-out sites known to be frequented by harbour seals)
collected 63.33%, were >LOQ for DA. There was a significant tem-
poral difference with 2010 being a year with the highest proportion
positive (mean: 7.36 mg/g, 75% quantile: 4.36 mg/g, Table 5, model 1,
p ¼ 0.01, Fig. 5a). There was no significant spatial difference in the
proportion positive (Table 5, model 2, p ¼ 0.14), but the east coast
(mean: 6.10 mg/g, 75% quantile: 0.90 mg/g) and the Northern Isles
(mean 3.33 mg/g, 75% quantile: 2.07 mg/g) had a higher mean DA
concentration than those from thewest coast (mean: 2.15 mg/g, 75%
quantile: 1.84 mg/g). The highest DA concentration recorded in an
anonymous seal faeces sample was found on the east coast
(100.46 mg/g DA). There was also a significant difference between
the months of DA exposure where June and May had a lower


nth. Concentration of DA in faeces (mg/g) (A) by year and (B) by month, plotted on a
s sampled. The width of the box is proportional to the square root of the samples sizes
st and highest values still within 1.5� IQR of DA and the black horizontal line indicates
erpretation of the references to colour in this figure legend, the reader is referred to the











Table 5
Regression models analysing DA concentration in anonymous faecal samples.



Model Variable Residual deviance df fitted df P value AIC



1. Year 225.1 178 1 <0.01 229.1
2. Region 234.2 177 2 0.14 240.2
3. Month 214.9 173 6 <0.01 228.9
4. Model 1 * Region 227.6 175 4 <0.01 227.6
5. Model 2 * Month 185.3 163 13 <0.01 219.3



The table shows results from separate variables and interactions between them,
these include: year, region and month. Alternative models were explored using
forward-selection with the three variables and interaction terms among them.
Residual deviance, degrees of freedom (df), p-value and AIC are shown for each
model. Model without explanatory variables, residual deviance ¼ 236.6/179 df.
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proportion positive for DA than the rest of the year (Table 5, model
3, p < 0.01, Fig. 5b). Interaction between year and regionwas found
significant where the west coast in 2010 had a lower number of
samples > LOQ than the east coast and the Northern Isles (Table 5,
model 4, p < 0.01). The best model was achieved when the inter-
action between region and month was fitted to the data (Table 5,
model 5, p < 0.01, AIC: 219.3), where the Northern Isles in Junewere
significantly different than the other months and regions with a
higher proportion of samples with DA above the LOQ.



3.3. Domoic acid in dead stranded harbour seals



A total of 16 stranded harbour seals were tested for DA in urine.
Among them seven (43.8%) were found to have quantifiable levels
of DA in urine. Eight of the seals came from the east coast and from
those five (62.5%) had DA in urine above the LOQ. Four seals orig-
inated from the Northern Isles and one of those had quantifiable
amounts of DA in urine. On the west coast, urine samples of four
seals were analysed and one was found to be positive with DA. The
mean for the DA concentration in urine samples tested was 0.05 mg/
ml.



For the faecal samples, fifteen samples were analysed for DA.
Among them,13 originated from seals stranded at diverse locations
of the East coast, one sample originated from the Northern Isles and
one from the West coast. Three faecal samples from seals origi-
nating from the East coast contained quantifiable amounts of DA.
However, neither of the excrements collected from stranded
harbour seals of the Northern Isles and the West coast contained
DA. The mean DA concentration for the positively contaminated
faecal samples was 0.05 mg/g. The highest concentration of DA


Fig. 5. DA measured in anonymous faeces (A) by year and (B) by month. Concentration of D
month, plotted on a logarithmic scale. The colours represent the three different regions samp
the data points, error bars gives the interquartile range of DA and the black horizontal line in
the references to colour in this figure legend, the reader is referred to the web version of t


measured in a urine sample was from a 2010 seal stranded in the
Northern Isles (0.63 mg/ml). Although the cause of death was not
established the seal had a suppurative to granulomatous broncho-
interstitial pneumonia. Finally, the highest concentration of DA in a
faecal samplewas found in a seal from the east coast with 0.52 mg/g,
where the cause of death was physical trauma with spiral “cork-
screw” lesions from ducted propellers of marine vessels (Bexton
et al., 2012).



3.4. PSP toxins from live captured harbour seals



Results obtained after PSP analysis using the HPLC-PCOx
method revealed the presence of PSP toxins in 16 faecal samples
of the 41 live captured harbour seals tested between 2012 and 2013.
A selection of positive samples also analysed using the pre-column
oxidation LC-FLD method (preOx) correlated well with the initial
results (Fig. 6, n ¼ 6, r2 ¼ 0.95). It was found that 25% (n ¼ 28) of
captured harbour seal excrements in 2012 contained PSP toxins
while 69% (n ¼ 13) were found to be PSP positive in 2013 (Fig. 7a).
Five out of thirteen live captured harbour seals from the east coast
were found with PSP toxins in their faeces. Two seals excrement
samples out of the eight tested from the Northern Isles were found
to be positive with PSP toxins while nine out of 20 seal excrements
tested from the west coast were found to contain PSP toxins. There
was no significant difference between the regions (Table 6, model 1,
p > 0.47). Thewest coast had the highest PSP toxicity mean at 30.67
STX mg eq/kg (75% quantile: 8 STX mg eq/kg) followed by the east
coast with a mean PSP toxicity of 16.08 STX mg eq/kg (75% quantile:
4 STX mg eq/kg) and the Northern Isles with a mean PSP toxicity of
10.88 STX mg eq/kg (75% quantile: 10.50 STX mg eq/kg). In addition,
although therewas no significant difference between themonths of
PSP toxin exposure (Fig. 7b), it is worth highlighting that the
highest PSP concentration was recorded in 2013 (Table 6, model 2,
mean 65.7 STX mg eq/kg, 75% quantile: 53.00 STX mg eq/kg). None of
the urine samples had traces of PSP toxins (n ¼ 31).



3.5. PSP toxins in anonymous harbour seal faecal samples



Two archived harbour seal faecal samples (stored at �20 �C)
collected in 2003 were analysed for the purpose of this study for
PSP toxins as well as faecal samples from 2012 to 2013 were
collected from seal haul-out sites for this study of PSP toxins. In
2003 one of the seal faecal samples was found to contain PSP toxins,
while in 2012 56.3% (n ¼ 32) and in 2013 84.6% (n ¼ 13) were fount


A in anonymous faecal samples (mg/g) from harbour seals seen (A) by year and (B) by
led. Sample size reflects the width of the box and the box highlights the middle half of
dicates the median of the samples (DA range: (0.0e100.46 mg/g). (For interpretation of
his article.)











Fig. 6. Relationship between PSP toxin concentrations in faecal samples from the HPLC
PCOx and the analysis HPLC e FLD preOx.



Table 6
Regression models analysing PSP toxins concentration in faecal samples.



Model Variable Residual deviance df fitted df P value AIC



1. Region 49.41 36 2 0.47 55.41
2. Month 44.42 34 4 0.16 54.42
3. Region 62.85 47 1 0.53 66.85
4. Month 45.77 42 5 0.99 57.77



The table shows results from live captured harbour seals faecal samples (model 1
and 2) and anonymous faecal samples (model 3 and 4) with separate variables, these
include: region and month of the year. Because of a low sample number, interaction
models were not available.
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to contain PSP toxins (Fig. 8a). Anonymous faecal samples were
only collected from harbour seals haul-out sites on the east coast
(n ¼ 41) and in the Northern Isles (n ¼ 8). On the east coast, 63% of
the faecal samples were found to be positive for PSP toxins and in
the Northern Isles 75% were found to be PSP positive. There was no
significant difference between the two regions sampled (Table 6,
model 3, p > 0.53) or between the months (Table 6, model 4,
p > 0.99, Fig. 8b). Unfortunately no samples were available for PSP
toxins analysis from the west coast of Scotland.


3.6. PSP toxins in faeces of dead stranded harbour seals



PSP toxins were detected in 50% of the faeces of dead harbour
seals tested (n ¼ 4), with levels ranging from 12 to 18 STX mg eq/kg
all of which being from the east coast. The highest PSP toxin sample
measured was from a male harbour seal found dead of unknown
causes on the east coast where the faecal sample was found to


Fig. 7. PSP toxins measured in faeces from live captured harbour seals (A) by year (B) by m
harbour seals seen (A) by year and (B) by month. The colours represent the three different
middle half of the data points, error bars gives the interquartile range of DA and the black
mg eq/kg).


contained 18 STX mg eq/kg.


3.7. Haematological parameters in live captured harbour seals



All live captured harbour seals handled in this study were in
good visible health with no apparent abnormal neurological signs.
However, among the animals, which were found having quantifi-
able amounts of DA in urine, significant negative (Table A.2,
p < 0.05) relationships were found between blood lymphocyte
counts and urinary DA concentration (Fig. 9a, Table A.2). In addi-
tion, a significant positive relationship was found between blood
monocyte counts (Table A.2, p< 0.05) and urinary DA concentration
(Fig. 9b, Table A.2). Similar trends were observed in harbour seals
for which quantifiable amounts of DA were detected in faecal
samples (Fig. 10a and b, Table A.2 p > 0.05) indicating a correlation
between faecal and urinary DA contamination. None of the other
leukocyte counts showed any relationship with urinary or faecal DA
exposure, including eosinophil counts (for full overview see
Table A.2). Faecal parasite egg counts (nematodes) were carried out
to control for any eosinophilia associated with parasite infection.
Plasma cortisol concentrationwas not significantly related to any of
the haematological parameters (data not shown). No relationships
were found between the any of the different haematological pa-
rameters investigated and PSP toxins exposure.


3.8. Prey identification



A total of 1986 otoliths, which were used for prey species
identification, were recovered from the excess faecal material of 70
samples collected from both live captured and anonymous harbour


onth. Concentration of PSP toxins in faecal samples (mg STX eq/kg) from live captured
regions sampled. Sample size reflects the width of the box and the box highlights the
horizontal line indicates the median of the samples (PSP toxins range: 0.0e0.28 STX











Fig. 8. PSP toxins measured in anonymous faecal samples from harbour seals (A) by year (B) by month. Concentration of PSP toxins in anonymous faecal samples (mg STX eq/kg)
from harbour seals seen (A) by year and (B) by month. The colours represent the three different regions sampled. Sample size reflects the width of the box and the box highlights the
middle half of the data points, error bars gives the interquartile range of DA and the black horizontal line indicates the median of the samples (PSP toxin range: 0.0e0.40 STX mg eq/
kg). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 9. DA in urine compared with (A) lymphocytes cell counts and (B) monocyte cell counts. Concentration of DA in urine (>0.04 mg/ml) samples from live captured harbour seals
plotted on a logarithmic scale compared with (A) lymphocytes cell count in live captured harbour seals and (B) monocyte cells.
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seals samples between 2008 and 2013 (for full overview see
Table A.3). The faecal materials sampled for otoliths originated from
the East Coast (n ¼ 38), the Northern Isles (n ¼ 19) and the west
coast (n ¼ 10). Seventeen species of prey were identified while
three prey species remained unidentified. Otolith identification


Fig. 10. DA in faeces compared with (A) lymphocytes cell counts and (B) monocyte cell count
plotted on a logarithmic scale compared with (A) lymphocytes cell count in live captured h


gives an interesting insight into the seals' diet, indirectly high-
lighting the transfer process of marine toxins to the seals through
the food web.



The three highest DA contaminated faecal samples were from
harbour seals from the east coast and were collected between July


s. Concentration of DA in faeces (>0.20 mg/ml) samples from live captured harbour seals
arbour seals and (B) monocyte cells.
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and August 2013. These faecal samples had otoliths from (listed in
order of percentage frequency of occurrence): plaice (Pleuronectes),
dab (Limanda limanda), whiting (Merlangius merlangus), long rough
dab (Hippoglossoides platessoides), Sandeel (non-specific) and cod
(Gadhus morhua).



Of the collected faecal material collected containing fish oto-
liths, the three highest PSP toxin contaminated faecal samples were
from harbour seals from the east coast and the west coast. The two
east coast faecal samples were collected in June and July 2013 while
the west coast faecal sample was collected in May 2013. On the east
coast, the harbour seals had been eating (listed in order of per-
centage frequency of occurrence): plaice, dab and unidentified flat
fish, while the only otolith identified from the west coast faecal
harbour seal sample came from a poor cod (Trisopterus minutus).



3.9. Concentrations of DA and PSP toxins in prey



Based on the faecal otolith identification results, a selection of
fish preyed on by harbour seals were collected for analysis of DA
and PSP toxins. For logistical reason it was only possible to collect
fish from the east coast. However, the results gave an indication of
which prey is of importance as a toxin vector in the region. The LOQ
of DA (using UHPLC-MS/MS) in the analysed fish viscera was
0.025 mg/g. A selection of fish comprising: plaice, dab, cod, long
rough dab, whiting, and sandeel were chosen for DA analysis. DA
was detected in (listed in decreasing order of maximum DA con-
centration detected from high to low): plaice (177.4 mg/g), dab
(5.1 mg/g), cod (2.7 mg/g), long rough dab (1.8 mg/g), whiting (0.3 mg/
g) and sandeel (estimated at 0.005 mg/g as below the LOQ).



For PSP toxin analysis, the only fish species analysed were plaice
and dab. STX was the only PSP toxin detected for which the LOQ in
the fish viscerawas 30 STX mg eq/kg. The toxinwas detected in: dab
and plaice (1020.1 and 757.8 STX mg eq/kg respectively).



4. Discussion



4.1. Domoic acid



There has been a temporal change in DA exposure in harbour
seals before and after 2012. All the urine samples collected between
2008 and 2010 were found to contain quantifiable amounts of DA,
while in 2012 and 2013 only 43.6% of the collected harbour seal
urine samples had DA levels above LOQ. This trend was also seen in
faecal samples from both live captured harbour seals and anony-
mous faecal samples for which during 2008e2010 the highest
prevalence of quantifiable levels of DA was found. This apparent
temporal shift in DA contamination of harbour seals can be related
to the annual variability in Pseudo-nitzschia spp. blooms in Scotland
(Fehling et al., 2006). Phytoplankton monitoring data from 2006 to
2013 received from the Scottish Association for Marine Science
(SAMS) revealed that three large Pseudo-nitzschia spp. blooms
(>100,000 cells per litre) on the east coast in the last 10 years; two
in 2008 and one in 2010 (Stubbs et al., 2013). In Orkney there has
been one large Pseudo-nitzschia bloom during the study period, this
occurred in July 2010. Phytoplankton monitoring sites on the west
coast of Scotland are much more widespread than on the east coast
due to the much higher density of shellfish farms. The data show
the presence on the west coast of large Pseudo-nitzschia blooms
every year, which vary in intensity and time depending on the
location. However, there is little information on how widespread
these blooms are because the spatial resolution of the
phytoplankton-monitoring network is not dense enough. Further-
more, light microscopy identification cannot differentiate between
toxic and non-toxic species of Pseudo-nitzschia. For example: on the
Isle of Harris, at Loch Stockinish, Pseudo-nitzschia (>100,000 cells


per litre) blooms have been detected every year since 2006, except
in 2007 and 2011. Loch Laxford on the northwest coast reported
Pseudo-nitzschia blooms (>100,000 cells per litre) in 2006, 2007,
2009 and 2010. Further south Loch Torridon, just north of Isle of
Skye has had blooms >100,000 cells per litre every year since 2006
with the exception of 2012. This monitoring data indicate the de-
gree of variation on the west coast and it is important to stress that
these blooms are monitored in sheltered areas where shellfish
farms are established (Swan and Davidson, 2010), and are therefore
regions that are not necessarily representative of seal foraging
areas. If offshore phytoplankton blooms occur, they remain often
undetected. There is also a time lag between the phytoplankton
blooms and the accumulation of the toxin in tissues (Bates et al.,
1998). DA, a stable amino acid (Johannessen, 2000), can poten-
tially stay in the food chain for weeks or months before it is dep-
urated. This has implication on harbour seals, which could
potentially be exposed to DA contaminated prey for a prolonged
time period, even weeks after Pseudo-nitzschia blooms die out. In
addition, DA has been shown to be present in the marine sediment
for months and years (Sekula-Wood et al., 2011) which could
potentially impact the toxicity of demersal fish, which are preyed
on by harbour seals as revealed by the otoliths analyses of faeces.



Goldstein et al. (2008) reported that female CSLs were five times
more likely to experience a rapid absorption of DA or an ‘acute’
toxicity. In this study, a sex difference was seen in the Scottish
harbour seals as more females had a higher concentration of DA
compared to males. This difference in DA could be explained by
different foraging strategies between females andmales, as females
have been found to forage further out from their haul-out sites than
males (Cunningham et al., 2009) or differences in prey choice be-
tween the sexes.



A study of Pacific harbour seals (P. vitulina richardii) found that
DA was detected in 65% (n ¼ 26) of the urine sampled (range
0.4e10 ng/ml), and was also detected in faecal samples with values
from 0.002 to 2.9 mg/g. The same study also documented signs
suggesting DA toxicosis in two live-stranded seals (McHuron et al.,
2013). The live captured Scottish harbour seals had DA concentra-
tions in urine higher than the levels reported for CSLs suffering
from ‘acute’ DA toxicity (0.01e3.72 mg/ml: (Goldstein et al., 2008))
and the Pacific harbour seals, although none of the live captured
Scottish harbour seals were found with seizures upon capture. For
faecal samples the DA concentration was similar to those reported
for CSLs experiencing ‘chronic’ (repeated long term exposure) DA
exposure (1.6e4.15 mg/g: (Goldstein et al., 2008)). There is no in-
formation available regarding the timing of the seals exposure to
DA, therefore it is not possible to estimate what maximum level of
DA contamination were subjected the harbour seals. As previously
earlier, ‘chronic’ exposure to DA can be described as a prolonged
and repeated exposure to DA. From the DA results reported in this
study it is possible that Scottish harbour seals are experiencing a
prolonged exposure to DA as we are not seeing any stranding of
seizing harbour seals, an indication of a recent and more ‘acute’ DA
toxicity. From the literature we know the estimated half-life for DA
in serum samples is approximately 20 min for rats (Suzuki and
Hierlihy, 1993) and 2 h for monkeys (Truelove and Iverson, 1994).
DA is usually excreted from urine within two days (Bejarano et al.,
2007) and it is thought to take a few days up to a week for DA to
clear in faecal material (Iverson et al., 1989).



This study reports potential immunomodulatory effects of DA
exposure including lymphocytopenia and monocytosis. This has
also been suggested in other marine mammal species such as CSLs
(Gulland et al., 2002; Levin et al., 2010; Pulido, 2008). DA has been
shown to have a direct effect on both T cells and monocytes in vitro
(Levin et al., 2008), which may lead to the development of neuro-
inflammation and neurodegeneration (Ryan et al., 2011). CSLs
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affectedwith DA toxicosis have been shown to develop eosinophilia
(Gulland et al., 2012). Eosinophilia was also documented as a po-
tential effect of chronic DA exposure in bottlenose dolphins from
the northern Gulf of Mexico (Schwacke et al., 2010). This was not
recorded in any of the live captured Scottish harbour seals. Inter-
estingly, the study revealed a negative relationship between
increased DA concentration in urine and faeces and lymphocyte
counts while a positive relationship between increased DA con-
centration in faeces and urine and monocyte counts. Abnormalities
in lymphocyte counts have been associated with exposure to DA.
For example, neutrophilia has been associated with DA exposure,
where a human patient was admitted to hospital (Perl et al., 1990)
showing neurological signs associated with DA such as confusion
and disorientation. Although eosinophilia was not seen in this
study, different species might react differently to toxin exposure.
The precise immunomodulatory effects of DA in this harbour seals
are unclear, and the consequences of these low lymphocyte counts
may be an increased risk of infection while an increased monocyte
count can be an indicator of an on-going infection (Bossart et al.,
1990; Kelly et al., 2005; Ramaekers et al., 1975).



The otoliths recovered in the harbour seals' faeces are used to
determine the diet (Sharples et al., 2012; Tollit and Thompson,
1996). Examination of the otoliths helped understand which fish
species was part of the harbour seals' diet and could represent
potential vectors for the trophic transfer of DA. Otolith identifica-
tion does not give a complete description of the harbour seal diet,
as some fish might be underrepresented because of complete
digestion in the gut or fragile otoliths (e.g. mackerel) (Silva and
Neilson, 1985). However, the highest levels of DA measured in
fish matched the otoliths that were identified in harbour seals
exposed to DA from the east coast where the greatest decline in
harbour seal abundance is occurring. Species of dietary importance
to Scottish harbour seals were found to include plaice, dab, long
rough dab, whiting and sandeels.



4.2. PSP toxins



Saxitoxin and other PSP toxins analogues have caused tempo-
rary closure of a number of shellfish production areas on the
Scottish east coast and in Orkney (Howard,1995e1998) during HAB
episodes. PSP toxins are also known to accumulate in marine fish
and can be the cause of sea bird and marine mammal deaths
(Coulson et al., 1968; Landsberg, 2002; Shumway, 1990). Lethal
doses of PSP toxins vary with species (Levin, 1992; Meyer, 1953;
Schantz et al., 1975).



Only four of the 30 recognised species belonging to the genus
Alexandrium have been reported to occur in Scottish coastal waters
(Swan and Davidson, 2011). Data from the Scottish phytoplankton-
monitoring program indicated that large Alexandrium spp. blooms
(>500 cells per litre) occurred regularly on the east coast of Scot-
land in 2008, 2009, 2012 and 2013 (Stubbs et al., 2013; Swan and
Davidson, 2010, 2011). In Orkney, there have been several Alexan-
drium spp. blooms in the past few years, taking place in 2006, 2007,
2009 and 2011 for which the concentration of cells in the water
column reached at least >2000 cells per litre. On the west coast
there were several larger Alexandrium spp. blooms in 2013 (>500
cells per litre). Interestingly, over half of the live captured harbour
seals found exposed to PSP toxins (55.6%) were captured on the
west coast in May 2013. Although active screening of PSP toxins in
the live captured harbour seals first started in 2012, both 2012 and
2013 were years where harbour seals were found exposed to PSP
toxins, suggesting PSP toxins could constitute a potential risk for
the health of this species in Scotland. Blooms of Alexandrium spp.
occur on the east coast every year and although not all of these
blooms produce PSP toxins, if toxins are found in the shellfish


harvested, the harvesting is suspended until the PSP toxins have
fallen below maximum permitted levels. Although only acute ef-
fects of PSP toxins have been reported in mammals such as seals,
long term exposure to non-lethal doses of saxitoxin may in fact
make animals less susceptible to lethal doses as humans, eating low
levels low levels of PSP toxins appear to be less susceptible to
developing poisoning (Prakash et al., 1972). If harbour seals are
exposed to PSP toxins on a regular basis they may too potentially
become less susceptible to the effect of the saxitoxins. However,
there is not enough information regarding acute and chronic PSP
toxin exposure in Scottish harbour seals. It is therefore difficult to
make any assumptions on how they would potentially affect the
harbour seal populations. The western North Atlantic population of
right whale population was found exposed to DA and PSP toxins
between 2001 and 2006 in the Bay of Fundy, Great South Channel,
Roseway Basin, and Cape Cod Bay although no associated effects
was reported (Doucette et al., 2012).



Similar to contamination by DA, plaice, dab and other flat fish
species, are likely to be of particular importance as vectors for PSP
toxins. These fish are benthic feeders and are most likely exposed to
PSP toxins through their diet of benthic amphipods (White, 1981)
and other deposit feeding invertebrates (Landsberg, 2002). The
finding of PSP toxin contamination in Scottish harbour seals raises
questions about temporal exposure and because of the devastating
physiological effect that these toxins may have (on, for example,
respiration and peripheral heat conservation) (Geraci et al., 1989),
uptake could potentially affect feeding, behaviour and fitness.



4.3. Dose estimation



Oral dose estimations can be carried out by calculating the
amount of toxin the seals can potentially ingest on a daily basis. For
example, in a study by H€ark€onen and Heide-Jørgensen (1991), it
was estimated that on average, the daily energy requirement of a
harbour seal was 4680 kcal per seal which was found to correspond
to the ingestion of ca. 3.7e4.2 kg fish per seal per day. Marine toxins
generally accumulate mainly in the fish viscera. Considering the
different fish species preyed on by the Scottish harbour seals, it was
estimated that the viscera constituted approximately 20% of the
fish total mass. By extrapolation, this would mean a seal could
potentially ingest about 0.8 kg viscera per day. An adult harbour
seal weighs about 80 kg (total body mass), for a lean body mass and
it is approximately 60 kg (Reilly and Fedak, 1991). If it consumed
fish with the levels of DA detected in the viscera of one of the plaice
analysed (117.4 mg/g) an adult harbour seal would ingest approxi-
mately 1.6 mg DA/kg (lean body mass)/day. Similarly for PSP toxins,
if a harbour seal ingested fish with PSP toxins levels such as the
ones detected in this study (dab: 1021 STX mg eq/kg), this would
equate to approximately 13.6 STX mg eq per kg of lean body mass/
day. Whilst these levels arewell below the lethal levels reported for
various mammalian species and laboratory animal models, seals
feed in bouts, with a mean foraging trip duration of between 1 and
5 days (Sharples et al., 2012). Therefore there may be days when
this estimated mean daily oral dose is greatly exceeded. Further
detailed pharmacokinetic modelling incorporating oral dose esti-
mates, the half-life of the toxins in seals and their feeding behav-
iour is required to estimate the true impact of such toxins levels on
the health and survivorship of harbour seals.



Estimating exposure and inferring potentially lethal effects from
the urine and faecal concentrations of toxins in live captured ani-
mals may be biased. Sick seals may not haul-out, and if they do they
may haul-out alone and therefore not be accessible for capture.
Therefore an effort was made to assess variation in spatial exposure
by collecting anonymous faecal samples at awider range of harbour
seal haul-out sites. Although this provides a better indication of the
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temporal and spatial variation in exposure, it does not provide in-
formation about the health of the animals. As mentioned above,
harbour seals forage at sea for an average of between 1 and 5 days
at a time (Sharples et al., 2012), and will therefore also defecate at
sea. This means that the anonymous/random faecal samples may
only come from seals that had foraged closer to the shore and those
feeding farther offshore may have depurated the toxins by the time
they returned to haul out. Although there is little knowledge about
the assimilation efficiency of DA in harbour seals, there are data on
the clearance rate of DA in monkeys and rats (Suzuki and Hierlihy,
1993; Truelove and Iverson, 1994) where DA, which is primarily
excreted in urine, remains in the tissues and urine for a few hours
after ingestion of toxins, whilst excretion rates through faeces may
take much longer.



4.4. Scottish harbour seal decline and the link with algal toxins



The decline in Scottish harbour seals was first detected in the
counts of seals hauled out during their annual moult in August
around 2000. In Orkney and the North Coast (mainland) the pop-
ulation has declined at an annual rate of approximately 13%, while
the Shetland harbour seal population declined by 3% per annum
between 2000 and 2009 (SCOS, 2013). The west coast and the
Western Isles harbour seal populations appear to be stable over the
same time period. TheMoray Firth population on the east coast had
declined, but more recent population counts suggest that it may
now be stable (SCOS, 2013). The greatest decline has been seen in
the Firth of Tay population on the east coast where the average rate
of the annual decline is approximately 18% and the population size
has decreased by 85% since 2000 (SCOS, 2013). Although several
factors have been considered responsible for the sharp harbour seal
population decrease, there is not a clear single factor, which would
explain the decline. Themost likely explanation probably includes a
combination of factors, such as shooting and trauma (Bexton et al.,
2012; Matthiopoulos et al., 2014). Toxins produced by harmful
algae were first monitored in harbour seals by Hall and Frame
(2010) who found the Scottish harbour seals to be exposed to DA.
This study now demonstrates the link between toxin uptake and
prey consumption, with evidence that the harbour seals are
exposed to DA on an annual basis. There are also regional differ-
ences with the east coast being a potential hot spot with higher DA
levels found in this region. By contrast, harbour seals sampled on
thewest coast had significantly lower DA levels. However, sampling
on the west coast regions for this study was limited so further lo-
cations would need to be included in future to determine whether
this pattern persists. PSP toxin uptake was first studied in Scottish
harbour seals in 2012 and the data from 2012 to 2013 seem to
suggest an absence of regional differences. There is a lack of in-
formation regarding harbour seals exposure prior to 2012 and in
addition, the lack of dead seal carcasses from the west coast in
particular makes regional comparisons difficult. Although there is
little information about the occurrence of toxin-producing algal
blooms in offshore areas where the seals are foraging, this study
clearly demonstrates that the toxins are taken up by different fish
species consumed by the harbour seals at levels that may have the
potential to cause harmful and lethal effects that would perturb the
population dynamics of these species.



4.5. Conclusions



Here we show that the exposure of Scottish harbour seals to DA
and PSP toxins occurs through their consumption of contaminated
fish prey such as plaice, dab, long rough dab, whiting, and cod.
Harbour seals on the east coast of Scotland had over three times
higher DA concentrations in their urine compared to those from the


Northern Isles and the west coast. Of some note is the fact that the
east coast is the region with the greatest population decline.
Although the DA levels in urine reported in this study are similar to
thosemeasured in the urine of acutely poisoned CSLs, urinary levels
may not be representative of acute toxicity and all the live captured
harbour seals appeared healthy upon capture. This is because
neither study was able to determine exactly when the toxins had
been consumed, making any direct comparisons unreliable. The
results of this study highlight a likely chronic rather than acute
exposure of Scottish harbour seals to DA and PSP toxins, where
long-term effects are not yet fully understood. Although no overt
health effects were observed in the live captured animals as
assessment was only possible for a fewminutes around capture and
adrenaline and other stress responses in addition to sedation dur-
ing capture may obliterate any subtle neurological signs. We do,
however, document immunomodulatory effects of DA exposure
including lymphocytopenia and monocytosis, which may suggest
additional risks for the health and survival of exposed harbour
seals.
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ABSTRACT



Although collisions with motorized ships are a recognized source of whale
mortality, little has been done to compile information on the frequency of
their occurrence or contributing factors. We searched historical records and
computerized stranding databases for evidence of ship strikes involving great
whales (i.e., baleen whales and the sperm whale). Historical records suggest
that ship strikes fatal to whales first occurred late in the 1800s as ships began
to reach speeds of 13–15 kn, remained infrequent until about 1950, and then
increased during the 1950s–1970s as the number and speed of ships in-
creased. Of 11 species known to be hit by ships, fin whales (Balaenoptera
physalus) are struck most frequently; right whales (Eubalaena glacialis and E.
australis), humpback whales (Megaptera novaeangliae), sperm whales (Physeter
catodon), and gray whales (Eschrichtius robustus) are hit commonly. In some
areas, one-third of all fin whale and right whale strandings appear to involve
ship strikes. To assess contributing factors, we compiled descriptions of 58
collisions. They indicate that all sizes and types of vessels can hit whales;
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most lethal or severe injuries are caused by ships 80 m or longer; whales
usually are not seen beforehand or are seen too late to be avoided; and most
lethal or severe injuries involve ships travelling 14 kn or faster. Ship strikes
can significantly affect small populations of whales, such as northern right
whales in the western North Atlantic. In areas where special caution is needed
to avoid such events, measures to reduce the vessel speed below 14 kn may
be beneficial.



Key words: mortality, strandings, ship collisions, species conservation, right
whales.



As steam-powered ship technology evolved in the 1800s, reports of ships
striking whales began to appear (Allen 1916; Schmitt 1976, 1979). These
collisions appeared to occur rarely; however, recent information suggests that
ship strikes of whales may be more common than previously suspected and,
in some cases, may constitute significant conservation issues.



Kraus (1990) reported that at least 20% (5 of 25) of endangered northern
right whales (Eubalaena glacialis) found dead between 1970 and 1989 off the
eastern United States and Canada had large propeller slashes or massive injuries
indicating they were killed by ships. Of the living right whales for which
good-quality photographs are available, 7% (12 of 168) had scars caused by
ship strikes. An updated analysis (Knowlton and Kraus, in press) links ship
strikes to 35% (15 of 43) of right whale deaths between 1970 and 1998, and
to at least 47% (8 of 17) of their deaths from 1991 to 1998, a period when
carcass recovery and necropsy efforts improved. Because there are only about
300 animals in the population (Knowlton et al. 1994, Caswell et al. 1999),
ship strikes pose a serious threat to recovery and intensive management efforts
have been undertaken in both the United States and Canada to reduce the
number of vessel-related deaths (Marine Mammal Commission 1999).



Humpback whales (Megaptera novaeangliae) also may be struck by ships more
frequently than previously thought in some areas. Wiley et al. (1994) found
that 30% (6 of 20) of carefully examined humpback whale strandings along
the U.S. Atlantic coast between 1985 and 1992, most of which were near the
Chesapeake Bay, had injuries caused by ships.



In some areas recurring ship strikes involving hydrofoils and high-speed
vessels (e.g., those that operate at speeds of 28 kn and higher) also suggest
ship collisions may be relatively common in some areas. After several collisions
between ferries and sperm whales in the Canary Islands, one of which caused
the death of a passenger, André et al. (1997) tried unsuccessfully to deter
sperm whales from ferry routes by broadcasting low-frequency sounds. Five
collisions in the Sea of Japan between high-speed jetfoil ferries and what were
thought to be whales also were reported, two of which resulted in injuries to
several passengers and three of which involved vessel damage (Honma et al.
1997).



Although this information suggests that collisions between ships and whales
are more common than previously thought, no attempt has been made to
compile information on the frequency of such collisions, the types of vessels
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involved, the speed of ships when whales were hit, collision locations, the
behavior of whales immediately before being struck, or other potentially rel-
evant factors. The lack of such information has hampered efforts to evaluate
the significance of ship strikes for whale populations and to develop appro-
priate mitigation measures. Therefore, we compiled and analyzed information
on the nature and extent of collisions between motorized ships and large
whales from four sources: (1) historical collision records, (2) recent whale
stranding records, (3) anecdotal accounts from vessels involved in collisions,
and (4) data on the number and speed of ships.



METHODS



We focused on collisions between motorized vessels and great whales (i.e.,
baleen whales and the sperm whale, Physeter catodon). Collisions with vessels
under sail were excluded from the analysis because of data limitations and a
lack of evidence that such collisions cause significant injuries to whales.



Historical collision records—To assess collisions with whales before 1951, we
reviewed newspaper clippings, early stranding records, and scientific publica-
tions. It was not possible to verify independently the accuracy of these reports,
except in rare cases where photographs of struck animals accompanied the
reports. To minimize error, we considered only accounts citing vessel crew
members whose descriptions indicated that the struck whale was seen clearly
(e.g., it was caught on a ship’s bow or seen thrashing off the stern). Historical
whale stranding records from the early 1600s to 1915 along northeastern
North America (Allen 1916), and from 1913 to 1966 for the British Isles
(Harmer 1927; Fraser 1934, 1946, 1953, 1974) were also reviewed for reports
of ship strikes or stranded whales with massive injuries, such as fractured skulls
and severed tails. We found no other long-term data sets for large-whale
strandings before the 1970s.



Recent stranding records—We searched computerized stranding databases for
all records of whales killed or possibly killed by ships. These included records
for the U.S. Atlantic and Gulf of Mexico coasts (maintained by the Division
of Mammals, National Museum of Natural History, Smithsonian Institution,
Washington, DC), Italy (maintained by the Centro Studi Cetacei, Museo di
Storia Naturale di Milano), and France (the Institut de la Mer et du Littoral,
La Rochelle). Stranding records for southern right whales (E. australis) in South
Africa (Best et al., in press) also were examined.



From each database, we generated a list of the species, date, location, and
nature or source of injury for each identified or possible ship strike. Records
were attributed to ship strikes when they reported either (1) massive blunt
impact trauma (e.g., fractures of heavy bones including skulls, jaws, or verte-
brae) or apparent propeller wounds (i.e., deep slashes or cuts into blubber on
the dorsal aspect, or (2) a dead whale on the bow of a ship. Given the force
needed to break large whale bones, it was considered unlikely that fractured
jaws, skulls, or vertebrae were caused by anything other than ship collisions.
Similarly, it was assumed that long, deep, parallel slashes were caused by ship
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propellers. Dead whale stranding records ascribed to ship strikes were summed
and the total was compared to the total number of dead whale strandings for
that species from all causes. Time frames for searches varied by database de-
pending on the year in which well-organized stranding response efforts began
and the last year for which data entry was relatively complete.



Anecdotal accounts—To examine factors contributing to ship strikes, we com-
piled accounts describing observed collisions between ships and whales from
published literature, a request for collision descriptions posted on the Internet
(marmam@uvvm.uvic.ca), and inquiries to whale biologists, government of-
ficials, and mariners likely to have documented such events. We also reviewed
newspaper clippings, articles, and unpublished first-hand accounts of vessel
collisions with various species of marine life gathered by William C. Cum-
mings (5948 Eton Ct., San Diego, CA 92122), who published a request for
descriptions of such events in Yachting (March 1974) and Sea Frontiers (July–
August 1974).



The following information was recorded from each event whenever available:
date; time; location; species of whale struck; whether the struck whale was
seen before the collision; a description of the impact; fate of the whale or signs
of injuries; type, name, and size of the vessel; vessel speed and weather con-
ditions at the time of the collision; and vessel damage. When a vessel’s name
was provided, Lloyds Registry of Shipping was used to determine and/or verify
vessel length. It was not possible to verify other information. To ensure account
accuracy, we included only descriptions based on the crew of vessels involved
in collisions, witnesses to the collisions aboard a nearby vessel, or individuals
who, as part of their official duty, investigated cases of whales brought into
port on bows of ships or other reported ship strikes. In many cases, event
summaries were provided to individuals reporting the event to verify their
accuracy.



Struck whales were assigned to one of five fate categories: killed, severe
injury, minor injury, no apparent effect, or unknown fate. Whales were listed
as killed if they were seen dead on a vessel’s bow or described as having been
cut into pieces and sank. Whales struck with reports of blood in the water or
bleeding wounds were considered severely injured. Whales seen alive after a
collision with fresh wounds exposing blubber or thrashing off the stern but
with no mention of blood in the water or bleeding wounds, were categorized
as receiving a minor injury. Whales seen swimming away after being hit with
no visible marks and with behavior similar to that observed before the whale
was hit (e.g., resuming feeding) were considered to have sustained no apparent
injury. The fate of whales not seen after a collision and lacking any report of
blood in the water was considered to be unknown.



Historical data on the number and speed of ships—We determined the number
of motorized vessels 100 gross tons or larger registered by Lloyds Resister of
Shipping in the last year of each decade from 1880 through the 1990s (The
Committee of Lloyds Register 1890, 1950; Lloyds Register of Shipping 1992).
We also examined the maximum sustained speed of more than 1,400 passenger
vessels built for trans-Atlantic service in decades from the 1830s to the 1970s
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(Smith 1978). These speeds were based on the average speed of each vessel’s
fastest trans-Atlantic crossing. For each decade, we determined the number of
passenger ships built for trans-Atlantic crossing, their average maximum sus-
tained speed, and the percentage that were able to maintain speeds above 15
kn and 20 kn.



RESULTS



Evidence of ship collisions was found for 11 species of great whales. Overall,
fin whales (Balaenoptera physalus) were hit most frequently. Collisions with
northern and southern right whales, humpback whales, gray whales (Eschri-
chtius robustus), and sperm whales were relatively common in some areas. There
were comparatively few collision records for minke whales (B. acutorostrata),
blue whales (B. musculus), and sei whales (B. borealis). Records for Bryde’s
whales (B. edeni) and bowhead whales (Balaena mysticetus) were rare.



Historical Evidence of Collisions



There were few accounts of motorized ships hitting whales before 1951.
The earliest account we found involved the steamship Munroe moored in Nar-
ragansett Bay, Rhode Island, in 1877. According to Allen (1916), the captain
reported that, ‘‘by some curious accident,’’ a small whale, possibly a minke
whale or small fin whale, became caught between the ship’s propeller and
stern while the ship lay at dock. To dislodge the animal, whose vigorous
struggles to free itself raised the ship’s stern, the captain started the engine.
The propeller then ‘‘inflicted such injuries upon the whale’s head that it rushed
upon a shoal . . . and became stranded.’’ Between 1885 and 1950, we found
only 14 accounts of collisions between moving ships and whales (Table 1).
Several cases involved whales caught on the ship’s bow.



Allen (1916) described five ship collisions from 1885 to 1915. One involved
a sailing vessel, the schooner Adelia T. Carleton, in June 1904; four others
involved motorized vessels (Table 1). One collision, involving the Admiral
Sampson, ‘‘just grazed (a whale, which) came up almost immediately astern
and followed along for some distance as though bent on revenge.’’ The other
collisions were more serious. The Lawrence struck a whale that was seen off
the stern ‘‘rolling about as if in distress’’ after being hit at a speed of about
13 kn; the Graecian struck a whale ‘‘with such force as to cut the animal into
two parts’’; and the Waldimir Reitz hit a whale head-on ‘‘knocking a four-foot
hole in the (ship’s) bow.’’



Allen (1916) also reported two finback whales were found floating in Mas-
sachusetts Bay in July 1842. After being towed to shore and stripped of
blubber, both were found to have broken lower jaws. He reported that ‘‘it was
supposed that the two had been fighting, and so had fatally injured each other,
but the usual peaceable nature of this species is rather against such a suppo-
sition.’’ He noted no other injuries typical of recent ship strikes among ap-
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proximately 200 records compiled for five whale species (finback, right, sei,
blue, and little piked or minke).



Records of 164 large whale strandings in the British Isles from 1913 to
1966 (Harmer 1927; Fraser 1934, 1946, 1953, 1974) included no evidence
of ship strikes even though some strandings were attributed to other human
causes (e.g., commercial whaling, shootings, and possibly anti-submarine war-
fare) and one record mentions broken rib and flipper bones. Because rib and
flipper bones are thinner than skulls and jaws and subject to breaking as dead
animals roll in the surf, we did not consider such injuries as evidence of a
ship strike.



Other than Allen (1916), the first references we found in the scientific
literature to whales being killed or injured by ships involved events in the
1950s. Gilmore (1959) cited reports of flukeless humpback whales and gray
whales off California in the 1950s and speculated on ship collisions as the
cause. Slijper (1979) noted four cases of ships colliding with what were
thought to be sleeping sperm whales in the 1950s.



Stranding Records



Since the mid-1970s, marine mammal stranding programs have provided a
basis for documenting collisions between ships and whales. Indeed, the value
of stranding records to document such human-related mortality was among
the fundamental reasons cited for the need to improve stranding programs
(Geraci and St. Aubin 1979).



United States—Along the U.S. Atlantic coast (Maine to Dade County, Flor-
ida), 407 strandings of seven whale species were recorded between 1975 and
1996. Overall, 14% (58 of 407) of the records indicate vessel collisions as the
known or possible cause of death (Table 2). Evidence of ship collisions, how-
ever, was limited to five species: fin whales (33%, 31 of 92 stranding deaths),
northern right whales (33%, 10 of 30 stranding deaths), humpback whales
(8%, 10 of 123 stranding deaths), minke whales (5%, 5 of 105 stranding
deaths), and sei whales (67%, 2 of 3 stranding deaths). None of the six Bryde’s
whales or 48 sperm whales revealed signs of a ship collision. Although there
were no blue whale strandings during the search period, a dead blue whale
was brought into Narragansett Bay, Rhode Island, on the bow of a tanker on
3 March 1998, bringing to six the number of species with vessel-related in-
juries recorded along the U.S. Atlantic coast. Ship strike locations were dis-
tributed broadly for most species; however, for humpback whales, all but one
occurred between the Delaware River and Okracoke Island, North Carolina.
Between those points, 25% (9 of 36) of the humpback whale strandings in-
volved vessel injuries.



A high proportion of struck right whales and humpback whales were calves
and juveniles: 75% of the eight struck right whales whose ages could be
estimated were calves or juveniles; 80% of the 10 struck humpback whales
were �11 m, lengths considered to be three years of age or less (Stevick 1999).
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Table 2. Whales killed or possibly killed by vessel collisions from stranding records
of dead whales along the U.S. East Coast (Maine to Dade County Florida): 1975–1996.
Data from the Cetacean Distributional Database, Smithsonian Institution, Washington,
DC.



Date Location Comments



Northern right whale (Eubalena glacialis); 33.3% of records (10 of 30):
4/15/76 Cape Cod, MA Calf, large bruise
11/5/76 Portland, ME Floating unrecovered, propeller cuts on back
3/5/79 Long Island, NY Juvenile, severed tail
2/21/83 Island Beach, NJ Juvenile, severed tail
8/7/86 Cape Cod, MA Juvenile, five large propeller cuts from left ven-



tral side around to middorsal area
3/12/91 Fernandina Beach, FL Juvenile, fractured skull and gillnet around tail
1/5/93 St. Augustine, FL Calf, reported when hit, series of propeller



slashes from dorsal peduncle to head, and
lower left flank to throat



12/6/93 Virginia Beach, VA Floating unrecovered, propeller gash on right
side



1/30/96 Sapelo, GA Adult recovered floating offshore, shattered
skull



3/10/96 Cape Cod, MA Adult, 3-m gash on back



Humpback whale (Megaptera novaeangliae); 8.1% of records (10 of 123):
2/5/90 Nags Head, NC 11.1-m female, broken mandible and head



damage
11/8/91 Island Beach, NJ 9.0-m male, three propeller cuts on head, frac-



tured occipital condyle
2/14/92 Virginia Beach, VA 8.6-m male, propeller wounds, fractured man-



dible and eye socket
4/16/92 Assateague Is., MD 8.9-m female, disarticulated skull, blunt trauma
4/22/92 Hatteras, NC 8.9-m female, extensive skeletal damage
10/9/92 Metompkin Is., VA 8.7-m female, bruising around axilla, dislocated



mandible
4/10/94 Ocracoke, NC No length, axillary hemorrhage ventral to left



pectoral, hemorrhage to posterior third of
mandible



4/2/96 Virginia Beach, VA 7.2-m female, fractured mandible, appeared
emaciated



5/9/96 Cape Henlopen, DE 6.7-m female, deep propeller cuts behind blow-
hole



11/3/96 Corolla, NC 8.4-m male, acute trauma to skull, blunt trau-
ma to left lateral peduncle, fractured left
squamosal



Fin whale (Balaenoptera physalus); 33.7% of records (31 of 92):
4/13/75 Newark Bay, NJ Floating near harbor
5/27/75 Brigantine, NJ Stranded on beach
1/28/76 Groton, CT Stranded on beach
10/18/79 Baltimore, MD Brought into port on bow of Russian cruise ship
1/7/80 Portsmouth, VA Floating near harbor
2/17/80 Philadelphia, PA Floating in harbor
3/31/81 Norfolk, Va Brought into port on bow of ship, later deter-



mined to have been hit off Atlantic City, NJ
4/23/82 Portsmouth, VA Stranded on beach
6/7/82 Hog Island, VA Stranded on beach
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Table 2. Continued.



Date Location Comments



Fin whale (Balaenoptera physalus); 33.7% of records (31 of 92):
8/2/82 Elizabeth City, NJ Brought into port on bow of ship, hit off Bos-



ton, MA
1/24/83 Norfolk, VA Brought into port on bow of ship, bruising ev-



ident, reportedly hit off New York
1/25/83 Norfolk, VA Floating near harbor, bruising evident
7/31/83 Manhattan, NY Possible ship strike brought into port on bow



of ship
10/14/83 Fire Island, NY Slashes on left ventral side, possible ship-strike
3/7/84 Baltimore, MD Brought into port on bow of ship, bruising ev-



ident
8/27/85 Montauk, NY Floating with propeller slashes, possible ship



strike
5/6/86 Hoboken, NJ Brought into port on bow of cruise ship
7/2/86 Delaware River, NJ Reportedly struck by container ship
8/18/87 Boston, MA Folded in half forward of dorsal fin on right



side, likely brought into port on bow of ship
1/15/88 Marshfield, MA Identified as possible ship collision
1/24/88 Cape Hatteras, NC Stranded on beach
5/4/88 Deal, NJ Boat hit found floating
7/14/89 North Kingstown, RI Fractured lower jaw, line entangled on right



flipper
11/25/90 Curtis Bay, MD Stranded, ship strike mark mid-lateral on left



side
6/2/92 Long Beach Is., NJ Stranded on beach, several fractured vertebrae
7/31/92 Port Newark, NJ Floating near harbor, fractured vertebrae in



midsection
3/12/94 Virginia Beach, VA Stranded on beach
8/1/95 30 mi SE of Cape Cod,



MA
Carried to St. George, Bermuda on the bow of



a cruise ship after being hit, bruising and
spinal injuries



11/14/95 Charleston, SC Brought into port on bow of ship, fractured
skull



4/18/96 Penns Grove, NJ Floating in Delaware River, broken vertebrae,
blunt trauma to right pectoral fin and sur-
rounding area



7/14/96 Elizabeth, NJ Floating near harbor, bow impact to left flank



Sei whale (Balaenoptera borealis); 66.7% of records (2 of 3):
5/13/88 Baltimore, MD Brought into port on bow of ship, damaged



skull
11/17/94 Boston, MA Brought into port on bow of container ship



Minke whale (Balaenoptera acutorostrata); 4.8% of records (5 of 105):
7/8/75 Boothbay, ME Stranded, body heavily bruised
10/2/75 New Harbor, ME Floating and towed to shore
5/13/88 Duxbury Beach, MA Stranded, one large gash and three smaller



gashes
3/15/92 St. Johns River, FL Propeller strike from a large vessel
10/1/93 Sandbridge, VA Left mandible broken



Bryde’s whale (Balaenoptera edeni); 0% of records (0 of 6)



Sperm whale (Physeter catodon); 0% of records (0 of 48)
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Table 3. Whales killed or possibly killed by vessel collisions from stranding records
of dead whales in Italy: 1986–1997. Data from the Centro Studi Cetacei, Museo di
Storia Naturale di Milano, Italy.



Date Location Comments



Fin whale (Balaenoptera physalus); 20% of records (8 of 39):
6/23/86 Livorno, Tuscany Floating 5 mi offshore with propeller cuts on



back
6/28/86 Livorno, Tuscany Floating offshore between Corsica and Italian



mainland with propeller wounds on back
5/22/87 Olbia, Sardinia Brought into port of Olbia on bow of ship
5/20/89 Olbia, Sardinia Struck by ferry near entrance to Olbia harbor
4/28/90 Porto Torres, Sardinia Struck by ship 1.5 mi from port, seen alive



with a deep wound on back and found
dead a day later



4/30/91 Genova, Liguria Brought into port on bow of ferry
5/20/94 Cagliari, Sardinia Stranded with propeller wounds on right



side, fractured right flipper
5/25/95 Livorno, Tuscany Brought into port on bow of ship, fractured



jaw and other wounds



Minke whale (Balaenoptera acutorostrata); 33% of records (1 of 3):
7/31/97 Genova, Liguria Stranded with fractured skull



Sperm whale (Physeter catodon); 6% of records (4 of 71):
4/27/87 Savona, Liguria Stranded with propeller wounds
1/16/88 Cagliari, Sardinia Stranded with propeller wounds
1/24/97 Messina, Sicily Stranded with propeller wounds, fractured



skull
8/9/97 Ischia, Campania Stranded, three deep wounds



The blue whale found on a ship’s bow in 1998 also was a juvenile. Data to
assess ages of most other struck whales were not available.



Along the U.S. Gulf of Mexico coast (Texas to Monroe County, Florida),
there were 31 dead whale strandings involving four species from 1975 through
1996: 2 sei whales, 4 minke whales, 8 Bryde’s whales, and 17 sperm whales.
Only one stranding was identified as a possible ship strike—a sperm whale
with propeller wounds found in Louisiana on 9 March 1990. The database
included evidence of at least two other species struck by ships in the Gulf of
Mexico: a northern right whale calf found dead in Texas on 30 January 1972
before our search period, and a live humpback whale seen swimming off Na-
ples, Florida, on 19 February 1994 with fresh propeller wounds.



Italy—Stranding records for Italy from 1986 through 1997 listed 113 dead
whales involving three species (Table 3). Overall, 12% (13 of 113) cited ship
collisions as the known or possible cause of death, including 20% (8 of 39)
of the fin whales, 6% (4 of 71) of the sperm whales, and 33% (1 of 3) of the
minke whales. Ferries serving Corsica and Sardinia off Italy’s west coast were
implicated in several vessel-related deaths. There also was a record of a sperm
whale hit by a hydrofoil on 2 September 1992 off Sicily and last seen alive
with ‘‘superficial wounds.’’
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Table 4. Whales killed or possibly killed by vessel collisions from stranding records
of dead whales in France: 1972–1998. Data from the Institut de la Mer et du Littoral,
La Rochelle, France.



Date Location Comments



Fin whale (Balaenoptera physalus); 22% of records (16 of 72)
7/5/72 Med. Sea, off Calvi (N.



Corsica)
18-m male hit by a ferry, seen dead float-



ing at sea
9/3/72 Med. Sea, Nice 12.6-m male hit by ferry La Corse,



brought into port on bow of ship
8/30/73 Med. Sea, between France



and Corsica
15-m animal hit by ferry La Corse,



brought into port on bow of ship
9/10/74 Med. Sea, between Menton



and Antibes
15-m animal cut through middle, seen



floating offshore for 3 d
4/3/76 Med. Sea, Toulon 14.3-m male hit by merchant ship,



brought into port on bow of ship, sever-
al ribs and cervical vertebra broken



10/19/76 Atl. O., Bay of Biscay,
Lorient



12.5-m female stranded alive, large propel-
ler cuts on back, probable ship strike



9/19/82 Med. Sea, Villeneuve les
Maguelonnes



13.5-m animal stranded dead, cut through
middle of the back, probable ship strike



1/21/85 Med. Sea, Port La Nou-
velle La Franqui



18-m male stranded alive, large propeller
cuts on its back, probable ship strike



11/10/86 Med. Sea, Fos sur Mer 16-m animal hit by tanker, brought into
port on bow of ship



5/13/91 Atl. O., Bay of Biscay,
Donges



18.8-m male hit by tanker Edouardo LD,
brought into port on bow of ship, bro-
ken jaw



9/9/93 Med. Sea, St. Tropez Hit by ship, seen dead floating at sea
9/9/93 Med. Sea, Toulon 16-m female hit by ferry Ile de Beaute,



brought into port on bow of ship
7/19/94 Atl. O., English Channel,



Le Havre
14.5-m male hit by merchant ship Fidelio,



brought into port on bow of ship
9/26/95 Med. Sea, Fos sur Mer 18-m female hit by merchant ship Japan



Senator, brought into port on bow of
ship



7/26/96 Med. Sea, between France
and Corsica



14-m male hit by a ferry Danielle Casano-
va, brought into port on bow of ship



2/24/97 Med. Sea, Marseille 5.2-m male stranded alive, large hematosis
on right side of thorax, possible ship
strike



Sei whale (Balaenoptera borealis); 0% of records (0 of 2)



Minke whale (Balaenoptera acutorostrata); 0% of records (0 of 17)



Humpback whale (Megaptera novaeangliae); 0% of records (0 of 6)



Sperm whale (Physeter catodon); 0% of records (0 of 30)



France—French stranding records for the period 1972 through 1998 in-
cluded 127 dead whales of five species (Table 4). Overall, 13% (16 of 127) of
the records listed ship strikes as a known or possible cause of death. For fin
whales, vessel-related injuries were noted in 22% (16 of 72) of the strandings,
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Table 5. Southern right whales killed or possibly killed by vessel collisions from
stranding records of dead whales in South Africa: 1963–1998. Data from Best et al.,
in press.



Date Location Comments



Southern right whale (Eubalaena australis); 20% of records (11 of 55):
7/27/83 Beachview, Port Elizabeth 14.3-m adult, five apparent propeller gashes
2/8/84 Jakkalsfontein Adult, seen from air, major damage around



midlength
10/16/84 East London Harbor 7.2-m calf struck by dredge, propeller



wounds
9/10/88 25 km E of Sundays Riv-



er
14.1-m male thought to be animal struck by



ferry two days earlier, propeller gashes and
damaged rostrum



9/10/88 25 km E of Sundays Riv-
er



14.0-m male no external injuries but possi-
bly struck by same ferry



8/16/93 Between Long Beach and
Koppie Alleen



Calf found with tail cut off



10/10/93 Lekkerwater, De Hoop Female calf found with tail cut off
9/22/94 Kabeljoubank, Breede



River
11.23-m juvenile, cuts across back



11/10/94 Shell Bay, St. Helena Bay 10.7-m juvenile, diagonal slashes near geni-
tal aperture



7/28/96 Scarborough, Cape Pen-
ninsula



14.6-m adult, broken rostrum and missing
skull bones



7/10/98 Die Dam, Quoin Point Female calf found with tail cut off



most of which (13 of 16) occurred along the Mediterranean coast. Five colli-
sions involved ferries along the Mediterranean coast, five others were attributed
to merchant ships or tankers. A specific vessel type was not ascribed in the
remaining six cases.



South Africa—A review of southern right whale stranding records from
1963 through 1998 in South Africa (Best et al., in press) identified ship
collisions as a known or possible cause for 20% (11 of 55) of recorded deaths
(Table 5). Fifty-five percent (6 of 11) of the ship strikes involved calves or
juveniles. In five cases ship strikes were cited as a definite cause of death and
in six cases they were considered a possible cause. Two of the five definite ship
strikes involved known vessels, a hopper dredge and a ferry. Best et al. (in
press) also listed five non-fatal collisions with right whales. These involved
two motor launches, a 6-m inflatable boat, a catamaran whale-watching boat,
and a fisheries patrol boat.



Types of injuries—Ship strike injuries to whales take two forms: (1) propeller
wounds characterized by external gashes or severed tail stocks; and (2) blunt
trauma injuries indicated by fractured skulls, jaws, and vertebrae, and massive
bruises that sometimes lack external expression. The frequency of the two
injury types varied among species. Propeller injuries comprised a high pro-
portion of ship collision injuries among right whales stranded along the U.S.
Atlantic coast (70%; 7 of 10 whales) and South African coast (73%; 8 of 11
whales), while blunt trauma alone was indicated in 93% (29 of 31) of the fin
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Figure 1. Number and fate of whales struck by different vessel types from collision
accounts found in this study. Killed � observed carcass; Severe Injury � report of
bleeding wounds or observation of blood in the water; Minor Injuries � visible non-
bleeding wound or sign of distress with no report of blood; No Apparent Effect �
resighted with no apparent wound or sign of distress and resumed pre-collision activity;
Unknown � whale not resighted and no report of blood in the water.



whales struck on the U.S. Atlantic coast and at least 69% (11 of 16) struck
fin whales in France. Blunt trauma injuries also were responsible for both sei
whales and the blue whale struck by ships along the U.S. Atlantic coast.



Differences in frequency of injury types among species appears to be related
to morphology. Long, sleek rorquals tend to be caught on the bows of ships
and carried into port where they are likely to be found and recorded in strand-
ing databases. For example, most fin whales with blunt trauma injuries (20
of 31 on the U.S. Atlantic coast and 9 of 16 in France) were carried into port
on ship bows or found floating in or very near major harbors. Both sei whales
and the blue whale found along the U.S. Atlantic coast also were found on
the bows of ships entering port. In contrast to these rorquals, there were no
records in any of the examined databases of stockier species, such as right
whales, humpback whales, or sperm whales, being caught on vessel bows or
found in ports.



Anecdotal Records



We found descriptions of 58 collisions between motorized vessels and whales
(Appendix 1). As shown in Figure 1, they include a wide range of vessel types:
whale-watching vessels (including a high-speed vessel), cargo ships (including
four with bulbous bows), ferries (including three high-speed ferries), Navy
ships (a submarine traveling at the surface, a frigate, a heavy cruiser, an aircraft
carrier, two destroyers, and two hydrofoils), passenger vessels (including two
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with bulbous bows), Coast Guard patrol boats, private recreational craft, com-
mercial fishing vessels, research vessels, a pilot boat, and a hopper dredge. The
smallest vessel was a 4-m outboard; the largest was a 232-m passenger liner.
High speed vessels were involved in 15% of the 40 accounts found since 1975.
Vessel damage was reported in 14 cases; in 18 other cases there were affir-
mative reports of no damage, and for 26 accounts information on vessel dam-
age was not available.



The collision accounts involved at least 10 whale species: 8 humpback
whales, 6 fin whales, 5 sperm whales, 3 blue whales, 3 gray whales, 2 minke
whales, 2 southern right whales, 2 Bryde’s whale, 1 northern right whale, 1
killer whale, and 25 whales not identified as to species. Twenty-three accounts
(40%) report the whale was killed; 23 others (40%) cite evidence of injuries,
including 15 classified as severe injuries (some of which may have been fatal),
and 8 scored as minor injuries. One minor injury involved a whale hit by the
bow of a whale watching vessel in 1991. Resightings of the whale, a photo-
identified individual, revealed rapid healing over the next six years. Two ac-
counts (3%) reported no apparent effect on struck whales and in 10 cases
(17%), the fate of the whale was listed as unknown.



Most severe and lethal whale injuries involved large ships. Of the 15 whales
considered severely injured, three were hit by vessels less than 20 m long,
three by vessels between 20 and 80 m long, and nine by ships longer than
80 m. Of 23 collisions in which whales were killed, at least 20 (87%) involved
ships more than 80 m long. The smallest vessels involved in collisions fatal
to whales were a 20-m high-speed ferry moving at 45 kn, a 24-m whale-
watching boat moving at about 25 kn, and a 25-m Coast Guard patrol boat
moving at about 15 kn; two of these three involved collisions with calves. All
but one account classified as a minor injury (n � 8) or no apparent effect (n
� 2) involved vessels less than 45 m long. The exception was a pilot boat
whose length is unknown and may have been less than 45 m.



Fourteen accounts involved whales caught on ship bows, and in at least
eight of these incidents, vessels had to use reverse thrust to remove the whale.
The smallest ship reporting a bow-pinned whale was a 121-m container ship.
Similar to stranding records, almost all records of whales caught on ship bows
involved rorquals (i.e., three blue whales, two fin whales, and two Bryde’s
whales) or unidentified species (n � 5); there also was one record of a sperm
whale caught on a ship’s bow. Stockier whale species (e.g., right whales, gray
whales, and humpback whales) were rare or absent among reports of bow-
caught animals; they included only one humpback whale and one whale ques-
tionably identified as a right whale.



In most cases, whales struck by vessels either were not seen or were seen
too late be avoided. Excluding 13 accounts with information insufficient to
determine whether whales were seen before the collision, 93% (40 of 43) of
the accounts reported that the whale either was not seen before it was hit (n
� 17) or it surfaced immediately in front of the vessel too late to be avoided
(n � 23). In one case (a commercial fishing vessel), the whale was observed
feeding near the vessel for some time before it turned in front of the bow and
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Figure 2. Severity of injuries to whales struck by vessels traveling at known speeds.
Killed � observed carcass; Severe Injury � report of bleeding wounds or observation
of blood in the water; Minor Injuries � visible non-bleeding wound or sign of distress
with no report of blood; No Apparent Effect � resighted with no apparent wound or
sign of distress and resumed pre-collision activity; Unknown � whale not resighted
and no report of blood in the water.



was hit. Two other cases reported that the whale was seen before the collision,
but it was not clear how long before.



Most accounts reporting that whales were seen immediately before impact
provide little or no information on whale behavior at that time. A few, how-
ever, suggest a last-second flight response may occur in some cases; one whale
apparently breached directly in front of a submarine leaving port and landed
on its bow, and another reportedly lunged quickly just before being hit by a
whale-watching vessel. Perhaps the best evidence of a last-second flight re-
sponse was an event reportedly video-taped on 5 March 1988 in which a small
pod of migrating gray whales dived suddenly when a large commercial ship
approached to within about 27 m (Heyning and Dahlheim, in press).



Vessel speed at the time of impact was reported in 41 accounts and ranged
from 6 to 51 kn. Information on both vessel speed and condition of the whale
after being hit was available in 33 cases (Fig. 2). Among collisions causing
lethal or severe injuries, 89% (25 of 28) involved vessels moving at 14 kn or
faster and the remaining 11% (3 of 28) involved vessels moving at 10–14 kn;
none occurred at speeds below 10 kn. The three fatal or severe injuries caused
by vessels moving slower than 14 kn involved a southern right whale killed
by a ferry moving at 12–13 kn and two severely injured whales hit by small
private vessels reportedly traveling at 10 kn. Of five collisions classified as
causing no or minor injuries, three were traveling at less than 10 kn. In all
cases where fate of a whale was unknown but vessel speed was reported (n �
8), vessels were moving 14 kn or faster.
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At least 53 of the 58 collision accounts occurred on the continental shelf
or shelf slope. Exceptions included two collisions (October 1980 and March
1998) with blue whales where the location of the collision was not determined;
a collision (mid-1930s) with an unidentified species ‘‘near Rarotonga’’ in the
South Pacific; a collision (September 1961) at an unspecified location in the
Caribbean Sea; and a collision with a sperm whale (29 November 1965) about
200 km west of San Francisco, California. Twenty-seven collisions occurred in
daylight, nine at night, and one at dusk; for 20 accounts, the time was not
reported.



Historical Trends in the Number and Speed of Ships



Trends in ship strikes may be affected by the number and speed of ships.
Based on Lloyds Register of Shipping, the number of steam and motor vessels
greater than 100 gross tons more than doubled between 1890 and 1920 when
the first collision records were found. During this period the registered number
of such ships increased from 11,108 to 26,513 (The Committee of Lloyds
Register 1890 and 1950). Their numbers then remained relatively stable until
1950, when they again increased rapidly until 1980. Between 1950 and 1980,
when the registry increased from 30,852 to 73,832 ships (The Committee of
Lloyds Register 1992), documented ship strikes appear to have increased
sharply. After 1980 the increase in vessel numbers slows substantially (the
registry listed 78,336 ships in 1990) and the number of ship strikes has
remained relatively stable or perhaps increased slightly.



Since 1819, when the first steam-powered ship (the Savannah) crossed the
Atlantic, the speed of motorized oceangoing ships has increased substantially.
Passenger vessels, along with warships, are among the fastest oceangoing ships.
Based on the maximum sustained speeds of 1,422 steam-powered ships built
since the 1830s for trans-Atlantic passenger service (Table 6), the average
maximum sustained speed of the fastest ships began reaching 14–16 kn late
in the 1800s and early in the 1900s when the first collisions fatal to whales
were reported. Interestingly, many of the earliest collision records involved
some of the fastest ships of the day. The earliest record (1885) involved a pilot
boat reportedly moving at 13 kn (Allen 1916) and at least four of the eight
other records before 1930 (Table 1) involved passenger vessels able to steam
at over 14 kn. These included the Kensington, a 146-m ship built in 1894 and
able to maintain speeds up to 16 kn; the St. Louis, a 162-m ship built in
1895 and capable of 21 kn; and the Berengaria, a 268-m ship built in 1912
and capable of 23.5 kn (Smith 1978). Although a maximum speed of the
liner, Seminole, was not found, its sister ship could steam at 16 kn. The max-
imum speed and type of other vessels involved in collisions with whales before
1930 could not be found.



Most oceangoing vessels, however, are freighters, tankers, and other types
of vessels whose maximum speed is considerably slower—perhaps 5–8 kn
slower—than the passenger vessel speeds shown in Table 6. For example, based
on a 1933 list of 3,126 merchant ships of all types (i.e., passenger vessels and
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Table 6. Maximum sustained speeds of ships engaged in trans-Atlantic passenger
service built in decades from the 1830s to 1970s based on the vessels’ fastest trans-
Atlantic crossing.



1830–
1839



1840–
1849



1850–
1859



1860–
1869



1870–
1879



Total number of ships enter-
ing service



7 21 76 128 158



Average maximum speed for
all vessels (in knots)



7.7 10.1 10.5 11.4 12.7



Range of maximum average
speeds (in knots)



6–8.5 8.5–13 8.5–13.5 10–14 10–16



No./% of ships �15 kt 0 0 0 0 15
(10%)



No./% of ships �20 kt 0 0 0 0 0



Table 6. Continued.



1880–
1889



1890–
1899



1900–
1909



1910–
1919



1920–
1929



Total number of ships enter-
ing service



163 164 263 96 142



Average maximum speed for
all vessels (in knots)



13.8 14.5 15.0 16.8 16.6



Range of maximum average
speeds (in knots)



10–22 11–22.5 11–26 12.5–24 11–28.5



No./% of ships �15 kt 45
(27%)



52
(32%)



136
(51%)



81
(84.4%)



111
(78.1%)



No./% of ships �20 kt 3
(1.9%)



10
(6.1%)



10
(3.8%)



11
(11.5%)



12
(8.5%)



Table 6. Continued.



1930–
1939a



1940–
1949a



1950–
1959a



1960–
1969a



1970–
1977a



Total number of ships enter-
ing service



61 49 32 43 19



Average maximum speed for
all vessels (in knots)



19.1 17.6 18.9 21.2 21.0



Range of maximum average
speeds (in knots)



14–40 14–31 15–35.5 17–28.5 19–24



No./% of ships 57
(93.4%)



47
(95.9%)



101
(100%)



43
(100%)



19
(100%)



No./% of ships 24
(39.3%)



8
(16.3%)



36
(35.5%)



30
(69.8%)



18
(95%)



a For decades after the 1930s, data also include maximum speeds of passenger ships
entering service in all parts of the world as listed in Supplement Part VIII of Smith
1978. Data extracted from data in Smith 1978.
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other types of merchant ships) able to maintain speeds of 12 kn or faster (The
Committee of Lloyds Register 1934), 71% (2,227) were limited to speeds of
12–14 kn when the maximum sustained speed of new passenger vessels av-
eraged about 19 kn and nearly 40% could steam at 20 kn or faster (Table 6).
A similar list for 1950 (The Committee of Lloyds Register 1950) indicated
that most merchant ships (61%; 2,910 of 4,770) were still limited to maxi-
mum speeds of 12–14 kn. Thus, the apparent increase in the number of ship-
struck whales between the 1950s and 1970s also corresponds with the period
when the maximum speed of most large oceangoing ships began to exceed
14–15 kn and most new passenger vessels were exceeding 20 kn.



DISCUSSION



To date, stranding data and anecdotal accounts offer the only way to glean
useful insights into the occurrence, frequency, and significance of vessel-related
whale deaths and injuries. Although intriguing patterns and trends are sug-
gested by these data, varying degrees of speculation are required to evaluate
their validity because of inherent sampling biases and data limitations. For
example, in almost half of the 57 anecdotal collision reports, the species of
whale was not identified. This could bias our perception of which species are
most often hit. With this in mind, we offer the following observations.



1. Ship collisions with motorized vessels appear to have begun late in the
1800s and to have remained relatively infrequent until the 1950s. From
the 1950s through the 1970s they increased to approach current levels. In
some areas ship strikes are now responsible for a substantial proportion of
large-whale strandings.



Accounts of ship collisions before 1950 may be scarce because they went
unnoticed or unrecorded. It seems more likely, however, that their scarcity
reflects a genuine rarity compared to the number of events in recent decades.
Many ship strikes leave obvious signs on whales (e.g., severed tails and large
propeller slashes) that one would expect to be noted. Yet, while early stranding
records mention other types of injuries and human interactions, injuries and
interactions attributable to ships are absent or infrequent. Also, ship-strike
accounts before the 1950s were treated as great curiosities. The whale carried
into Baltimore harbor by a tanker in 1940 attracted a crowd of 10,000 people
(Burgess 1940). Therefore, we assume that a relatively large proportion of such
events would have been reported in local newspapers or otherwise come to the
attention of whale scientists. A low number of collision records before the
1950s also might be expected, given the depleted status of many large whale
populations early in the 1900s due to commercial whaling and the small
number of large ships. As noted below, the slow speed of ships early in the
1900s also could be a factor.



Between the 1950s and 1970s ship collision anecdotes become more com-
mon. Since the 1970s, stranding records indicate that ship strikes have been
responsible for a substantial proportion of whale strandings and that the fre-
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quency of such events has been relatively stable or increasing slowly. For ex-
ample, although nine ship-struck whales were found along the U.S Atlantic
coast between 1975 and 1979 compared to 16 between 1990 and 1994, the
same number of ship-struck right whales, fin whales, and minke whales were
found in both five-year periods (Table 2).



In some cases the proportion of ship strikes in stranding records is surpris-
ingly high (e.g., one-third of stranded northern right whales and fin whales
along the U.S. east coast). Inherent biases and data limitations make it difficult
to evaluate the significance of such proportions. On the one hand, several
factors may artificially inflate the proportion of ship-struck whales. Some
deaths may be attributed erroneously to ships due to collisions with floating
whales already dead. Also, disease, parasites, entanglement, or other factors
may cause whales to spend more time at the surface and predispose them to
being hit. Some whales struck by ships also are carried into port where they
are more likely to be found.



Other factors could lead to underestimating vessel collisions in stranding
records. Some collisions inflict only internal injuries, such as fractured verte-
brae and skulls, with no obvious external damage. These injuries can only be
identified by flensing carcasses to the bone, a practice not done for most large
whale strandings. Thus, some deaths caused by ships undoubtedly go unrec-
ognized. Flensing right whale carcasses to the bone, which became routine
along the eastern United States and Canada in the 1990s, has resulted in
identifying some ship strike victims that otherwise would not have been iden-
tified. Thus, while 29% of the 24 documented right whale deaths in both
countries was attributed to ship collisions between 1970 and 1990, 47% of
the 17 carcasses found between 1990 and 1998 was linked to this cause
(Knowlton and Kraus, in press). Some ship-strike injuries also may be masked
by advanced carcass decomposition, and some documented carcasses are never
examined (e.g., unretrieved floaters and whales disposed of before they can be
examined).



Also, although some whales may be hit after they are already dead, it is
possible to distinguish between pre- and post-mortem injuries. Large hema-
tomas indicating a functioning circulatory system at the time of death provide
evidence that a whale was alive when struck. Because dead whales tend to
float ventral side up, the location of observed injuries also can help distinguish
between pre- and post-mortem wounds. Finally, although some rorquals are
carried into port on ship bows, one would think that hitting a whale such
that it becomes pinned to a ship’s bow would occur only in a small fraction
of collision incidents and that, for every whale carried into port, many more
may be struck and mortally wounded but not caught. In this regard, small
rorquals, such as minke, Bryde’s, and sei whales found only occasionally on
ship bows, could be underrepresented compared to large rorquals because their
small size may reduce the likelihood of being caught and remaining on a bow.



Considering all of these factors, it seems likely that more vessel-related
deaths have gone unrecognized or unrecorded than have been mistakenly as-
cribed to post-mortem ship collisions, and that the recorded number of strand-
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ings attributed to ship strikes is probably lower than the actual number of
such deaths.



2. Although all types and sizes of vessels may hit whales, most lethal and
serious injuries to whales are caused by relatively large vessels (e.g., 80 m
or longer).



Collision accounts found in this study likely are biased towards vessel types
whose passengers and crew are more likely to report such events to resource
managers or scientists. For example, the relatively large number of accounts
involving whale-watching boats (11) and Coast Guard or Navy ships (12)
probably reflects a high level of awareness about marine conservation issues
among their passengers and crew rather than a greater chance of such vessels
hitting whales. Nevertheless, accounts compiled in this study provide useful
information on the range of vessel types involved in collisions with whales.



The broad array of vessels included in Appendix 1, ranging from small
outboards to aircraft carriers, suggests that virtually all types of vessels may
hit whales, but that small vessels are less likely to do so. This conclusion
appears valid for several reasons. One would expect operators of small vessels
(e.g., less than 20 m) to notice collisions with whales because small vessels
would receive a significant jolt from such collisions. Also, they tend to operate
in good weather when objects struck would be easier identify, and operators
of small vessels close to the water would have good visibility all around the
vessel. A relatively low number of accounts involving small vessels also would
be expected due to their shallow draft and perhaps because of their superior
maneuverability, which could allow operators to avoid whales in many cases.



Conversely, the crews of larger vessels (e.g., vessels more than 100 m long)
may be less likely to see and report collisions because visibility immediately
in front of the ship where whales may first appear is more limited (e.g., large
ships have higher bows with bridges farther astern) and because the greater
mass of large ships makes collision impacts less likely to be felt. In 8 of 21
collisions involving vessels 120 m or longer, crew members were unaware that
a whale was struck until the ship arrived at port with a whale on the bow.
Thus, the disparity in collision records for small and large vessels may actually
be greater than that reflected in accounts presented in Appendix 1. The mas-
sive nature of most blunt trauma and propeller injuries observed on dead ship-
struck whales also suggests that most, if not all, lethal collisions are caused
by large ships rather than small vessels.



3. A great majority of ship strikes seem to occur over or near the continental
shelf.



With some caveats, collision accounts seem useful for determining general
areas where collision risks are relatively high. The high percentage of collision
accounts in Appendix 1 over or near continental shelves probably reflects great-
er concentrations of vessel traffic and whales in these areas. Stranding records
also seem to support this trend.



As noted above, rorquals can be caught and transported long distances on
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ship bows. In some cases the precise time and location of these collisions have
been determined by examining ship logs for sudden unexplained changes in
vessel speed or propeller pitch caused by the added drag of a bow-pinned
whale. From this evidence, the longest transport distance we found was a fin
whale struck 50 km southeast of Cape Cod, Massachusetts, by a cruise ship
on 1 August 1995 and carried to St. George, Bermuda, a distance of at least
1,100 km (Anonymous 1995). Because of such transport distances, stranding
sites for species potentially caught on ship bows may not reflect actual collision
sites. However, for all cases in Appendix 1 where the collision location of bow-
caught whales was determined, whales were hit over or near the continental
shelf.



For species rarely caught on ship bows, stranding data may be more useful
for assessing where collision risks may be relatively high. Massive injuries from
vessel collisions may reduce a victim’s mobility and cause rapid death, leaving
them to drift from impact sites with prevailing winds and currents. Thus,
stranding sites for these species may be relatively close to impact positions.
From dead northern right whales found along eastern North America, Knowl-
ton and Kraus (in press) note that whales killed by ships tend to be closer to
major shipping lanes than whales with no evidence of vessel-related injuries.
Similarly, the high proportion of stranded humpback whales struck by ships
off the U.S. mid-Atlantic states since 1990 suggests that shipping lanes off
Chesapeake Bay may constitute an area where humpback whales are likely to
be hit. Regular reports of collisions by local vessel traffic, such as recurring
reports of ferries hitting fin whales off Corsica and Sardinia in the Mediter-
ranean Sea and sperm whales near the Canary Islands, also may suggest rela-
tively high-risk collision areas. The captain of one ferry operating between
France and Corsica estimated that they hit whales at least once a year.



The high proportion of calves and juveniles among stranded ship-struck
right whales and humpback whales indicates that young animals may be more
vulnerable to being hit by ships. This could be caused by the relatively large
amount of time that calves and juveniles spend at the surface or in shallow
coastal areas where they are vulnerable to being hit. It also may indicate that
whales learn to avoid vessels as they mature. In either case, habitats preferred
by nursing or juvenile right whales or humpback whales could be areas where
collision risks are greater.



4. The behavior of whales in the path of approaching ships is uncertain but,
in some cases, last-second flight responses may occur.



Because whales rely on sound to communicate and because vessels produce
loud sounds within the hearing range of whales (Richardson et al. 1995), one
would think whales could detect and avoid approaching vessels. Reports of
abrupt whale responses to noises much quieter than ships, such as a shutter
click from an underwater camera, bolster this supposition (Caldwell et al.
1966). At times, however, whales seem oblivious to vessel sound. Slijper
(1979) refers to ‘‘many stories of ships colliding with sleeping sperm whales’’
and reports similar sleeping behavior in Greenland (bowhead) whales, hump-
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back whales, and right whales. In one case he reports a ship came upon a
‘‘Biscayne Right Whale sleeping at the surface (that) woke up only when the
ship’s bow waves lapped over its head.’’



Whales engaged in feeding also may be less responsive to approaching ships.
Chatterton (1926) noted that in the 1920s, when whalers began seeking ror-
quals in the Antarctic, they were hunted only when feeding. Similarly, Hor-
wood (1981) noted that minke whales feeding at the surface in the Antarctic
were easily approached and usually ignored the ship. Right whales may be
more vulnerable to ship strikes than other species because of behaviors, such
as skim feeding, nursing, and mating, which occur at the surface and may
make whales less attentive to surrounding activity and noise.



Underwater pathways through which ship noises move also may affect the
ability of whales to detect and avoid approaching vessels. Terhune and Ver-
boom (1999) suggest that the failure of right whales to react to vessel noise
may be caused by difficulty in locating approaching vessels due to underwater
sound reflections, confusion from the sound of multiple vessels, hull blockage
of engine and propeller noise in front of vessels, and a phenomenon known as
the Lloyd mirror effect which reduces sound levels at the surface where resting
or feeding whales may occur.



Although few collision accounts found in this review provide information
on whale behavior immediately before being hit, a last-second flight response
was suggested in some cases. Considering the ability of startled whales to flee
threatening situations with bursts of speed and the added push it would re-
ceive from the bow wave of a large vessel, seconds or even fractions of seconds
may determine whether or not some whales are hit. The success of last-second
flight responses may therefore depend in part on the swimming speed of
whales relative to the speed of approaching ships. Right whales, bowhead
whales, gray whales, humpback whales, and sperm whales are among the slow-
est swimming whales. Slijper (1979) cites a usual swimming speed for these
species at 3.5–4.3 kn, with sperm whales able to make an ‘‘occasional sprint’’
of 13.9 kn and humpback whales reaching speeds of 8.6 kn. Tomilin (1957)
cites a slower top speed (8–10 kn) for sperm whales, a higher top speed (14.7
kn) for humpback whales, and a top speed of 7 kn for right whales ‘‘when
they are frightened.’’ For gray whales, Tomilin (1957) cites a top speed of 8.6
kn for ‘‘frightened’’ animals. Rorqual whales (other than humpback whales)
have higher swimming speeds, an ability Slijper (1965) attributes to their
thinner blubber layers. For blue and fin whales, Slijper (1965) and Tomilin
(1957) cite cruising speeds of 8.7–10.4 kn and sprint speeds of 15.6–17.4
kn, while sei whales, perhaps the fastest of the great whales, may reach a top
speed of 26 kn.



5. Most severe and lethal injuries caused by ship strikes appear to be caused
by vessels traveling at 14 kn or faster.



Because the probability of a vessel hitting and killing a whale must increase
as its speed increases from zero, it follows that the hazard posed by ships is
at least partly a function of their speed. As a vessel begins to pick up speed,
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one would expect such probabilities to increase slowly at first as most whales
are pushed out of the way unharmed or able to take evasive action. At higher
speeds the probabilities of lethal or serious injuries likely would increase more
rapidly as impact forces reach a point where serious injuries are possible and
whales have less time to avoid moving ships. At even higher speeds, increases
in the probability of serious injuries would likely level out and become a
virtual certainty as all whales struck would be seriously injured or killed and
time for startled whales to avoid a vessel no longer exists.



Although correlations between collision probabilities and specific vessel
speeds are unknown and may vary by vessel type, collision accounts appear to
provide some insights. As noted above, 89% of collision accounts found in
this review in which whales were killed or severely injured and vessel speed
was reported involved vessels moving at 14 kn or faster and none occurred at
speeds of less than 10 kn. Also, collision records first appear late in the 1800s
when the fastest vessels began attaining speeds of 14 kn, and then increased
sharply in the 1950s–1970s when the average speed of most merchant ships
began to exceed about 15 kn.



The scarcity of collision accounts below 14 kn could be an artifact of the
small sample size of collision records found in this study; however, the absence
of accounts involving severe or lethal whale injuries at speeds below 10 kn,
and the low number of such collisions below 14 kn, seems significant. Since
the 1970s, when most collision accounts occur and most ships have been
capable of 15 kn or faster, vessels traveling at 14 kn or slower presumably
have done so principally when there was a special need to be alert for navi-
gation hazards. Thus, one might expect there would have been a greater chance
of noticing and reporting collisions at speeds below 14 kn since the 1970s,
yet there are few such records.



6. Ship collisions probably have a negligible effect on the status and trend of
most whale populations, but for very small populations or discrete groups,
they may have a significant effect.



A crude measure of the importance of ship strikes on whale populations
can be obtained by comparing data on ship strikes and the size and trend of
affected whale populations. For example, eastern North Pacific gray whales
and western Arctic bowhead whales, estimated to number 22,571 and 8,200,
respectively, have been increasing steadily for two decades or more (Interna-
tional Whaling Commission 1997). For gray whales, Patten et al. (1980) refer
to records of 12 collisions and six deaths off southern California between 1975
and 1980, and Heyning and Dahlheim (in press) report only 7 of 489 gray
whales stranded between Mexico and Alaska from 1975 to 1989 with apparent
propeller injuries. For bowhead whales, no records were found of whales killed
by ships and George et al. (1994) report propeller scars on only 2 of 236
(0.8%) carefully examined whales landed by Alaska Native whalers between
1976 and 1992. Even if vessel-related deaths were several times greater than
observed levels, it would still be a small fraction of their total populations.



This also appears to be the case for humpback whales and fin whales in the
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North Atlantic where ship collisions constitute a higher proportion of strand-
ings. With North Atlantic populations of humpback whales and fin whales
estimated at 10,600 whales (Smith et al. 1999) and more than 20,000 whales
(International Whaling Commission 1992), respectively, vessel-related deaths
several times higher than numbers reported in this paper would still constitute
a small portion of their total populations. However, in combination with other
causes of human-related mortality (e.g., entanglement in fishing gear and whal-
ing), vessel-related deaths may warrant consideration in relevant population
models and management programs. Also, high numbers of ship strikes in some
areas, such as collisions with humpback whales off U.S. mid-Atlantic coastal
states and fin whales in the western Mediterranean Sea, could be a source of
concern for some local population segments.



For highly endangered populations numbering in the low hundreds of an-
imals, where the loss of even a few individuals can be significant, ship colli-
sions can be a major recovery obstacle. This certainly is true for northern right
whales in the western North Atlantic, and also could be true for western North
Pacific gray whales, which may be near the minimum number necessary for
recovery (Rice et al. 1984), and for northern right whales in the western North
Pacific, which may number in the low hundreds (Perry et al. 1999). The small
population of blue whales that feed in the Gulf of St. Lawrence, Canada, also
may warrant concern. Although highly endangered bowhead whale popula-
tions off northeastern Canada, Greenland, northern Europe, and Russia are
well removed from most ship traffic, they too could be at risk if year-round
northern sea routes develop in their Arctic habitats.



Conclusions



For some small whale populations or population segments, ship collisions
can pose a substantial threat. Massive injuries on stranded ship-struck whales
suggest large vessels are the principal source of severe injuries to whales. Cur-
rently, anecdotal records provide the only information for evaluating vessel
operating factors related to ship strikes. Although such records have significant
weaknesses, they merit consideration absent other data. Accounts found in this
review suggest that most whales hit by ships are not seen beforehand or seen
only at the last moment. Collision avoidance strategies dependent on detecting
and avoiding whales therefore may be ineffective for large ships with limited
maneuverability. Where steps are needed to reduce collision risks, advanced
planning to avoid or minimize travel distances through high-use whale hab-
itats or to reduce vessel speed in waters where whales are likely to occur may
be more effective. Collision accounts compiled here suggest that serious in-
juries to whales may occur infrequently at vessel speeds below 14 kn and
rarely at speeds below 10 kn. Therefore, there may be benefit in management
actions designed to reduce vessel speed below at least 14 kn to reduce the
impact of vessel collisions on large cetaceans.



Further research is needed to identify areas where collisions between ships
and whales are most frequent and to help further evaluate and improve upon
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mitigation measures. To assess the frequency, location, and circumstances of
such collisions, vessel operators, port pilots, and other port officials should be
asked to record and immediately report any collisions with whales or whales
carried into port on bows of ships. Reports should be made promptly to
resource management officials or marine mammal stranding coordinators so
that involved vessel crews can be interviewed, and navigation and engine logs
can be examined for information on when, where, and at what speed the
collision occurred and the behavior of whales before and after being hit. Also,
stranding program participants should routinely look for and record injuries
caused by ships on all beach-cast whales. For whales belonging to small pop-
ulations or population segments that may be affected by low levels of human-
related mortality, it would be prudent to flense stranded whale carcasses to
the bone to look for internal injuries caused by ship collisions.



Further research also is needed to better assess whale behavior and responses
near transiting ships of different types and sizes. Studies of the frequency and
intensity of sound produced by different types of ships at different depths,
distances, and directions (particularly in front of vessels), and the responses of
whales engaged in different behaviors to those signals would be helpful for
determining whether or at what distance whales may be able to detect and
avoid ships. Studies to document and assess other ship-generated signals that
might cause a startle response in whales directly in front of approaching ships,
such as low amplitude, high-intensity hull vibrations, and bow wave effects,
also should be made. Studies also should be undertaken to better identify
habitat-use patterns of whales and correlations between environmental param-
eters and whale distribution to improve advice to mariners on when and where
whales are most likely to occur.



Research on alternative management actions also should be considered. Po-
tential studies include periodic review of the feasibility of evolving technolo-
gies to provide vessel operators with real-time data on the presence and lo-
cation of whales along navigation routes. Possible options might include bot-
tom-mounted sonobuoys along established vessel traffic lanes through impor-
tant whale habitats to relay information on whale locations to ships, and
further research similar to that by André et al. (1997) on the possible use of
sound to alert whales to approaching ships.



ACKNOWLEDGMENTS



A review such as this would be impossible without the generous cooperation and
help of numerous colleagues. We are especially indebted to William C. Cummings,
who provided all his unpublished data from a 1970s survey of interactions between
vessels and marine mammals, and to Michel André, Peter Best, and Olivier Van Can-
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EXECUTIVE SUMMARY
OCEAN-BASED FISH FARMING CAN



NEVER BE ORGANIC



Organic aquaculture1 has the potential to minimize the 
environmental and human health impacts associated with aquaculture 
production. It also has the potential to supply a sustainably produced 
source of protein for human consumption. Yet, organic systems will 



require more than simply replicating existing ocean-based aquaculture systems 
with some minor tweaks. That is because most existing conventional facilities are 
more akin to intensive, industrial fish factories than organic farms. Therefore, to 
be able to grow, label, and sell fish as “certified organic” requires the development 
of a holistic approach of organic systems management—from facility placement 
to fish harvesting. 



Like Water and Oil: Ocean-Based Fish Farming and Organic Don’t Mix explains 
why not every type of aquaculture system or fish species can be certified organic, 
drawing from the scientific literature and experiences and mishaps of the 
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conventional aquaculture industry. It discusses the large number of unpreventable 
fish escapes documented around the world and explains how weak reporting 
requirements allow underreporting of the vast number and volume of escapes 
that occur. The Report summarizes the array of synthetic, toxic substances and 
radionuclides that have been regularly detected in the marine environment and 
how the exposure and accumulation of these substances in farmed fish cannot 
be avoided. Negative impacts of open-ocean fish farms on ocean ecology are 
examined in terms of the spread of pathogens and pollutants, the alteration of 
marine food webs and the behavior of wild species—sealing the case that open 
ocean facilities can never be organic.



Currently, the U.S. Department of Agriculture (USDA) is poised to finalize 
organic aquaculture production regulations, based upon recommendations from 
its National Organic Standards Board (NOSB) of advisors.  Despite all of the well-
documented problems associated with ocean-based fish farming, as discussed at 
length in this report, the NOSB has recommended allowing ocean-based systems 
to be certified organic.  They have also recommended allowing wild caught fish 
and their by-products to be used in feed, which is not 100% certified organic.  
This flies in the face of the Organic Foods Production Act (OFPA)’s2 foundational 
requirement that all animals are fed a 100% organic diet. 



For more than a decade, Center for Food Safety and a wide range of organizations 
and individuals from the organic community have repeatedly argued that ocean-
based aquaculture can never meet the rigorous standards required of land-based 
organic farms.  The intent of Like Water and Oil is to explain in detail the many 
compelling reasons why that is so as well as to recommend operational criteria 
to guide the evaluation and regulation of potential organic, closed-looped, 
recirculating land-based aquaculture systems.  It is our hope that USDA will 
seriously take into consideration this comprehensive analysis before issuing final 
regulations on organic aquaculture that could put the entire U.S. organic industry 
in jeopardy by weakening the integrity of the USDA organic label.



MAJOR REPORT FINDINGS



Open-ocean fish farms can never be organic.



Inputs and outputs to the system cannot be monitored or controlled and neither 
can a farmed fish’s exposure to toxic synthetic chemicals, which are prohibited 
under OFPA and present in the marine environment.



Farming migratory fish can never be organic.



This statement holds true regardless of the type of system in which they are 
reared. That is because their confinement in fish farms would curtail their 



We believe 



that allowing 



these practices 



undermines the 



integrity of all 



organic farming 



systems and the 



organic label, and 



they do not meet 



the requirements 



of OFPA [“Organic 



Aquaculture 



Position 



Statement,” with 



53 endorsements, 



Appendix A].
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biological need to swim far distances, creating stress. Some migratory species are 
also anadromous, such as salmon, migrating between freshwater and the ocean 
during various life stages, a behavior not possible while in containment.



Farmed fish fed wild fish, meal or oil can never be organic.



That is because OFPA requires that all certified organic species are fed an organic 
diet.3 Feeding farmed fish wild caught fish and related by-products—fish meal 
and fish oil—would increase pressure on already over-exploited and recovering 
fisheries that form the basis of the marine food web. It would also decrease the 
food supply of a wide range of native, aquatic species, including seabirds and 
sea mammals, contravening the USDA organic biological diversity conservation 
requirements. 



These findings are supported by 53 endorsers, which are listed in the Organic 
Aquaculture Position Statement in Appendix A.



All organic production systems, whether marine or terrestrial, must adhere to 
the principles of organic. Certified organic fish farms must support biodiversity 
and biological cycles within the system, prohibit and eliminate dangerous inputs 
and outputs, and provide nutritious, naturally-suitable, organic feed preferably 
from within the system itself. Organic aquaculture systems of all sizes must 
facilitate the natural behaviors of all farmed species, minimize negative impacts 
to the surrounding environment and indigenous species, and prevent escapes 
into neighboring water bodies. As Like Water and Oil demonstrates, ocean-based 
aquaculture facilities cannot meet these minimum requirements, and therefore 
can never be considered organic.



While this Report details how and why open ocean aquaculture practices 
contravene the spirit, intent, and letter of OFPA, it does not completely close 
the door on prospects of creating a land-based organic system of aquaculture. 
The Report concludes by recommending essential principles that must guide 
the creation and operation of any organic aquaculture system, leaving open 
the question of whether a land-based, closed-loop, recirculating organic system 
could be possible. But, given the departure from organic soil-based systems 
around which OFPA was created, Center for Food Safety strongly recommends 
mandating substantial field-testing to ensure the operational criteria for different 
types of land-based farms can meet the high standards demanded by OFPA.
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FISH ESCAPES CANNOT 
BE PREVENTED



Decades of experience have shown the impossibility of preventing fish escapes 
from aquaculture facilities located in the open ocean, regardless of system design 
or containment management plans. The number of fish escaped from farms is 
immense4—over 24 million worldwide in just over two decades [see the Table 
in Appendix B]. In the first half of 2014 alone, 13 recorded escapes occurred, 
releasing a combined total of nearly 700,000 fish into oceans across the globe. 
If this escape trend continues, the aquaculture industry will be on track for 
experiencing over one million unintended fish releases in 2014. 



A wide range of factors can cause escapes. When sited in the ocean, facilities 
are highly susceptible to breakages and breaches from predator attacks, storms, 
and strong currents. From facilities in Norway, a series of storms resulted in 
approximately four million escaped fish in a single year.5 Low oxygen levels due to 
natural ocean cycles killed half the fish in a Canadian sea cage. The accumulated 
weight of the dead fish on the bottom broke the cage, releasing the remaining 
fish into the ocean.6 Vandalism, equipment failure, boat propellers tearing nets, 
and human error such as workers accidentally dropping fish during handling and 
transfer all have contributed to farmed fish releases.7
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DATA HIGHLIGHT FREQUENCY AND



MAGNITUDE OF ESCAPES



The majority of marine finfish farms operate in only a handful of countries—
Scotland, Norway, Chile, and Canada, with some additional production in the 
U.S. and the Mediterranean. In these countries, escapes are not isolated or rare 
occurrences. In a given year, a single company or facility will likely experience 
multiple escapes. Marine Harvest, for example, has reported 46 incidents of 
escapes from its facilities around the world in the past 15 years, resulting in the 
loss of at least 821,643 fish. During that same period, Scottish Sea Farms reported 21 
escape incidents, unintentionally releasing 575,509 fish into the marine environment.8



Recognizing the regularity of fish escapes from ocean-based net pens, the U.S. 
Council on Environmental Quality has stated that it “must be assumed that escapes 
will occur” from net pens9 [emphasis added]. In the United States, between 1996 
and 2007, nearly 800,000 reported farmed Atlantic salmon escaped from open-
ocean facilities, the majority of which occurred in the Pacific Northwest. These 
non-native and invasive Atlantic species survive and successfully reproduce, 
threatening indigenous species of endangered Pacific salmon. 



Accidental releases are exceedingly difficult if not impossible to prevent or 
control, particularly given the wide variety of reasons why escapes occur. Despite 
this fact, some trade groups and local industries argue that they can eradicate 
accidental releases through fish farm protocol management and training. In 
Maine, the aquaculture industry claims zero escapes have occurred from its 
coastal facilities since 2003. The Maine Aquaculture Association attributes this 
proclaimed success to its recognition, early on, that not only can equipment 
fail but also that humans make mistakes. In response, they developed standard 
operating procedures that emphasize reducing human error.10 The implication of 
this is that employee error is largely to blame for the frequent escapes of hundreds 
of thousands of fish annually.



When the high volume and frequency of worldwide escapes is considered, the 
data suggest otherwise. With respect to the 233 documented fish escapes globally 
that have a known cause on record since 1995, only 33 incidents (or 14 percent 
of the releases) listed human error as a factor. In other words, about 5 out of 6 
escape events were not due to human error. Severe weather and storms caused 
24 percent of the escapes, predator attacks caused 20 percent, holes found in 
nets with no recorded primary cause (e.g., storm, predator) caused another 18 
percent, and undefined equipment failures caused 13 percent. Additionally, cases 
of human error typically result in fewer escaped fish than the other common 
causes, with an average of 3,372 fish lost per escape. Escapes caused by severe 
weather average 36 times as many fish lost (119,904) and those caused by net 
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holes about 5 times as many (15,892). These data suggest that Maine’s emphasis 
on eliminating human error does not tell the whole story.  Documented escapes 
from the global aquaculture industry strongly suggest that Maine’s escapes record 
is more likely attributable to how escapes are monitored and reported to the 
authorities there than zero actual escapes.



INADEQUATE REPORTING MASKS



THE MAGNITUDE OF ESCAPES



Ocean-based aquaculture regulation in the U.S. varies greatly from state to 
state and is largely self-regulated by the industry, especially regarding escape 
prevention and response measures.  The industry primarily has been developed in 
Washington State and Maine.  Only Maine has created a baseline for minimizing 
escapes, called the Containment Management System (CMS).  Nonetheless, 
CMS is a set of minimum standards, and each fish farm creates its own escape 
prevention plans and response procedures.11 The plans are audited by a third 
party annually or within 30 days of a reportable escape.  In Washington State, 
ocean-based aquaculture facilities are required to outline best management 
practices for minimizing escapes in the permit application. The state’s regulations 
allow individual facilities to develop their own procedures for determining 
what constitutes a reportable fish escape.12 All of Washington’s current offshore 
facilities are operated by a single company, Icicle Seafoods.



Compounding problems inherent in self-regulation and the inconsistencies 
in escape reporting requirements is the inadequacy of industry definitions of 
“reportable escapes.” In the U.S., the number or volume of escapes permitted 
before an individual facility must report them to government officials varies 
greatly.   In Maine, for example, a reportable escape consists of “25% or more of 
a cage population and/or more than 50 fish with an average weight of two kg (2.2 
pounds) each.”13 This means that an escape of 49 large fish does not merit filing a 
report with officials, nor would an escape of 24 percent of the caged population if 
the fish were small, even despite the fact that a single cage can hold over 100,000 
fish.14 In Washington State, the government permits similar “biomass thresholds” 
before requiring government notification.15 Allowing for self-reporting and 
acceptable release thresholds means that escapes consistently go undocumented.  



Canada similarly allows for industry self-regulation. In October 2013, over 70 
farmed salmon were found in rivers over the course of a few weeks. Based upon 
figures and dispersion/escape patterns from previous escapes, the Atlantic Salmon 
Federation estimated that these fish were part of a large escape comprised of over 
50,000 fish. Even so, no corresponding escapes of that size had been reported.16
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Norway, in contrast, is more heavily regulated, and their law requires licensed fish 
farmers to report any detected or suspected escapes to the Directorate of Fisheries. 
Even so, Norwegian officials have acknowledged that the fish farm industry has 
experienced numerous unreported escapes and that actual escape numbers are 
higher than the official statistics.17 The law in Norway also allows the government 
to fine companies when fish escape their facilities in order to incentivize best 
practices in escape prevention.18 Rather than encourage prevention measures, 
local NGOs (non-government organizations) argue that the fine has encouraged 
companies to fail to report escapes.19



ESCAPEES THREATEN WILD SPECIES AND ECOSYSTEMS



Frequent farmed fish escapes have negatively impacted wild fish populations by 
decreasing species diversity. During the listing of Atlantic salmon as an endangered 
species, the National Marine Fisheries Service/Fish and Wildlife Service (FWS)
identified Atlantic salmon aquaculture facilities as one of the reasons for the 
decline in the wild species.20 Farmed fish tend to be genetically homogeneous, 
with 70 percent of the eggs used in Atlantic salmon farming originating from 
just 40 breeding stocks.21 They are also bred to be larger, with smaller fins, and 
to be more aggressive than wild fish. Although breeding performance of farmed 
salmon has been shown to be inferior to that of wild salmon, farm escapees have 
still successfully bred with wild salmon.22



Escapees may also swim through and inhabit areas in which they were previously 
absent. In the case of stream environments, the resultant restructuring of food 
webs from the introduction of non-native species can directly affect the food 
webs of surrounding forests due to the interconnectivity of forest and stream 
ecosystems.23 A study of the effects of invading farmed trout on streams and 
surrounding riparian ecosystems found that the introduction of non-native 
rainbow trout altered the feeding behavior of native fish species. The alteration 
of feeding interactions caused a reduction in the emergence of adult aquatic 
insects, which in turn affected populations of forest spiders. Researchers referred 
to this food web impact as a “trophic cascade” and predict that reduced density 
of spiders and other small forest consumers would subsequently impact larger 
forest species.24



Escaped fish in the open ocean can also carry diseases and pathogens well 
beyond the facility from which they were reared, infecting other species with 
whom they come into contact. Infectious Salmon Anemia (ISA), for example, is a 
viral infection that originates in fish farms and typically only develops in marine 
environments. Farmed fish escapees in Canada have been documented to carry 
the disease to nearby rivers, transmitting it to wild salmon populations living in 
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freshwater where the disease would otherwise have not been found.25 Similarly, the 
Scottish government has reported that three out of four salmon escapes occurred 
from farms affected by Infectious Pancreatic Necrosis,26 a highly contagious viral 
infection attributed to young Salmonid species held under intensively farmed 
conditions.27 In yet another example, the furunculosis disease28 spread quickly 
to roughly 70 percent of Norwegian farms after the industry received infected 
juveniles from Scotland.29 Escapees from infected Norwegian farms were found 
in nearby rivers, and they are the suspected cause of a furunculosis epidemic 
among wild populations.30



Studies have shown that when farmed and wild fish interbreed their offspring 
have diminished survival skills, reduced fitness, and potentially altered life-
history characteristics such as altered timing of development events.31 However, 
this decreased fitness and survivability is primarily in the early development 
stages. Overall, farmed salmon escapees and “hybrid” salmon (offspring of farmed 
and wild fish) are less likely to survive past juvenile stages than wild salmon. 
However, due to the genetic selection in farmed fish for increased growth rate 
and larger size, those that do survive are soon able to out-compete wild salmon 
for resources.32 This may be especially true when aggressive adult farmed fish 
return to spawning grounds where wild juveniles are developing.33



Researchers in Ireland have found that the interactions of farm escapees 
and wild salmon reduced the overall fitness of wild species. They concluded 
that continued escapes of farmed salmon could lead to the extinction of wild 
populations.34 Pacific commercial fishers regularly catch Atlantic salmon that 
have escaped from aquaculture operations in Washington State and British 
Columbia. Atlantic salmon compete with wild Pacific stocks for food, habitat, 
and spawning grounds, and increasing numbers of Atlantic salmon have been 
observed returning to rivers on the West Coast.35 Even in the Atlantic region, the 
U.S. Fish and Wildlife Service (FWS) concurs that “Atlantic salmon that escape 
from farms and hatcheries pose a threat to native Atlantic salmon populations.”36 
They also predict that “escapement and resultant interactions with native stocks 
are expected to increase given the continued operation of farms and growth of 
the industry under current practices.”37



CLOSED-CONTAINMENT OCEAN SYSTEMS



NOT IMPENETRABLE



The ocean-based aquaculture industry has proposed and developed designs for 
closed-containment facilities—also called ocean-based solid wall systems—in 
attempt to address the problems associated with net-pen escapes. These facilities 
are still sited offshore in the open water and do not adequately address or mitigate 
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the detrimental impacts of open-ocean aquaculture. Composed of either a flexible, 
bladder-like material or rigid metal, the farmed fish are not in direct contact with 
the marine ecosystem in which the facility rests. However, these “closed-containment 
facilities” are not completely closed because they take in water pumped in from the 
surrounding environment, which is not treated before entering the tank or when it 
is released back into the ocean.38 Therefore, pathogens, diseases, and/or uneaten feed 
present in the system are flushed out into the ocean with the outtake water. Similarly, 
any contaminants present in the ocean freely flow into the aquaculture system, 
untreated, via the ambient sea water.



AgriMarine Industries, producers of “closed containment systems” claims that, 
“[W]ith solid-wall containment there’s no possibility of interaction between farmed 
and wild fish, no fish escapes, and no predator interactions.”39 Yet, the potential 
hazards present in marine ecosystems—such as severe storms, strong currents, and 
large predators—make the promise of zero breaches unrealistic. In fact, in 2012 an 
extreme storm damaged AgriMarine’s “solid-wall” demonstration farm in British 
Columbia, Canada, releasing nearly 2,800 salmon from the facility that was touted as 
the “leader in floating solid-wall containment technology.”40



When Operations Manager at Creative Salmon Company was asked about whether 
the systems are escape-proof, he responded: “Typically, big escapes have been the 
result of serious events like major storms or equipment failures. But many minor 
escapes happen due to human error, harvesting, and that sort of thing. I don’t think 
you can get around those sorts of human errors on a small scale.”41 Clearly this so- 
called “containment system” is a misnomer because it does not contain inputs or 
outputs to the system, and it does not prevent fish escapes. 
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CONSUMERS DEMAND THAT ORGANIC AQUACULTURE DOES NOT POLLUTE



In 2007 and 2008, Consumers Union (CU), the policy arm of Consumer Reports, conducted surveys 
of the American public regarding their concerns and perceptions of various aspects of the food 
industry. Poll results42 showed that:



➢ 90% of Americans agree that “organic” fish should be produced without environmental 
pollution and be free-of or low-in contaminants like mercury and polychlorinated biphenyls 
(PCBs).



➢ 93% of Americans agree that organic fish should be produced with 100% organic feed like all 
other [certified organic] animals.



➢ 91% of Americans agree that organic fish farms should be required to recover waste and not 
pollute the environment.



➢ 57% of Americans registered concern about ocean pollution caused by “organic” fish farms.



In 2014, CU conducted another survey43 of the American public related to perceptions of organic food, 
and found that:



➢ 84% of consumers feel that organic standards for fish should require 100% organic feed.



➢ 67% of consumers feel that organic standards for fish should not allow net pens in the ocean.
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OCEANS EXPOSE FISH TO 
TOXINS AND RADIOACTIVITY
Organic plants and animals must be produced under conditions that can be 
monitored and controlled, for the most part. That simply cannot be the case with 
fish grown in the open ocean where they can ingest or absorb industrial and 
agricultural toxins and radioactivity. These hazardous materials can be found 
in the water column, sediment, or the fish, plants, and plankton upon which the 
fish feed. There is no way to know which pollutants farmed fish are exposed to, 
for how long, or in what combination or quantities. Wild forage fish used for 
feed in aquaculture facilities are similarly exposed to marine toxins in the ocean 
environment, which cannot be controlled. 



*These are among the many toxic 
contaminants that persist in the 



ocean and bioaccumulate in fish.
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PCBs BIOACCUMULATE AND BIOMAGNIFY IN FISH



Polychlorinated biphenyls (PCBs) are mixtures of synthetic and organic chemicals 
that were developed to take advantage of their capacity to burn only at very high 
temperatures. Common uses include fire retardants, insulators, and plasticizers 
in electrical devises and electricity conductors.44 PCBs are most often released 
into the environment from leaking transformers, capacitors, and other electrical 
equipment, illegal dumping, and leaching hazardous waste landfills where they 
contaminate soils, run off into nearby surface and ground water, and accumulate 
in ocean sediment.45 Since PCBs persist in the environment indefinitely, they 
have been documented to travel to long distances well-beyond where they were 
first released—in locations as far away as Antarctica.46



The U.S. Environmental Protection Agency (EPA) categorizes PCBs as a “probable 
human carcinogen,” especially of the liver.47 In 1976, Congress passed the Toxic 
Substances Control Act (TSCA), which banned the production of PCBs, but since 
they are long-lasting pollutants that cycle through ecosystems they still persist 
in the environment today.48 Human health studies have linked PCB exposure to 
reproductive disruption, neurobehavioral and developmental deficits in children, 
and increased risk of cancers such as non-Hodgkin’s lymphoma.49



PCBs are lipophilic, meaning they bond to fatty tissue. In the marine environment, 
they accumulate in the fatty tissue of fish, which are exposed from both the 
surrounding water and from contaminated food sources.50 Large marine species 
are especially vulnerable to accumulating high levels of PCBs in their fatty tissue. 
These highly toxic and persistent chemicals biomagnify as they pass through the 
food web and larger fish receive their own doses of contaminants plus those of 
the smaller fish they eat. Salmon are a particularly fatty species of fish,51 and thus 
susceptible to accumulating and storing lipophilic contaminants. Wild salmon, 
which typically live for only 2 to 8 years, are not exposed to contaminants for 
the same duration as other large, predatory fish species. They therefore do not 
bioaccumulate as many toxins in their tissues. Tuna, for example, can live up to 
32 years in the wild and samples showed higher concentrations per gram of PCBs 
and polychlorinated dibenzo-p-dioxins (PCDDs) than salmon samples.52



Studies from around the world have consistently demonstrated that farmed 
salmon have higher levels of PCBs in their tissues than their wild counterparts,53 
and researchers have attributed this to the presence of contaminants in feed 
composed of wild-caught fishmeal and oils.54 A study by researchers at the 
University of Albany tested farmed salmon tissue samples from Maine, Canada, 
and Norway, as well as wild salmon tissue samples from Alaska. The researchers 
found concentrations of PCBs ranging from about 14 to nearly 30 parts per 
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billion (ppb) in farmed samples compared with only 5 ppb in wild.55 Canadian 
researchers in British Columbia have found PCB levels in farmed Atlantic salmon 
three to six times higher than the tolerable daily intake levels set by the World 
Health Organization (WHO).56 Similar testing conducted in Europe has found 
PCBs in farmed salmon samples at levels that pose health risks to consumers, 
especially young children.57 In addition, a technical review by the European 
Commission found that animal feed made of fish meal contained the highest 
levels of PCBs of all feed sampled.58



MERCURY BIOACCUMULATES AND BIOMAGNIFIES IN FISH



Mercury is a dangerous neurotoxin that can adversely affect the brain, heart, and 
immune system, especially those of children and developing fetuses. Chronic 
exposure to mercury can cause problems such as learning disabilities and 
developmental delays.59 EPA acknowledges that fish consumption dominates all 
other pathways for human exposure to mercury,60 and the U.S. Food and Drug 
Administration (FDA) has indicated that fish and shellfish are almost exclusively 
the source of mercury in U.S. diets.61 An EPA study of over 1,700 women found 
that mercury concentrations in the blood were seven times higher for those who 
reported eating fish and/or shellfish meals nine or more times within the past 30 
days than for those who reported eating none.62



Mercury has historically been used in a variety of industrial processes and it 
continues to enter the environment regularly as a result of the combustion of 
mercury-containing fuels or waste.63 Once deposited, it may be remobilized 
later.64 Mercury may enter waterways directly or ultimately reach waterways when 
atmospheric mercury is deposited on land and washed into streams.65 Mercury 
is converted to a highly toxic form called methylmercury in the environment 
and research suggests that aquatic sediments are where this conversion most 
commonly occurs.66



Recent reports have demonstrated a connection between oil and gas rigs and 
elevated mercury levels found in sediment and wild-caught fish. Scientists 
attribute the contamination in and around the rigs to drilling muds67—a mercury-
rich mixture of sediment and materials used to cool and lubricate drill bits that 
bore into the ocean.68 The U.S. government estimates that 0.8 metric tons (1,600 
pounds) of mercury is released into the Gulf of Mexico from offshore oil and 
gas drilling per year.69 Researchers from Texas A&M University studied benthic 
systems near three rigs in the Gulf of Mexico and found that sediments within a 
few hundred feet of two rigs had mercury levels many times higher than base levels 
in Gulf of Mexico sediments.70 Data also indicated that shrimp and fish caught 
beneath the rig where the most contaminated sediments lie had average mercury 
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levels two to five times higher than those caught around the least contaminated 
rigs.71 High levels of mercury have been documented in sediments 12 years after 
drilling has stopped.72



Fish can absorb mercury as contaminated water passes over their gills, as well as 
by consuming other contaminated species.73 Mercury is most readily absorbed 
by lower-trophic species such as algae and plankton and biomagnifies in the 
food chain so that larger fish species accumulate higher doses of mercury.74 In 
addition, Canadian researchers have demonstrated that the presence of fish farms 
depletes the oxygen in the sediments beneath, creating conditions that convert 
deposited mercury to a form that is accessible to marine organisms and thus 
enters the food web.75



In response to concerns from indigenous communities in British Columbia, 
Canada, researchers tested culturally-important fish species in traditional 
harvesting waters of three First Nations’ territories: the Ahousaht, the Kitasoo/
Xaixais, and the member nations of the Musgumagw Tsawataineuk Tribal 
Council. Samples of two species of rockfish taken down-current from active 
salmon farms had higher concentrations of mercury than those taken from 
sites not directly down-current.76 Researchers attributed this to the fact that 
the rockfish consumed smaller species that had previously fed on the fish waste 
and uneaten feed (fish meal/oil) from the salmon farms, thus biomagnifying the 
mercury levels in the rockfish. The persistence of mercury in ocean sediments, 
combined with the likelihood of it being mobilized from fish farm activity makes 
exposure to mercury by farmed fish impossible to prevent.



RADIATION BIOACCUMULATES AND BIOMAGNIFIES IN FISH



Exposure of farmed fish to radioactive contamination from the Fukushima, Japan, 
nuclear power plant and other past or future leaks of radioactive material represents 
an issue of considerable concern. Ocean-based radiation from Fukushima is 
expected to reach as far as the U.S. West Coast77 and mix to depths of 1500 meters.78



Cesium-134, cesium-137,79 and cobalt-6080 from Fukushima have been detected 
in fish, soil, and marine plant samples from Japan.81 Tritium82 and strontium-9083 
have leaked into the ocean in the magnitude of Terabecquerels (1012) and 
Petabecquerels (1015), respectively. These radionuclides will be present in the 
Pacific for decades to come.84



Sediments, seaweeds, plankton, and fish can absorb radionuclides from both the 
surrounding water and contaminated food sources. Concentrations of radioactivity 
increases in larger fish species as they bioaccumulate and biomagnify in the food 
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web.85 Farmed fish in the open ocean are particularly susceptible to contamination 
because they are fed diets consisting of highly-concentrated wild-caught species. 
Thus, they receive their own exposure as well as exposure to more contaminants 
through the fish meal and fish oils they eat. Some predatory fish species living 
near Japan continued to contain cesium levels that exceed regulatory limits more 
than one year after the Fukushima meltdown.86 Studies have also concluded that it 
is possible for concentrations in fish tissue to exceed that of the ambient water as 
radiation bioaccumulates and biomagnifies in the food web.87 Also, contaminants 
may remain in the feces or other detrital particles that settle to the seafloor, again 
accumulating in sediments and potentially reentering the food chain via bottom 
dwellers or other sediment disturbances,88 such as dredging.



Although radionuclides are excreted from fish rapidly at first, a significant 
percentage may persist in tissues for much longer.89 Concentrations of Fukushima-
derived radioactivity have persisted longer than researchers initially predicted, 
even in fish that migrated away from Japanese waters. For example, despite having 
traveled the length of the Pacific, some bluefin tuna caught near California still 
contained low levels of cesium in their muscle tissue90—roughly 6%91 of their 
estimated concentration upon leaving Japan. Other large, carnivorous, and 
migratory fish species will likely have similar difficulties completely excreting 
Fukushima radioisotopes, especially as the marine food web and ambient water 
continue to be sources of regular contamination. 



The presence in the marine environment of these artificial radioisotopes—by-
products of human-made nuclear reactions—means that farmed fish in open-
ocean facilities, and those fed wild fish meal and oil, may concentrate low levels 
of radiation in their bone, blood, organs, muscle, and other tissue. This further 
compounds the difficulties of strictly regulating open ocean organic aquaculture 
systems. It would also make it impossible to differentiate organically farmed fish 
from their conventional counterpart in the marketplace.
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MARINE ECOLOGY IS 
NEGATIVELY IMPACTED
Organic production systems must be designed to promote and enhance biological 
diversity of both the production system itself and its surrounding environment, 
in accordance with organic regulations.92 The use of minimal off-farm inputs is 
expected as well as management practices that restore, maintain, and enhance 
ecological harmony.93 Yet that has not been the practice of open-ocean fish 
farms. On the contrary, ocean-based aquaculture poses a significant threat to 
wild marine species and ecosystems through the alteration of wild fish diets and 
behavior, the overexploitation of fisheries for feed stocks, the spread of pathogens, 
the accumulation of pollutants, and harm caused to large marine predators in the 
vicinity of fish farms.



OCEAN-BASED FISH FARMS ALTER WILD SPECIES’



BEHAVIOR AND PHYSIOLOGY



The mere presence of fish farms negatively impacts wild marine life that congregate 
around cages, as they are subject to ecological processes which differ greatly from 
natural marine habitats.94 Marine aquaculture cages have been referred to as fish 
aggregation devices (FADs) because of the large numbers of wild fish attracted to 
the structures.95 Unlike other objects that serve as aggregation devices—which can 
be naturally occurring, like logs, or artificial, such as docks and oil platforms—
fish farms function as “enhanced aggregating devices” due to the availability of 
food.96 Uneaten feed pellets and fish wastes empty from cages directly into the 
ocean environment, changing diet and feeding behavior97 and substituting large 
portions of the natural diets of wild fish with manufactured food pellets.98



Changes in the diets of wild fish that linger near fish farms in turn alters fish’s 
physiological condition by changing the fat content and fatty acid composition in 
their tissues. These modified fat levels have been documented to interfere with 
reproduction and adversely affect egg quality.99 A study from the University of 
Alicante in Spain found significant morphological changes in farm-associated 
wild fish, visible to the naked eye, including an apparently arched spine, abnormal 
pelvic and caudal fins, and distinct liver size, compared with wild fish of the same 
species in areas distant from farms.100 Wild pollock captured near Mediterranean
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sea cages also had markedly different body form and liver size than those caught 
in distant areas.101



To protect against these well-known health impacts on wild salmon in particular, 
the State of Alaska passed legislation to prohibit open-ocean fish farming in 1990. 
The legislature took a stand against open ocean fish farming to avert “persistent 
risks to the health of the marine resources of Alaska.”102



FISHMEAL AND FISH OIL THREATEN WILD FISH STOCKS



When the Organic Foods Production Act (OFPA) was passed in 1990, Congress 
intended for fish farming to adhere to the same rules as all other organic systems 
of production. Under the law, all “organic production” systems must comply with 
general management criteria to foster the cycling of resources, promote ecological 
balance and conserve biodiversity.103
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SALMON’S DEVELOPMENTAL AND MIGRATION PATTERNS DEFY CONFINEMENT



Raising salmon in a confined fish farm in-
terferes with the fish’s natural behavior, 
which runs contrary to organic animal 



rearing practices. The life history of all salmon is 
complex, highly variant, and involves an incredi-
bly long migration of thousands of miles between 
fresh and salt water. While there is only one salm-
on species native to the Atlantic Ocean, Atlantic 
salmon, the Pacific Ocean is home to five dis-
tinct species: coho, chinook, sockeye, pink, and 
chum.104



Salmon hatch in the spring in either lakes or riv-
ers and subsist on their egg yolk sac until they 
can swim to the surface. Pink and chum salmon 
head directly to sea, while the others remain in 
freshwater for periods of 5 months up to several 
years.105 Environmental cues which are not fully 
understood cause Pacific salmon fry (babies) to 
migrate downstream. During their migration, the 
salmon go through physiological changes called 
smolting to physically prepare to live in sea water. 
Atlantic salmon smolt while still living in their 



spawning grounds, and may spend up to 8 years 
in freshwater before migrating.106



Some species may spend 7 to 8 years at sea while 
others, like the Pink salmon, spend 18 months 
before returning to their spawning grounds.107 It 
is not fully understood how salmon detect their 
birth streams—through smell, pheromones or 
the earth’s magnetic field—but they possess a 
remarkable “homing instinct” that drives them 
to swim thousands of miles upstream to spawn 
where they were born.108 Most salmon spawn only 
once or twice in their lifetime, but some Atlantic 
salmon can spawn up to seven times.109



Given the complex nature of salmon’s lifecycle, 
which is dependent upon its ability not only to 
migrate long distances but also to swim between 
fresh and salt waters, salmon aquaculture can 
never be organic. Such confined systems of pro-
duction would interfere with salmon’s natural 
behavior and, therefore, not comply with organic 
standards of animal production.



For wild caught fish and its by-products used in fish farm feed to meet even these 
general criteria of organic is simply not possible. On the contrary, the exploitation of 
fish in the service of fishmeal and fish oil production actually harms the ecological 
balance of marine ecosystems. Moreover, it has been well-documented that fisheries 
that provide fish for the production of fishmeal and oil have harvested at rates that 
have reached or exceeded the rates at which the stocks can naturally replenish.110 
According to the Food and Agriculture Organization’s (FAO) State of the World’s 
Fisheries and Aquaculture, the primary stocks of Peruvian anchoveta, Japanese 
anchovy, and Atlantic herring—the most common pelagic species harvested for 
fishmeal and fish oil—are either fully exploited or depleted.111



OFPA requires organic farmers to produce a written Organic System Plan (OSP) 
to document all aspects of production including inputs and outputs.112 This type 
of documentation is not possible when fish farms are located in the ocean where 
water freely flows in and out of the system carrying a wide variety of substances. 
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In addition, the law requires that organic products are produced and handled 
without the use of synthetic chemicals, with the exception of those allowed on 
the National List.113 As this Report has already addressed, prohibited synthetic 
toxic chemicals such as PCBs, mercury, and even radionuclides circulate within 
ocean ecosystems, making the bioaccumulation and biomagnification of these 
substances in wild fish inevitable. 



The aquaculture industry is by far the largest consumer of fishmeal and fish oil, 
using about 46 percent of the global fishmeal supply and 81 percent of the global 
fish oil supply.114 Studies estimate that it can take between 1 and 6 pounds of wild 
fish to produce 1 pound of farmed fish, depending upon the species.115 The U.S. 
National Marine Fisheries Service estimates that producing 1 pound of farmed 
salmon can use the oil of approximately 5 pounds of wild fish.116 The International 
Fishmeal and Fishoil Organization (IFFO) estimates that aquaculture of all 
Salmonid species, which includes trout, requires 1.4 pounds of wild fish to 
produce 1 pound of farmed fish.117 This practice is unsustainable and damaging 
to marine ecosystems, and therefore would not qualify as certified organic given 
organic’s requirements to conserve biodiversity and promote ecological balance.



OCEAN-BASED FISH FARMS SPREAD



DISEASE AND PATHOGENS



When packed densely together in aquaculture operations, fish are exposed to 
pathogens in the marine environment.118 Fish farms also alter the surrounding 
ecology to such an extent that they actually foster the proliferation of pathogens. 
A 23-year study in Finland found that not only do the high stocking densities 
of homogenous fish enhance transmission opportunities of common pathogens, 
but fish farms also promote the evolution of more virulent strains.119 The now 
defunct Kona Blue Water Farms in Hawaii encountered problems with skin 
flukes, a parasitic flat worm that attaches to fish to eat their skin and suck their 
blood.120 That company also experienced outbreaks of streptococcus infections.121 



In the case of salmon, the U.S. Fish and Wildlife Service (FWS) has observed that 
while fish diseases have always affected wild Atlantic salmon, “the threats of major 
loss due to disease are generally associated with salmon aquaculture.”122 Sea lice is 
one of the most notorious pathogens associated with aquaculture facilities. Salmon 
farms have exposed wild pink salmon to lice infestations in British Columbia’s 
Broughton Archipelago, resulting in a “sharp decline” in wild population.123



Infectious salmon anemia (ISA) also has been a major problem for salmon farms in 
several countries. ISA is a viral infection that has no treatment. It is characterized 
by fluid accumulation in the body cavity and hemorrhaging of internal organs.124 
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Norway first reported the disease in 1984, and it later spread to Canada, Scotland, 
the Faroe Islands, and the U.S.125 From 2007 to 2009, the virus wreaked havoc on 
the salmon industry in Chile, killing off approximately 50 percent of the farmed 
salmon population and putting at least 7,000 people out of work.126



Infectious salmon anemia had never been seen in wild salmon until 1999, when 
it was found in wild Atlantic salmon in New Brunswick, Canada, and Scotland.127 
The FWS and National Oceanic and Atmospheric Administration (NOAA) have 
identified aquaculture as the specific origin and route of ISA infection to wild 
populations. They specifically concluded that ISA was known to cause disease 
only in “artificially confined” fish and that it was not observed “in free ranging 
salmon or other species until very recently.”128 Now, the virus has not only infected 
wild and farmed salmon, but farmed rainbow trout, wild sea trout, and eels.129



FISH FARM WASTE POLLUTES OCEANS



AND ALTERS FOOD WEBS



Fish farms can be an enormous source of toxic pollution as well as untreated fish 
waste, uneaten feed, and dead fish which empties directly into the ocean without 
filtering. This waste has been shown to alter fragile marine habitats.130 A study 
commissioned by the World Wildlife Fund found that Scotland’s 350 marine 
salmon farms generated more sewage waste (measured in terms of nitrogen 
and phosphorous) than the country’s human population.131 Researchers in Italy 
found that aquaculture facilities were responsible for an increase of nutrients (or 
pollutants) in a gulf off the Italian coast and concluded that, “off-shore aquaculture 
may affect the marine ecosystem well beyond the local scale.”132



Effluent from offshore facilities has such a high nutrient content that it contributes to 
toxic algal blooms and hypoxic zones.133 This fish waste sometimes creates a visible 
“plume” on the surface of the waters surrounding the cages.134 Recent studies have 
observed shifts in the behavior and interactions of marine communities surrounding 
fish farms, which they attribute to the nutrient buildup that occurs as fish waste and 
uneaten feed drift outside the permeable confines of open ocean facilities. In several 
cases, this build-up created shifts in the way organisms in the ocean environment 
obtain and process food.135 The long-term implications of this shift may mean changes 
to regional food webs where ocean-based fish farms are located.136



In the mouth of the Gulf of Northern Italy, the presence of aquaculture facilities 
has had a measurable impact on the waters within a ten-mile radius.137 A study, 
which is the first of its kind in terms of the scale of impacts considered, found 
overall increased levels of chlorophyll-a throughout the entire gulf. Researchers 
concluded that this was “mostly as the result of the chronic release of nutrient 
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waste produced by local aquaculture…[observable] at a spatial scale never 
considered before.”138 Chlorophyll-a concentrations are correlated with the 
derivatives of nutrients such as nitrogen and phosphorous, both of which are 
typically excreted at high concentrations from fish farms.



Exacerbating this issue is the fact that wild fish tend to aggregate in large numbers 
in the vicinity of fish farms. One study observed as many as 30 unique species 
surrounding fish farms. Researchers have estimated that aggregate biomass of 
fish around certain Mediterranean net pens reached 40 tons per site.139 This 
high concentration of fish found in the immediate vicinity of net pens can be 20 
times higher compared to wild areas 200 meters away.140 It stands to reason that 
this aggregation of wild fish in the vicinity of fish farms further increases waste 
pollution in the surrounding waters and benthic environment. 



OCEAN-BASED FISH FARMS POSE RISKS



TO LARGE MARINE PREDATORS



In April of 2007, 51 California sea lions died in a mass drowning after they were 
caught in the nets of a fish farm near Vancouver Island.141 It is likely the harem of 
sea lions, naturally attracted to the captive fish, was attempting to eat fish in the 
nets and got tangled in the process.



Anecdotal evidence also suggests that fish farming may negatively affect 
endangered great white sharks. Great whites have been observed visiting tuna 
farms off the coast of Mexico and southern Australia, and several have been 
killed because they threatened the valuable tuna fish farms.142 A similar incident 
occurred at the Hawaiian aquaculture facility, Kona Blue Water Farms, when a 
16-foot tiger shark (considered a sacred animal to native Hawaiians) was killed 
after spending too much time around the farm and one of the company’s divers.143



In the most horrific and ongoing example, campaigners for the Seal Protection 
Action Group (SPAG) in Scotland revealed that as many as 5,000 seals are being 
shot annually by Scottish fish farmers, in what amounts to a “secret slaughter.”144 
The group has witnessed the shooting near fish farms, and its members have come 
across seals washed up on shore with bullet holes in their heads. According to a 
representative of SPAG, “The seal shooting takes place in very remote locations 
in sea lochs around Scotland and there are no witnesses, and under the law the 
industry doesn’t even need to release the figures of the numbers they have killed.” The 
farming industry argues that the killings are necessary to protect their investment, 
and alleges the number is closer to 500. This is still a high number considering that 
there has been a decline in seal populations, especially around fish farms.145
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SOY-BASED FEED UNSUITABLE FOR FISH AND NEGATIVELY IMPACTS OCEAN ECOLOGY146



In response to criticisms that ocean aquacul-
ture depletes and threatens wild marine species 
because they use fishmeal and oil in feeds, the 



soy industry seized the opportunity to create a soy-
based fish feed. However, soy is an unsuitable fish 
feed and an unnatural component of marine ecosys-
tems. It is not easily digestible for fish and it can lead 
to reduced growth rates and inefficient feed use.147 
Soybeans contain lower levels of essential nutrients 
that fish need to survive—lower than fishmeal in 9 
of the 10 essential amino acids.148 They contain high 
levels of carbohydrates, including two types that 
are indigestible for fish.149 One carbohydrate, non-
starch polysaccharides (NSPs), interferes with the 
ability of fish to digest feed, thus making it difficult 
for the fish to obtain the energy they need.150



Soybeans also contain protease inhibitors that dam-
age the enzyme balance in fish digestive tracts, im-
peding their ability to digest and utilize soy.151 These 
limits of soy feed have led the America Soybean As-
sociation to conclude that “despite years of research 
funded both by government and industry, there are 
still unidentified factors in plant feedstuffs that lim-
it its use in diets for carnivorous species, including 



most marine species of commercial importance, as 
well as salmon and trout.”152



Soy also can be toxic to fish in the wrong quantities. 
When the fraction of soybeans in fish feed is too 
high, fish may develop an inflammation of the lower 
intestine called enteritis.153 This inflammation may 
be sparked by immunological food intolerance.154 



Trout and salmon that are fed soy, for example, 
sometimes mimic the human allergic reaction, suf-
fering skin lesions, alterations of the digestive tract, 
and excessive mucus in the feces.155



Moreover, soy fed to farmed fish is also detrimen-
tal to marine ecosystems. Because soy is difficult for 
fish to digest, feeding fish soy and other plant-based 
feeds causes them to produce higher levels of excre-
ment.156 Soybeans also contain phytoestrogen, an 
estrogen-like chemical produced by plants, the im-
pacts of which are deeply concerning but far from 
understood. Research has confirmed that the phy-
toestrogens in soybeans stimulate changes in the 
reproductive organs of female fish during the oes-
trous cycle and promote the development of female 
secondary sexual characteristics.157 When eels were 
fed isolated phytoestrogens that are present in soy, 
researchers found that 11 times more eels became 
females than in the control group.158



Insufficient research exists to know at what levels 
soy feed in the aquatic environment could harm 
reproduction of native fish species in the surround-
ing areas, but this lack of understanding is reason 
enough to not allow soy-based diets, even if they 
are certified organic, to be fed to farmed fish in the 
open ocean.
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CONCLUSION
OCEAN-BASED FISH FARMING CAN NEVER BE ORGANIC



Center for Food Safety and 52 additional endorsers (see Appendix A) 
categorically oppose industry and government efforts to allow the following 
aquaculture practices to be certified as organic:



➢ Open-ocean fish aquaculture systems of any type
➢ Farming of migratory fish
➢ Wild caught fish and fish meal and/or fish oil from wild fish used as feed



We believe that allowing these practices undermines the integrity of all organic 
farming systems and the organic label.



INLAND, CLOSED-LOOP, RECIRCULATING SYSTEMS:



CAN THEY BE ORGANIC?



Like Water and Oil: Ocean-Based Fish Farming and Organic Don’t Mix details how 
and why open ocean aquaculture practices contravene the spirit, intent, and letter 
of OFPA. However, it does not completely close the door on prospects of creating 
land-based systems of organic aquaculture.  Center for Food Safety believes that 
land-based, closed-loop, recirculating systems have the potential to meet OFPA 
criteria and become certified organic, but operational criteria for those types of 
systems have yet to be developed and put to the test.



Given the departure of aquaculture systems from the soil-based systems around 
which OFPA was created, specific land-based fish farm regulations must be 
developed. That is why Center for Food Safety strongly recommends mandating 
substantial field-testing to ensure that operational criteria for different types of 
land-based fish farms can meet OFPA’s high bar for organic integrity. Such systems 
must be evaluated and approved by the USDA’s National Organic Program, at 
first on a case-by-case basis, in consultation with the National Organic Standards 
Board (NOSB) and with public input, before they are allowed to carry the USDA 
organic seal. This would allow for the highest level of scientific and policy-
making expertise to be brought to bear on the development of this novel, organic, 
industrial sector before it is fully commercialized.  
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All organic systems must ultimately confront the limitations of scale. Certainly, 
from an organic systems perspective, the issue of scale necessitates that the 
government carefully assess the point at which synthetic inputs are used to prop-
up and maintain the system—such as to prevent the spread of disease and fish 
deaths—rather than used as an occasional additive. It is critical that checks and 
balances are established within the organic aquaculture regulations to ensure 
that large-scale, industrialized, ocean-based fish farms, akin to concentrated 
animal feeding operations (CAFOs) on land, are never permitted to be certified 
as organic.  



Whether marine or terrestrial, all organic systems must adhere to the NOSB 
principles of organic159 as well as OFPA and its supporting standards. Certified 
organic fish farms must enhance biodiversity and biological cycles, prohibit 
and eliminate dangerous inputs and outputs, and provide nutritious, naturally-
suitable, organic feed, preferably from within the system itself. Organic 
aquaculture systems of all sizes must be able to facilitate the natural behaviors of 
farmed species within the system, minimize negative impacts to the surrounding 
environment and indigenous species, and prevent escapes into neighboring water 
bodies. As this Report has demonstrated, ocean-based aquaculture facilities 
cannot meet these minimum requirements and, therefore, can never be 
considered organic.



We recommend that the NOSB principles of organic160 guide the creation and 
operation of any potential land-based, closed-loop, recirculating organic 
aquaculture system. In this vein, we urge that the following operational criteria 
provide the foundation for the development and regulation of organic aquaculture 
systems:



✓ Enhance the biodiversity and aquatic ecology within the system to
minimize external inputs. This includes growing plants, bivalves, other 
shell fish and bottom feeders within the system to filter waste, supply 
nutrients, and provide habitat and shelter.



✓ Prohibit dangerous inputs and outputs.  This  includes materials already 
prohibited in organic such as: antibiotics, genetically engineered organisms 
(GMOs), hormones, growth regulators, synthetic pesticides and fertilizers, 
synthetic dyes and colorants, and all other substances incompatible with 
organic such as nanomaterials. 



✓ Use nutritious, 100% certified organic feed, as is required for all organic 
livestock and poultry producers under OFPA. The use of wild or non-
organic farmed fish meal and fish oil in feed must be strictly prohibited.
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✓ Synthetic materials of any type must not be used to fulfill system 
functions such as feeding and filtering, and they must not be used 
as a crutch to prop up overcrowded or poorly designed systems. The 
limited synthetics that are permitted must be thoroughly vetted through 
a newly established materials review process specifically tailored for 
aquaculture systems. Synthetic materials already on the National List 
cannot automatically be allowed in organic aquaculture systems, due to 
the different ways in which materials react, persist, dissolve, settle, and 
disperse in water versus soil environments.



✓ Stocking rates and the living environment of the system must promote 
and maintain the health and welfare of fish and other living organisms in 
a harmonious manner and non-stressful environment that is appropriate 
to the species and their reproductive needs.



✓ An Organic System Plan161 must be required, complete with records and 
audit trails, to allow certifiers to verify inputs, outputs, and biodiversity 
conservation and to track fish products from the aquaculture facility to 
the point of purchase.
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APPENDIX A
ORGANIC AQUACULTURE POSITION STATEMENT



We, the undersigned, stand united in our opposition to allowing the following aquaculture practices to 
be certified organic:



➢  Open-ocean aquaculture systems of any type. Open-ocean fish farms can never be organic 
because inputs and outputs to the system cannot be monitored or controlled and neither can a 
farmed fish’s exposure to synthetic, toxic chemicals present in the marine environment, most of 
which are prohibited by law.



➢ Migratory fish production. Farming migratory fish can never be organic, regardless of the 
type of system in which they are reared because their confinement in fish farms would curtail their 
biological need to swim far distances, creating stress.  Some migratory species are also anadromous, 
such as salmon, migrating between freshwater and ocean environments, a behavior not possible 
while in containment.



➢ Wild caught fish, fish meal and/or fish oil used as feed. Farmed fish that have been 
fed wild caught fish, or fish meal or oil from wild fish can never be organic because OFPA requires 
that all certified organic species are fed a certified organic diet.  Feeding farmed fish wild caught 
fish and related products—fish meal and fish oil—would increase pressure on already over-
exploited or recovering fisheries that form the basis of the marine food web. It would also decrease 
the food supply for a wide range of native, aquatic species, including seabirds and sea mammals, 
contravening the USDA organic biological diversity conservation requirements.



We believe that allowing these practices undermines the integrity of all organic farming systems and 
the organic label, and they do not meet the requirements of OFPA.  Such practices compete with wild 
fisheries and other marine life by reducing their opportunities for food. They also threaten marine 
ecosystems with the spread of disease and parasites.



Path to Certified Organic Aquaculture Systems:



Land-based, closed-loop, recirculating aquaculture systems have the potential to meet the spirit, intent, 
and letter of the Organic Foods Production Act (OFPA).  But operational criteria for organic aquaculture 
systems have yet to be developed and tested.  To be certified organic, a land-based aquaculture facility must 
promote biodiversity and ecological harmony and rely upon the system’s underlying ecology to feed plants 
and animals.  Synthetic materials must not be routinely used to fulfill or prop-up system functions.  



Given the departure of aquaculture systems from the soil-based systems around which OFPA was created, 
specific land-based fish farm regulations must be developed.  We strongly recommend mandating substantial 
field-testing to ensure that operational criteria for different types of land-based fish farms can meet OFPA’s 
high bar for organic integrity.  Such systems must be evaluated and approved by the USDA’s National Organic 
Program, at first on a case-by-case basis, in consultation with the National Organic Standards Board and 
with public input.  This would allow for the highest level of scientific and policy-making expertise to be 
brought to bear on the development of this novel, organic, industrial sector before it is fully commercialized.  
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ORGANIC AQUACULTURE POSITION STATEMENT ENDORSEMENTS



Alaska Marine Conservation Council
Animal Legal Defense Fund
Beyond Pesticides
Bristol Bay Regional Seafood Development 



Association
Center for Biological Diversity
Center for Environmental Health
Center for Food Safety
Center for a Livable Future
Coastal Trollers Association
Colorado Ocean Coalition
Consumers Union
Equal Exchange
Farm Forward
Farm Sanctuary
Fearless Fund
Food & Water Watch
Friends of Clayoquot Sound
Global Alliance Against Industrial Aquaculture
Go Wild Campaign
Gulf Restoration Network
Hawaiian Learning Center
Hui o Kuapa
Independent Shellfish Growers of Wa. State
La Montanita Coop, NM
Living Oceans Society
Maine Organic Farmers and Gardeners 



Association
Mangrove Action Project
MAP Question Your Shrimp
Mari’s Garden, HI



Midwest Organic & Sustainable Education 
Service



Moby Dick Hotel and Oyster Farm, WA
National Cooperative Grocers Association
National Organic Coalition
New Natives, CA
Northeast Organic Farming Association – 



Interstate Council
Northeast Organic Farming Association: 



Massachusetts
Northeast Organic Farming Association of New 



Jersey
Northeast Organic Dairy Producers Alliance
NorthWest Atlantic Marine Alliance
Northwest Center for Alternatives to Pesticides
Ohio Ecological Food and Farm Association
Organic Consumers Association
Organic Seed Alliance
PCC Natural Markets, WA
Public Employees for Environmental 



Responsibility
Rural Advancement Foundation International-



USA
Raincoast Conservation Foundation
Rivers Without Borders
Save Our Wild Salmon
Seafood Producers Cooperative
Washington Trollers Association
Wild Farm Alliance
Wild Oceans
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YEAR COUNTRY SPECIES # ESCAPED CAUSE
OPERATOR/
LOCATION



2014 696,205



Norway1 Atlantic Salmon 120,000 Fire Firda Sjofarmer



Atlantic Salmon 47,000 -- Alsaker Fjordbruk



Atlantic Salmon 103,000 Hole in net Rogaland



Scotland2 Atlantic Salmon 154,569 Severe storm Meridian Salmon



Atlantic Salmon 2,500 Predator Balta Island



Atlantic Salmon 35 -- Scottish Salmon Co



Atlantic Salmon 150 Predator Balta Island



Atlantic Salmon 1 Human Error Scottish Sea Farms



Atlantic Salmon 25,259 Hole in net Hjaltland



Rainbow Trout 4 Vandalism Dawnfresh



Ireland3 Atlantic Salmon 230,000 Storm Bantry Bay



Canada4 Rainbow Trout Unknown Storm Ocean Trout Farms



Rainbow Trout 13,687 Boat propeller → Hole in net West Coast Fish



2013 386,054



Scotland5 Rainbow Trout 7,172 Weather → Equipment failure Dawnfresh



Rainbow Trout 270 Predator → Hole in net Kames



Atlantic Salmon 10 Hole in net Marine Harvest



Atlantic Salmon 16,446 Human error → Equipment failure Migdale Transport



Atlantic Salmon 1 Human error Scottish Sea Farms



Atlantic Salmon 200 Human error Marine Harvest



Atlantic Salmon 823 Predator → Hole in net Scottish Sea Farms



Atlantic Salmon 8,875 Equipment failure Scottish Salmon 



Halibut 6,957 Predator → Hole in net Kames



Norway6 Atlantic Salmon 127,000 Storm → Hole in net Marine Harvest



Atlantic Salmon 4,000 Annual figure Finnmark



Atlantic Salmon 85,000 Annual figure Nord-Trondelag



Atlantic Salmon 30,000 Annual figure Sor-Trondelag



Atlantic Salmon 9,000 Annual figure Sogn og Fjordane



Atlantic Salmon 70,000 Annual figure Hordaland



Canada7 Atlantic Salmon 20,000 Strong currents Cooke Aquaculture



Coho Salmon 300 Overflow during transport Grieg Seafoods



2012 343,740



Canada8 Chinook Salmon 2,745 Severe storm AgriMarine



Atlantic Salmon 1 Escaped during transfer Mainstream



Chinook Salmon 1 Escaped during transfer Creative Salmon



Atlantic Salmon 7 Escaped during transfer Marine Harvest



Atlantic Salmon 100+ Hole in net Seeley’s Cove



Atlantic Salmon Unknown Net failure Seeley’s Cove



Atlantic Salmon Unknown Predator → Hole in net Maces Bay



Atlantic Salmon Unknown Predator → Hole in net Beaver Harbour



Atlantic Salmon <20 Net damage



Scotland9 Atlantic Salmon 25,623 Extreme weather → Mooring failure Meridian Salmon



Atlantic Salmon 8,700 Predator → Hole in net Loch Duart



Atlantic Salmon 3,180 Weather → Hole in net Scottish Salmon Co



TABLE: ANNUAL FISH FARM ESCAPES BY SPECIES AND COUNTRY *



*Data compiled by Center for Food Safety based on available public records. Actual figures are likely to be higher as 
fish escapes may go unreported for various reasons, including: threshold requirements for reporting, reports of holes 
found in nets with escapes unknown, leakages of small numbers of small fish, severe weather conditions, etc.
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Atlantic Salmon 20 Equipment failure → Hole in net Loch Duart



Rainbow Trout 3,056 Human error → Equipment failure Dawnfresh



Rainbow Trout 378 Weather → Hole in net Kames



Chile10 Atlantic Salmon 70,900 Annual figure Various



Norway11 Atlantic Salmon 9,000 Annual figure Troms



Atlantic Salmon 27,000 Annual figure Nordland



Atlantic Salmon 3,000 Annual figure Rogaland



Rainbow Trout 123,000 Annual figure Sogn og Fjordane



Rainbow Trout 10,000 Annual figure Hordaland



Cod 57,000 Annual figure More og Romsdal



2011 860,348



Canada12 Steelhead Trout 12,382 Storm Hardy Cove



Atlantic Salmon 12 Escaped during transfer Grieg Seafood



Atlantic Salmon Unknown Storm → Hole in net Grand Manan



Atlantic Salmon Unknown Storm → Hole in net Maces Bay



Scotland13 Rainbow Trout 3,810 Predator Torhouse



Rainbow Trout 1,439 Predator Dawnfresh



Rainbow Trout 200 Equipment failure Dawnfresh



Rainbow Trout 7,371 Vandalism Dawnfresh



Atlantic Salmon 1,500 Human error Kames



Atlantic Salmon 6,000 Predator Balta Island



Atlantic Salmon 40 Predator Loch Duart



Atlantic Salmon 15,000 Predator Balta Island



Atlantic Salmon 20 Human error Scottish Salmon Co



Atlantic Salmon 2,500 Human error Scottish Salmon Co



Atlantic Salmon 50 Weather Marine Scotland



Atlantic Salmon 8,299 Weather Scottish Sea Farms



Atlantic Salmon 336,470 Weather Lakeland Unst



Atlantic Salmon 33,755 Weather Scottish Sea Farms



Chile14 Atlantic Salmon 15,500 Annual figure Various



Norway15 Atlantic Salmon 360,000 Annual figure Sor-Trondelag



Atlantic Salmon 10,000 Annual figure Sogn og Fjordane



Atlantic Salmon 3,000 Annual figure Hordaland



Atlantic Salmon 30,000 Annual figure Rogaland



Atlantic Salmon 2,000 Annual figure Troms



Rainbow Trout 4,000 Annual figure Hordaland



Cod 7,000 Annual figure Nordland



2010 938,956



Scotland16 Rainbow Trout 19,879 Severe ice College Mill



Rainbow Trout 40 Equipment failure Dawnfresh



Rainbow Trout 57 Human error Dawnfresh



Atlantic Salmon 10,775 Human error Marine Harvest



Atlantic Salmon 110 Human error Scottish Sea Farms



Atlantic Salmon 200 Human error Marine Harvest



Atlantic Salmon 100 Equipment Marine Harvest



Atlantic Salmon 4,000 Hole in net Loch Duart



Atlantic Salmon 2,766 Hole in net Scottish Salmon Co



Atlantic Salmon 36 Equipment Marine Harvest



Salmon 100,000 Hole in net Marine Harvest



Canada17 Atlantic Salmon 13,000 Predator → Hole in net Western Passage



Atlantic Salmon 138,000 Weather → Net failure Grand Manan



Atlantic Salmon 33,000 Hole in net Grand Manan



Arctic Charr 15,000 Vandalism Bay d’Espoir



Arctic Charr 55,000 Vandalism Bay d’Espoir



Atlantic Salmon 150 Harvesting spill Fortune Bay
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Steelhead Trout 11,643 Storm damage Bay d’Espoir



Steelhead Trout 20,800 Hole in net Bay d’Espoir



Norway18 Salmon 76,000 Escape during harvesting SJotroll Havruk



Atlantic Salmon 182,000 Annual figure Various



Rainbow Trout 6,000 Annual figure Sogn og Fjordane



Rainbow Trout 1,000 Annual figure Finnmark



Cod 121,000 Annual figure Nordland



Cod 15,000 Annual figure More og Romsdal



Cod 30,000 Annual figure Sogn og Fjordane



Ireland19 Atlantic Salmon 83,000 Equipment failure Inver Bay



Chile20 Coho Salmon 400 Annual figure Various



2009 1,570,307



USA21 Yellowtail Unknown Shark attack Hawai’i



Canada22 Atlantic Salmon 48,822 Hole in net Marine Harvest



Atlantic Salmon 35 Annual figure Various



Chinook Salmon 23,888 Annual figure Various



Scotland23 Rainbow Trout 4,671 Predator → Hole in net Dawnfresh



Rainbow Trout 2,500 Equipment failure Dawnfresh



Rainbow Trout 700 Human error Dawnfresh



Rainbow Trout 523 Hole in net Dawnfresh



Rainbow Trout 197 Hole in net Dawnfresh



Atlantic Salmon 17,766 Hole in net Lighthouse



Atlantic Salmon 1 Human error Marine Harvest



Atlantic Salmon 10,534 Human error Marine Harvest



Atlantic Salmon 315 Equipment failure Marine Harvest



Atlantic Salmon 621 Equipment failure Marine Harvest



Atlantic Salmon 34,227 Predator → Hole in net Scottish Sea Farms



Atlantic Salmon 9,700 Predator → Hole in net Howietown



Atlantic Salmon 58,800 Hole in net Lighthouse



Atlantic Salmon 7 Human error Marine Harvest



Norway24 Atlantic Salmon 118,000 Annual figure Nordland



Atlantic Salmon 11,000 Annual figure Nord-Trondelag



Atlantic Salmon 31,000 Annual figure More og Romsdal



Atlantic Salmon 30,000 Annual figure Hordaland



Atlantic Salmon 3,000 Annual figure Ovrige fylker



Rainbow Trout 133,000 Annual figure Finnmark



Cod 32,000 Annual figure Finnmark og Troms



Cod 68,000 Annual figure Nordland



Cod 42,000 Annual figure Trondelag



Cod 33,000 Annual figure More og Romsdal



Cod 37,000 Annual figure Rogaland



Chile25 Atlantic Salmon 312,000 Annual figure Various



Coho Salmon 22,300 Annual figure Various



Rainbow Trout 484,700 Annual figure Various



2008 2,159,200



Chile26 Atlantic Salmon 447,400 Severe weather Multiple farms



Coho Salmon 12,900 Severe weather Multiple farms



Rainbow Trout 1,137,100 Severe weather Multiple farms



Canada27 Atlantic Salmon 30,000 Strong currents → Equipment failure Marine Harvest



Atlantic Salmon 81,769 -- --



Norway28 Atlantic Salmon 2,000 Annual figure Troms



Atlantic Salmon 24,000 Annual figure Nordland



Atlantic Salmon 2,000 Annual figure Sor-Trondelag



Atlantic Salmon 44,000 Annual figure More og Romsdal



Rainbow Trout 1,000 Annual figure Sogn og Fjordane
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Rainbow Trout 1,000 Annual figure Hordaland



Cod 103,000 Annual figure Finnmark og Troms



Cod 5,000 Annual figure Nordland



Cod 1,000 Annual figure Trondelag



Cod 193,000 Annual figure More og Romsdal



Cod 1,000 Annual figure Sogn og Fjordane



Scotland29 Atlantic Salmon 10,000 Weather Balta Island



Atlantic Salmon 20,000 Weather Balta Island



Atlantic Salmon 20 -- Marine Harvest



Atlantic Salmon 1,700 -- Kames



Atlantic Salmon 5,500 Hole in net Lighthouse



Atlantic Salmon 7,437 Hole in net Lighthouse



Atlantic Salmon 7,424 Hole in net Marine Harvest



Atlantic Salmon 6,560 Predator → Hole in net Loch Duart



Rainbow Trout 4,047 Weather Scot Trout



Rainbow Trout 126 -- Kames



Rainbow Trout 200 -- Scot Trout



Rainbow Trout 381 Vandalism Scot Trout



Rainbow Trout 1,254 Hole in net Dawnfresh



Rainbow Trout 1,062 Predator Dawnfresh



Rainbow Trout 3,620 -- Dawnfresh



Halibut 3,700 -- Shetland Halibut



2007 2,615,489



USA30 Yellowtail 1,500 Human error Hawai’i



Norway31 Atlantic Salmon 290,000 Annual figure Various



Rainbow Trout 300,000+ Annual figure Various



Cod 75,000 Annual figure Various



Scotland32 Atlantic Salmon 8,213 Hole in net Lakeland Unst



Atlantic Salmon 4,000 Weather Balta Island



Atlantic Salmon 18,500 Hole in net Marine Harvest



Atlantic Salmon 52,353 -- Marine Harvest



Atlantic Salmon 16,989 Hole in net Scottish Sea Farms



Atlantic Salmon 1,000 Hole in net Fjord Seafood



Atlantic Salmon 2,500 Human error Landcatch



Atlantic Salmon 1,629 Predator Fjord Seafood



Atlantic Salmon 15,075 -- Marine Harvest



Atlantic Salmon 10,400 Weather Loch Duart



Atlantic Salmon 23,805 -- Marine Harvest



Atlantic Salmon 2 Human error Lakeland Unst



Rainbow Trout 5,727 Hole in net Mainstream



Rainbow Trout 5,900 Predator Scottrout



Rainbow Trout 1,000 Escape during transfer Scottrout



Rainbow Trout 12 Equipment failure Invicta



Rainbow Trout 570 Predator Kames



Rainbow Trout 28,500 Predator Drummond



Rainbow Trout 14,442 Hole in net Caledonian



Cod 1 -- Weddell



Arctic Charr 25 -- John Eccles



Canada33 Atlantic Salmon 19,223 Annual figure Various



Chinook Salmon 11 Annual figure Various



Coho Salmon 12 Annual figure Various



Chile34 Atlantic Salmon 1,119,200 Annual figure Various



Coho Salmon 26,300 Annual figure Various



Rainbow Trout 573,600 Annual figure Various
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2006 1,705,636



Norway35 Atlantic Salmon 921,000 Annual figure Various



Rainbow Trout 15,000 Annual figure Various



Cod 300,000 Annual figure Various



Scotland36 Atlantic Salmon 3,900 -- Fjord Seafood



Atlantic Salmon 25,108 Predator → Hole in net Mainstream



Atlantic Salmon 1,293 Human error Marine Harvest



Atlantic Salmon 12,280 Predator Marine Harvest



Atlantic Salmon 2,019 Predator → Hole in net Mainstream



Atlantic Salmon 223 Predator → Hole in net Marine Harvest



Atlantic Salmon 16,000 Hole in net Murray Seafoods



Atlantic Salmon 2,500 -- Fjord Seafood



Atlantic Salmon 5,500 Hole in net Pan Fish



Atlantic Salmon 490 Equipment failure Landcatch



Atlantic Salmon 4,193 Escaped during transfer Landcatch



Atlantic Salmon 34,500 -- Mainstream



Atlantic Salmon 1,950 Hole in net Marine Harvest



Atlantic Salmon 2,981 Human error Murray Seafoods



Atlantic Salmon 8,838 Human error Murray Seafoods



Atlantic Salmon 100 Predator → Hole in net Fjord Seafood



Atlantic Salmon 10 Human error Wester Ross



Atlantic Salmon 5,000 Equipment damage Hebridean Smolts



Atlantic Salmon 11,900 Hole in net Marine Harvest



Atlantic Salmon 16,868 Predator → Hole in net Pan Fish



Rainbow Trout 27 Hole in net Kames



Rainbow Trout 8,859 Predator Kames



Rainbow Trout 200 -- Invicta



Rainbow Trout 27,767 Flooding David M Brien



Halibut 12,230 Vandalism Kames



Chile37 Atlantic Salmon 95,800 Annual figure Various



Coho Salmon 80,000 Annual figure Various



Rainbow Trout 89,100 Annual figure Various



2005 2,244,853



Scotland38 Atlantic Salmon 3,000 Hole in net Loch Duart



Atlantic Salmon 8,500 -- Fjord Seafood



Atlantic Salmon 7,000 Weather Marine Harvest



Atlantic Salmon 5 -- Marine Harvest



Atlantic Salmon 3,608 Escaped during transfer Landcatch



Atlantic Salmon 22,500 Hole in net Murray Seafoods



Atlantic Salmon 12,000 Weather Fjord Seafood



Atlantic Salmon 321,000 -- Stolt Sea Farm



Atlantic Salmon 80,000 Weather Pan Fish



Atlantic Salmon 80,513 -- Fjord Seafood



Atlantic Salmon 1,998 Weather Mainstream



Atlantic Salmon 20,928 Weather Marine Harvest



Atlantic Salmon 43,453 Weather Scottish Sea Farms



Atlantic Salmon 169,435 Weather North Uist



Atlantic Salmon 51,000 -- Marine Harvest



Atlantic Salmon 12,943 Weather Marine Harvest



Atlantic Salmon 40,000 Weather Pan Fish



Atlantic Salmon 194,000 Weather Marine Harvest



Rainbow Trout 4,500 Predator Torhouse



Rainbow Trout 2,203 Hole in net Mainstream



Rainbow Trout 1,267 -- Mainstream
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Cod 15,800 Predator Papil Salmon



USA39 Atlantic Salmon 2,500 -- Washington



Norway40 Atlantic Salmon 700,000+ Annual figure Various



Cod 200,000+ Annual figure Various



Chile41 Atlantic Salmon 190,300 Annual figure Various



Coho Salmon 31,400 Annual figure Various



Australia42 Salmon & Trout 25,000 -- Macquarie Harbor



2004 2,698,615



USA43 Atlantic Salmon 24,552 Annual figure Washington



Canada44 Atlantic Salmon 43,969 Annual figure British Columbia



Chile45 Salmon 1,000,000 Severe storm Salmones Antartica



Rainbow Trout 949,500 Severe storm Various



Scotland46 Atlantic Salmon 1 Predator Lakeland Marine



Atlantic Salmon 3,000 Predator Marine Harvest



Atlantic Salmon 200 Human error Scottish Sea Farms



Atlantic Salmon 15,946 -- Stolt Sea Farms



Atlantic Salmon 320 Equipment damage Marine Harvest



Atlantic Salmon 10,000 Equipment damage Lewis Salmon



Atlantic Salmon 400 Predator Balta Island



Atlantic Salmon 200 Hole in net Loch Duart



Atlantic Salmon 4,227 Equipment damage Lewis Salmon



Atlantic Salmon 11,300 Predator Balta Island



Atlantic Salmon 45,000 Weather Scottish Sea Farms



Sea Trout 10,000 Weather Balta Island



Norway47 Atlantic Salmon 550,000+ Annual figure Various



Rainbow Trout 10,000 Annual figure Various



Cod 20,000+ Annual figure Various



2003 713,438



USA48 Atlantic Salmon 2,000 -- Birch Point



Scotland49 Atlantic Salmon 47,176 Weather North Uist



Atlantic Salmon 2,000 -- Hunter Salmon



Atlantic Salmon 11,476 Hole in net Marine Harvest



Atlantic Salmon 50 Hole in net Marine Harvest



Atlantic Salmon 5,000 -- Kilean Salmon



Atlantic Salmon 16,000 Equipment damage Marine Harvest



Atlantic Salmon 18,416 Hole in net Loch Duart



Atlantic Salmon 50,983 Predator Orkney Sea Farms



Atlantic Salmon 50 Net failure (no hole) Scottish Sea Farms



Atlantic Salmon 500 Equipment damage Stolt Sea Farms



Atlantic Salmon 1 Human error Scottish Sea Farms



Atlantic Salmon 1 Human error Marine Harvest



Atlantic Salmon 200 Weather Ardvar Salmon



Rainbow Trout 1,560 Vandalism Kames



Sea Trout 5,000 Hole in net Balta Island



Halibut 3,025 -- Bressay Salmon



Norway50 Atlantic Salmon 400,000 Annual figure Various



Rainbow Trout 150,000 Annual figure Various



2002 1,088,403



Scotland51 Atlantic Salmon 35,335 Weather Hascosay Salmon



Atlantic Salmon 8,147 Equipment failure Loch Duart



Atlantic Salmon 36 Hole in net Finfish Ltd



Atlantic Salmon 58 -- Marine Harvest



Atlantic Salmon 500 Human error Fjord Seafood



Atlantic Salmon 13,500 Weather Balta Island



Atlantic Salmon 238,420 Weather Cro Lax
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Atlantic Salmon 14,000 Weather Balta Island



Atlantic Salmon 19,750 Human error → Equipment failure Scottish Salmon



Atlantic Salmon 20,000 Equipment damage Scottish Sea Farms



Atlantic Salmon 3,000 Predator Loch Duart



Atlantic Salmon 2,400 Vandalism Marine Harvest



Atlantic Salmon 12,000 Human error Meridian Salmon



Rainbow Trout 80,000 Flooding Abbey St Bathans



Norway52 Atlantic Salmon 53,000 Annual figure Finnmark



Atlantic Salmon 89,000 Annual figure Troms



Atlantic Salmon 78,000 Annual figure Nordland



Atlantic Salmon 46,000 Annual figure Nord-Trondelag



Atlantic Salmon 50,000 Annual figure Sor-Trondelag



Atlantic Salmon 25,000 Annual figure More og Romsdal



Atlantic Salmon 23,000 Annual figure Sogn og Fjordane



Atlantic Salmon 100,000 Annual figure Hordaland



Atlantic Salmon 11,000 Annual figure Rrogaland



Trout 105,000 Annual figure Nordland



Trout 3,000 Annual figure Sor-Trondelag



Trout 2,000 Annual figure More og Romsdal



Trout 36,000 Annual figure Sogn og Fjordane



Trout 8,000 Annual figure Hordaland



Trout 1,000 Annual figure Ovrige fylker



Canada53 Atlantic Salmon 11,257 Annual figure British Columbia



2001 452,414



Canada54 Atlantic Salmon 55,414 Annual figure Washington



Norway55 Atlantic Salmon 250,000+ Annual figure Various



Rainbow Trout 100,000 Annual figure Various



Scotland56 Brown Trout 3,500 Predator Balta Island



Atlantic Salmon 9,000 Weather Scottish Sea Farms



Atlantic Salmon 4,500 Human error Scottish Sea Farms



Atlantic Salmon Unknown Predator Scottish Sea Farms



Atlantic Salmon 10,000 Predator Meridian Salmon



Atlantic Salmon 7,000 Predator Scottish Salmon Co



Atlantic Salmon 3,000 Predator Marine Harvest



Atlantic Salmon 10,000 Equipment damage Meridian Salmon



2000 817,203



Canada57 Atlantic Salmon 31,855 Annual figure British Columbia



USA58 Atlantic Salmon 170,000 -- Stone Island



Scotland59 Atlantic Salmon 235 Equipment failure Marine Harvest



Atlantic Salmon 20,000 Equipment damage Meridian Salmon



Atlantic Salmon 3,000 Equipment damage Meridian Salmon



Atlantic Salmon 5,776 Predator Marine Harvest



Atlantic Salmon 6,000 Equipment failure Hjaltland



Atlantic Salmon 1,000 Human error Scottish Sea Farms



Atlantic Salmon Unknown Hole in net Marine Harvest



Atlantic Salmon 230,000 Weather Finfish Ltd



Atlantic Salmon 62,000 Weather Meridian Salmon



Atlantic Salmon 258,000 Weather Scottish Sea Farms



Atlantic Salmon 11,237 Weather Loch Duart



Atlantic Salmon 100 Human error Scottish Sea Farms



Brown Trout 18,000 Equipment damage QA Fish



1999 347,854



Canada60 Atlantic Salmon 35,954 Annual figure British Columbia



USA61 Atlantic Salmon 115,000 -- Washington



Scotland62 Atlantic Salmon 4,000 Hole in net Meridian Salmon
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From: In Defense of Animals on behalf of Catherine Macan
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, December 12, 2015 3:03:35 PM


Dec 12, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Catherine Macan
1812 16th St
Eureka, CA 95501-2564
catherinemacan707@gmail.com
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From: In Defense of Animals on behalf of Llauren Peralta
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, November 28, 2015 1:11:10 PM


Nov 28, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Llauren Peralta
322 Neva Pl
Los Angeles, CA 90042-2707
(626) 487-7745
bodhineverdisparag@prodigy.net
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From: In Defense of Animals on behalf of Neville Bruce
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, January 02, 2016 12:56:07 AM


Jan 2, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mr. Neville Bruce
00 No ta
Notts, None 00000
ninepence@hotmail.com
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From: Jaski, KC
To: R9RoseCanyon
Subject: FW: Extended Notice of Scoping for the Rose Canyon Sustainable Aquaculture Project
Date: Friday, January 15, 2016 7:01:10 AM
Attachments: image001.png


image002.png
image003.png
image004.png
image005.png
EPA.Rose Canyon Fisheries Aquaculture Support.1.15.16.pdf


Please find comments from Congressman Scott Peters and Congressman Juan Vargas on the Rose
 Canyon Sustainable Aquaculture Project attached. A hard copy letter will be mailed to the San
 Francisco address as well.


Thank you,
K.C.
 
K.C. Jaski
Legislative Assistant
Rep. Scott Peters | CA-52
1122 Longworth House Office Building 
p | 202.225.0508


 
 


From: Sablad, Elizabeth [mailto:Sablad.Elizabeth@epa.gov] On Behalf Of R9RoseCanyon
Sent: Tuesday, December 15, 2015 5:02 PM
Subject: Extended Notice of Scoping for the Rose Canyon Sustainable Aquaculture Project
 
 
To All Interested Parties,
We are aware of the email issue for those trying to submit comments using the email address
 in the Notice below and are working to resolve the issue. In the meantime, we encourage
 submittal of comments using the mailing address in the Notice and are extending the
 comment period until January 15, 2016. Our website will be updated shortly to reflect this
 extension.
 
Thank you for your patience.


 
Notice of Scoping for the Rose Canyon Sustainable Aquaculture Project


Public Notice Date: November 20, 2015
Comment Period Closes: January 15, 2016


Pursuant to the National Environmental Policy Act (NEPA) (42 U.S.C. 4321-4307h),
 the Council on Environmental Quality’s NEPA regulations (40 CFR Part 1500-1508), and
 EPA’s regulations for implementing NEPA (40 CFR Part 6), EPA will prepare an
 Environmental Assessment (EA) to analyze the potential impacts related to the issuance of a
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 National Pollutant Discharge Elimination System (NPDES) permit for the Rose Canyon
 Sustainable Aquaculture Project. The EA will evaluate the potential environmental impacts
 associated with construction and operation of the proposed concentrated aquatic animal
 production facility. Factors that may be considered include conservation, economics,
 aesthetics, general environmental concerns, cultural resources, fish and wildlife, navigation,
 recreation, water quality, safety, and coastal impacts. The Army Corps of Engineers, the
 United States Coast Guard, and the National Marine Fisheries Service have agreed to be
 cooperating agencies as described in 40 C.F.R. Section 1501.6 of the Council on
 Environmental Quality’s (CEQ) NEPA regulations.


Rose Canyon Fisheries, Inc. (RCF), a partnership between Hubbs-SeaWorld Research
 Institute and Cuna del Mar, has proposed construction of a concentrated aquatic animal
 production facility in federal waters, approximately 4.5 miles off the coast of San Diego, CA.
 The proposed project will be a commercial-scale fish farm and will be phased, initially
 producing 1,000 to 1,500 metric tons of fish per year, and increasing to 5,000 metric tons of
 fish per year by year eight. The initial fish species for production will be yellowtail jack with
 the option of changing fish species later to white seabass or striped bass. At the maximum
 capacity, the project will consist of 2 mooring structures, each with 24, 11,000 m3


 submersible sea cages.
This notice initiates the scoping process by inviting comments from Federal, State, and


 local agencies, Indian tribes, and the public to help identify potential environmental impacts
 and reasonable alternatives for the EA to examine. The scoping process will inform the
 preparation of the EA, which will be made available for public comment.
Comments may be submitted during the comment period as follows:


Electronically: Email comments to
R9RoseCanyon@epa.gov
Mail:    U.S. Environmental Protection Agency, Region 9


ATTN: (WTR-2-3)
75 Hawthorne St.
San Francisco, CA 94105


NPDES application and supplemental materials available at:
 http://www.epa.gov/region09/water/npdes/pubnotices.html


***Please bring the foregoing notice to the attention of all persons who would be interested in this
 matter.***
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From: In Defense of Animals on behalf of Eden Wild
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, November 20, 2015 3:43:18 PM


Nov 20, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Eden Wild
2220 private rd.
elk grove, CA 95759
(916) 687-0000
tigers2turtleswildresq@gmail.com
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From: jonna.mazet@gmail.com on behalf of Jonna Mazet
To: R9RoseCanyon
Subject: Re: Extended Notice of Scoping for the Rose Canyon Sustainable Aquaculture Project
Date: Wednesday, January 13, 2016 3:29:27 PM
Attachments: Rose Canyon Mazet 2016.pdf


Please find my letter in response to your request for comment attached.
Respectfully submitted,
Jonna Mazet


Jonna AK Mazet, DVM, MPVM, PhD
Professor of Epidemiology & Disease Ecology
Executive Director, One Health Institute
Global Director, PREDICT Project of USAID Emerging Pandemic Threats Program


School of Veterinary Medicine
University of California
Vet Med 3B; 1089 Veterinary Medicine Dr.
Davis, CA 95616, USA
+1-530-752-7526


onehealthinstitute.net


 


On Tue, Dec 15, 2015 at 2:01 PM, R9RoseCanyon <R9RoseCanyon@epa.gov> wrote:


To All Interested Parties,


We are aware of the email issue for those trying to submit comments using the email
 address in the Notice below and are working to resolve the issue. In the meantime, we
 encourage submittal of comments using the mailing address in the Notice and are
 extending the comment period until January 15, 2016. Our website will be updated shortly
 to reflect this extension.


Thank you for your patience.


 


Notice of Scoping for the Rose Canyon Sustainable Aquaculture Project


Public Notice Date: November 20, 2015
Comment Period Closes: January 15, 2016


Pursuant to the National Environmental Policy Act (NEPA) (42 U.S.C. 4321-4307h),
 the Council on Environmental Quality’s NEPA regulations (40 CFR Part 1500-1508), and
 EPA’s regulations for implementing NEPA (40 CFR Part 6), EPA will prepare an
 Environmental Assessment (EA) to analyze the potential impacts related to the issuance of
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        January 11, 2016 
Ms. Elizabeth Sablad 
US EPA Region 9 
75 Hawthorne Street (WTR-5) 
San Francisco, CA 94105 
 
Re: NEPA Review for Rose Canyon Fisheries Sustainable Aquaculture Project 
 
Dear Ms. Sablad, 
 
As professor and past Director of the Wildlife Health Center and current Executive Director of the UC 
Davis One Health Institute, I am writing to offer my support for the Rose Canyon Fisheries (RCF) 
application for permits to operate a commercial aquaculture farm in our nation’s Exclusive Economic 
Zone off the coast of San Diego. Unfortunately, the earth’s oceans are not able to meet the growing 
worldwide demand for seafood. Thus, the majority of today’s existing supply of seafood is farmed. The 
Food and Agriculture Organization of the United Nations and our own Departments of Commerce and 
Agriculture recognize that our nation’s seafood production will need to drastically increase over the next 
20 years and that aquaculture must play a major role in meeting the public’s need. Scientific evidence 
supports the conclusion that aquaculture, conducted properly, is the most sustainable way to produce 
animal protein for human consumption, especially marine aquaculture, which requires minimal land-
based infrastructure, no fresh water, and minimal energy consumption.  
 
The proposers of the RCF project have gone above and beyond the standard of due diligence to 
scientifically evaluate the risks and benefits of the project ecologically and environmentally. They have 
committed to take the best of what we collectively know today and to evolve best practices, as new 
evidence and technologies become available. I truly believe that they constantly strive to set the highest 
standards for minimal impact and sustainability. 
 
Our nation is known for innovating technologies and fostering breakthrough industries that raise the 
environmental bar. San Diego, where RCF is proposed to be operated, is a center for biotech, medical 
research, and ocean technologies that have been employed to make this project a potential model for the 
world to follow. In addition, a study conducted by the San Diego Regional Economic Development 
Corporation predicts that RCF will support hundreds of good paying jobs, help our seafood industry 
sustain the working waterfront, and provide millions in taxes annually. RCF is likely to be one of our 
best examples of an enterprise that is economically viable and serves our public’s needs, while 
respecting the environment on which we depend.  



 
Sincerely, 
 
 
Jonna A.K. Mazet, DVM, MPVM, PhD 
Professor of Epidemiology and Disease Ecology 
Executive Director, One Health Institute  



UNIVERSITY OF CALIFORNIA, DAVIS 
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SANTA BARBARA    •    SANTA CRUZ 



SCHOOL OF VETERINARY MEDICINE 
WILDLIFE HEALTH CENTER 
ONE HEALTH INSTITUTE 
UNIVERSITY OF CALIFORNIA 
(530) 752-4167 
FAX (530) 752-3318 
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 a National Pollutant Discharge Elimination System (NPDES) permit for the Rose Canyon
 Sustainable Aquaculture Project. The EA will evaluate the potential environmental impacts
 associated with construction and operation of the proposed concentrated aquatic animal
 production facility. Factors that may be considered include conservation, economics,
 aesthetics, general environmental concerns, cultural resources, fish and wildlife, navigation,
 recreation, water quality, safety, and coastal impacts. The Army Corps of Engineers, the
 United States Coast Guard, and the National Marine Fisheries Service have agreed to be
 cooperating agencies as described in 40 C.F.R. Section 1501.6 of the Council on
 Environmental Quality’s (CEQ) NEPA regulations.


Rose Canyon Fisheries, Inc. (RCF), a partnership between Hubbs-SeaWorld
 Research Institute and Cuna del Mar, has proposed construction of a concentrated aquatic
 animal production facility in federal waters, approximately 4.5 miles off the coast of San
 Diego, CA. The proposed project will be a commercial-scale fish farm and will be phased,
 initially producing 1,000 to 1,500 metric tons of fish per year, and increasing to 5,000
 metric tons of fish per year by year eight. The initial fish species for production will be
 yellowtail jack with the option of changing fish species later to white seabass or striped
 bass. At the maximum capacity, the project will consist of 2 mooring structures, each with
 24, 11,000 m3 submersible sea cages.


This notice initiates the scoping process by inviting comments from Federal, State,
 and local agencies, Indian tribes, and the public to help identify potential environmental
 impacts and reasonable alternatives for the EA to examine. The scoping process will inform
 the preparation of the EA, which will be made available for public comment.
Comments may be submitted during the comment period as follows:


Electronically: Email comments to
R9RoseCanyon@epa.gov
Mail:    U.S. Environmental Protection Agency, Region 9


ATTN: (WTR-2-3)
75 Hawthorne St.
San Francisco, CA 94105


NPDES application and supplemental materials available at:
 http://www.epa.gov/region09/water/npdes/pubnotices.html


***Please bring the foregoing notice to the attention of all persons who would be interested in
 this matter.***
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From: In Defense of Animals on behalf of Muradiye Öztakn
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Tuesday, December 22, 2015 3:48:13 AM


Dec 22, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Muradiye Öztakn
Ulus street 98
Denizli, VA 20160
muradiyeb@gmail.com



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of Liliana Melkumyan
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Monday, December 07, 2015 8:02:31 AM


Dec 7, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Miss Liliana Melkumyan
Kulikova
Astrakhan, None 414056
meliliana13@yahoo.com



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of Gina estrada
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Monday, December 14, 2015 11:40:06 AM


Dec 14, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Gina estrada
4 résidence du Gal Leclerc
Saint Louis / France, AS 68300
0033389675079
flora69@gmail.com



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of Yamada Misato
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Thursday, December 17, 2015 5:46:25 PM


Dec 17, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Yamada Misato
11-31 Kitajima-cho
Kadoma, None 5710026
ochanpii@ezweb.ne.jp



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of Antoinette Gonzales
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Sunday, November 22, 2015 11:21:14 PM


Nov 23, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Antoinette Gonzales
12669 Westbranch Way
Victorville, CA 92392-7988
lolo.tonetone@yahoo.com



mailto:takeaction@idausa.org
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From: Ota, Becky@Wildlife
To: R9RoseCanyon
Cc: Paznokas, William@Wildlife
Subject: Rose Canyon comment Letter
Date: Friday, January 15, 2016 5:00:01 PM
Attachments: removed.txt


image002.png
Final_Rose Canyon Ltr_EPA.pdf


Dear Ms. Sablad,
 
Attached is the Department of Fish and Wildlife’s comment letter on the Notice of Scoping for the
 Rose Canyon Sustainable Aquaculture Project.  Please feel free to contact me if you have any
 questions.
 
Sincerely,
 
Becky
 
Becky Ota
Habitat Conservation Program Manager, Marine Region
California Department of Fish & Wildlife
350 Harbor Blvd
Belmont, CA 94002
Office: (650) 631-6789
Cell: (650) 743-7934
Becky.Ota@wildlife.ca.gov
 
Every Californian should conserve water.  Find out how at:


SaveOurWater_Logo


SaveOurWater.com · Drought.CA.gov
 


 



mailto:Becky.Ota@wildlife.ca.gov
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*************************   ATTACHMENT  REMOVED   *************************

This message contained an attachment which the administrator has caused
to be removed.
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January 15, 2016 
 
Elizabeth Sablad 
U.S. Environmental Protection Agency, Region 9 
ATTN: (WTR-2-3) 
75 Hawthorne St.  
San Francisco, CA 94105 
R9RoseCanyon@epa.gov 
 
 
Subject:  Notice of Scoping for the Rose Canyon Sustainable Aquaculture Project 
 
Dear Ms. Sablad: 
 
The California Department of Fish and Wildlife (Department) has reviewed the Notice of 
Scoping for the Rose Canyon Sustainable Aquaculture Project (Project).  The U.S. 
Environmental Protection Agency (EPA) will prepare a Draft Environmental Assessment 
(DEA) to analyze the potential impacts related to the issuance of a National Pollutant 
Discharge Elimination System (NPDES) permit for the Rose Canyon Sustainable 
Aquaculture Project.  The Project proposes to establish and operate a commercial-scale 
finfish farm off the San Diego, California coast.  The proposed Project will apply a 
scaled or phased approach to develop a fish farm offshore of southern California to 
annually produce a maximum of 5,000 metric tons (MT) of yellowtail jack, white 
seabass, and striped bass in sea cages that will be located 4.5 miles (7.2 kilometers) 
west from the San Diego shoreline.  Yellowtail jack has been chosen as the initial 
species as cultured juveniles are readily available from Hubbs-Sea World Research 
Institute (HSWRI) hatcheries.  Production will be phased, beginning at 1,000 to 1,500 
MT in the first production cycle in order to achieve operational efficiency and ensure 
environmental compatibility.  Based on the results of the initial phases, the project will 
gradually expand annual production to 5,000 MT by the eighth year of operation.  
Submersible cages will be deployed initially, but the farm will have the capacity to test 
new containment systems as they are developed over time.  The proposed cages will 
be anchored with a 6.8 ton ballast weight and have additional 3000 kg shank anchors.  
At full scale operation the Project will consist of two identical mooring grids with a grid 
consisting of 66 anchors, 24 fish pens (11,000 cubic meters each), and 132 anchor 
chains. 
 
As a trustee for the State’s fish and wildlife resources, the Department has jurisdiction 
over the conservation, protection, and management of fish, wildlife, and habitat 
necessary for biologically sustainable populations of those species.  In this capacity, the 
Department administers the California Endangered Species Act, the Native Plant  
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Elizabeth Sablad 
U.S. Environmental Protection Agency, Region 9 
Page 2 of 6 
January 15, 2016 
 
 
Protection Act and other provisions of the California Fish and Game Code that afford 
protection to the State’s fish and wildlife trust resources.  The Department is the State’s 
fish and wildlife "Trustee Agency” under the California Environmental Quality Act (CEQA 
guidelines §15386).  The Department is also responsible for marine biodiversity 
protection under the Marine Life Protection Act (MLPA) in coastal marine waters of 
California.  Pursuant to our jurisdiction, the Department has the following comments and 
recommendations regarding the Project. 
 
Biological Significance 
 
The coastal marine waters of California are among the most biologically productive in 
the world with habitats ranging from nearshore intertidal and benthic to offshore pelagic.  
These habitats are home to State and federally listed species as well as numerous 
California Species of Special Concern (SSC).  The marine environment is a vital 
California economic resource for commercial and recreational fishing as well as a wide 
variety of other recreational and commercial activities.  The Project area is also within 
several statute miles of the South La Jolla State Marine Conservation Area (SMCA) and 
the South La Jolla State Marine Reserve (SMR).  These Marine Protected Areas 
(MPAs) are marine managed areas that were created as a statewide network pursuant 
to the MLPA.  The Department is concerned about potential impacts to marine 
resources in the vicinity of the Project, including impacts to the biological diversity within 
the MPAs. 
 
California’s Sustainable Oceans Act and Fish and Game Code §15400 
 
The Department recommends that the analysis of the Project take into account 
California’s Sustainable Oceans Act (SB 201) and Fish and Game Code §15400.  SB 
201 and Fish & Game Code §15400 calls for managing finfish aquaculture in California 
in an environmentally sustainable manner by considering “appropriate areas for siting 
marine finfish aquaculture operations to avoid adverse impacts, and minimize any 
unavoidable impacts, on user groups, public trust values, and the marine environment”.   
 
Changes to Water Quality and Ocean Conditions 
 
The Department has concerns regarding potential impacts to water quality from the 
Project.  The DEA should include an analysis of the effects of sedimentation and 
oxygenation from the fish pens on the seafloor and the potential for changes in nutrient 
distribution in the area surrounding the Project in regards to feeding practices (Price and 
Morris 2013).  The DEA should include an analysis of impacts to habitats under and 
adjacent to the Project from shading due to the fish pens.  The Project has the potential 
to alter circulation patterns and current speed in and around the Project.  Large scale 
aquaculture has been shown to reduce current speeds and current speed reduction 
may extend beyond the area of the Project (Plew 2011, Stevens 2008) if not sited 











 



 
Elizabeth Sablad 
U.S. Environmental Protection Agency, Region 9 
Page 3 of 6 
January 15, 2016 
 
properly with regard to prevailing oceanic conditions (Rensel, et. al. 2007).  The DEA 
should include an analysis of the impacts of changes to all relevant ocean conditions 
before a permit is issued as well as determine the baseline conditions in the Project 
area prior to Project construction and monitoring.  Changes to ocean conditions from 
the Project could alter the habitat that is used by important fisheries. 
 
Invasive Species 
 
The Department recommends the Project develop and maintain a Hazard Analysis and 
Critical Control Point (HAACP) plan detailing measures to detect and control aquatic 
invasive species and pathogens at the facility.  The HAACP plan should include 
methods to prevent the introduction of aquatic invasive species into the facility and 
operational practices that prevent the spread of aquatic invasive species within and 
outside the facility as well as a detailed monitoring plan.  The California Fish and Game 
Code (Fish & G.Code §2270 et seq.) prohibits the importation of live plants and animals 
from infected or diseased areas and provides that no live plants or animals may be 
imported without the prior written approval from the Department pursuant to Fish and 
Game Commission regulations.  Given the Project’s close proximity to State waters, a 
comprehensive HACCP is critical to the protection of State resources from invasive 
species.  The Department recommends that the DEA include a comprehensive 
discussion of the development of a HACCP. 
 
Fisheries Impacts 
 
The Department is concerned about impacts to commercial and recreational fishing 
activities.  The Department recommends that the DEA include an analysis of the use of 
the proposed project area by commercial and recreational fishermen.  Adverse impacts 
to commercial and/or recreational fishing activities within the project area could result 
from the loss of accessible fishing area, the loss of fishing gear from snagging on the 
anchor system, the escape of cultured species or the degradation of habitat that is 
essential and part of the fisheries needs.  The Department recommends that the Project 
applicant coordinate with the Department, both commercial and recreational fishermen, 
the National Marine Fisheries Service, and the Pacific Fishery Management Council 
regarding potential impacts to fisheries from the Project and the location of appropriate 
sites. 
 
Sensitive Species, Essential Fish Habitat and Ecosystems 
 
The Project activities should not disrupt protected marine resources such as sea turtles, 
marine mammals, marine fish, and native shellfish or benthic invertebrates protected 
under federal or state law.  The DEA should include a map delineating seasonal 
abundance and known breeding or feeding areas used by state or federally protected 
species as well as the location of designated Essential Fish Habitat (EFH) in the vicinity 
of the Project.  Such areas should be avoided to the greatest practicable extent.  In 











 



 
Elizabeth Sablad 
U.S. Environmental Protection Agency, Region 9 
Page 4 of 6 
January 15, 2016 
 
addition, the Department is concerned about potential entanglement issues with 
migrating whales and other marine mammals.  Finally, the Department is concerned 
about potential ecosystem impacts from the facility, including those related to the 
potential release of cultured species.  The Department recommends that the DEA 
include a comprehensive discussion on potential impacts from the Project (including 
entanglement) to marine sea turtles, marine mammals, marine fish, and native shellfish 
or benthic invertebrates protected under federal or state law.  
 
Monitoring 
 
If the Project moves forward, a monitoring program will be a necessary component of 
the Project.  A monitoring program should include, but not be limited to:  impacts to 
recreational and commercial fishermen, potential invasive species introduction and 
transport, benthic and substrate impacts, water quality impacts, and changes to currents 
and sediment deposition.  In addition, any monitoring program should include a baseline 
study to establish before and after conditions in order to identify impacts, including 
potential impacts to nearby MPAs.  The Department recommends that the DEA include 
a discussion on the development and implementation of an acceptable monitoring 
program. 
 
Commercial Business and Import License 
 
The Project expects to cultivate and harvest a maximum of 5,000 metric tons (MT) of 
yellowtail jack, white seabass, and striped bass.  The Department recommends 
consulting with the State Aquaculture Coordinator, in conjunction with the Department’s 
License and Revenue Branch (LRB), Law Enforcement Division (LED), and Marine 
Region staff regarding the potential need for landing documentation and the 
requirement to obtain a fish health certification and a permit for importing the yellowtail 
jack, white seabass, and striped bass from outside state waters and transiting through 
state waters, as well as the transportation of juveniles from rearing facilities to the 
proposed facility. 
 
Hazards 
 
The operation of support vessels can result in spillage leading to aquatic pollution.  Spill 
contingency planning is important for protecting sensitive resources from damage and 
for improving cleanup strategies and methods.  The draft EA should include a 
discussion on how to prevent spills that could impact important aquatic and wildlife 
resources.  The Project  proponent should consult with the US Coast Guard and the 
Department’s Office of Spill Prevention and Response (OSPR) regarding federal and 
State protocols that exist for these types of projects.  In addition, the Department is 
concerned with how the submersible cages will fare in large storm events.  The 
Department recommends that the DEA include an analysis of the  safety measures and 
contingencies that would be implemented in the event that one or more of the 











 



 
Elizabeth Sablad 
U.S. Environmental Protection Agency, Region 9 
Page 5 of 6 
January 15, 2016 
 
submersible cages break away from the Project.  The Department’s concern relates to 
the potential release of fish, drifting cages acting as “ghost nets”, and impacts to habitat. 
 
Other Resource and Use Considerations 
 
The Department recommends that the DEA include a discussion on activities by other 
managing agencies and resource users, such as marine sanctuaries, marine protected 
areas, recreational areas, navigational channels, oil and mineral extraction, military 
training areas, and approved dumping grounds.  We also recommend that the DEA 
include a discussion how the Project will endeavor to avoid these areas to the greatest 
extent possible. 
 
Conclusion 
 
The Department appreciates the opportunity to provide comments on the scoping notice 
to develop a DEA on the Rose Canyon Sustainable Aquaculture Project.  If you require 
additional information, please contact Mr. Eric Wilkins, Environmental Scientist, at (831) 
649-2813 or via e-mail at Eric.Wilkins@Wildlife.ca.gov. 
 
Sincerely, 
 



  
    for 
             
Craig Shuman, D Env. 
Regional Manager 
Marine Region 
 
 
ec:   Becky Ota, Program Manager  



Department of Fish and Wildlife  
Becky.Ota@wildlife.ca.gov 



 
Marci Yaremko, Program Manager 
Department of Fish and Wildlife 
Marci.Yaremko@wildlife.ca.gov 
 
Katie Perry, Program Manager 
Department of Fish and Wildlife 
Katie.Perry@Wildlife.ca.gov 
 
Kirsten Ramey, Senior Environmental Scientist 
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Department of Fish and Wildlife 
Kirsten.Ramey@Wildlife.ca.gov 
 
William Paznokas, Senior Environmental Scientist Supervisor 
Department of Fish and Wildlife 
William.Paznokas@Wildlife.ca.gov 
 
Eric Wilkins, Environmental Scientist  
Department of Fish and Wildlife  
Eric.Wilkins@Wildlife.ca.gov 
 
Loni Adams, Environmental Scientist  
Department of Fish and Wildlife  
Loni.Adams@Wildlife.ca.gov 
 
Randy Lovell, Aquaculture Coordinator  
Department of Fish and Wildlife  
Randy.Lovell@wildlife.ca.gov 
 



cc:   Cassidy Teufel 
California Coastal Commission 45 Fremont Street, Suite 2000 
San Francisco, CA 94105-2219 
 
Bryant Chesney 
National Marine Fisheries Service Habitat Conservation 
Division 501 W. Ocean Blvd. 
Long Beach, CA 90802 
 
Monica DeAngelis 
National Marine Fisheries Service 
 
501 W. Ocean Blvd. 
Long Beach, CA 90802 
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From: Kristen Monsell
To: R9RoseCanyon
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
Date: Thursday, January 14, 2016 8:45:27 AM
Attachments: da-seizures-in-csls.pdf


Dozens of sea lions drown at B.C.pdf
envpewoceanspollutionpdf.pdf
Exposure of NARW to DA.pdf
Gedamke.pdf
hab_us.pdf
Harmful Algal Blooms Along the North American West Coast Region-.pdf
Health Authorities Warn Against Eating Toxic Dungeness Crab.pdf
Heavy Fish Farming.pdf
lem for human and animal health and for the environment - Cabello - 2006 - Environmental Microbiology - Wiley
 Online Library.pdf


Attached is the third batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:37 AM
To: 'R9RoseCanyon@epa.gov'
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
 
Attached is the second batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:36 AM
To: 'R9RoseCanyon@epa.gov'
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
 
Attached is the first batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:34 AM
To: 'R9RoseCanyon@epa.gov'
Subject: Comments on Scoping for Rose Canyon Aquaculture Project
 
Hello,
 
Attached please find comments from the Center for Biological Diversity on the Rose Canyon
 Fisheries offshore aquaculture project. I will be sending several additional emails with the
 references cited in the comments attached.
 
A copy of the comments and cited references are also being sent via first class mail.
 
Cheers,
Kristen
 
Kristen Monsell
Staff Attorney
Center for Biological Diversity
1212 Broadway, Ste. 800
Oakland, CA 94162
(510) 844.7100 x337
www.biologicaldiversity.org
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Domoic  acid-induced  seizures  in  California  sea  lions  (Zalophus
californianus)  are  associated  with  neuroinflammatory  brain  injury!
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a  b  s  t  r  a  c  t



California  sea lions  (CSLs)  exposed  to the  marine  biotoxin  domoic  acid (DA)  develop  an acute  or  chronic
toxicosis  marked  by seizures  and  act as sentinels  of  the  disease.  Experimental  evidence  suggests  that
oxidative  stress  and neuroinflammation  are  important  mechanisms  underlying  the  seizurogenic  poten-
tial  of  environmental  toxicants  but these  pathways  are  relatively  unstudied  in CSLs.  In  the  current  study,
we  investigated  the  role  of  glutamate–glutamine  changes  and  gliosis  in  DA-exposed  CSLs  to better  under-
stand  the  neurotoxic  mechanisms  occurring  during  DA toxicity.  Sections  from  archived  hippocampi  from
control  and CSLs  diagnosed  with  DA  toxicosis  were  immunofluorescently  stained  for  markers  of gliosis,
oxidative/nitrative  stress  and changes  in glutamine  synthetase  (GS).  Quantitative  assessment  revealed
increasing  loss  of microtubule  associated  protein-2  positive  neurons  with  elevations  in  4-hydroxynonenal
correlating  with  chronicity  of exposure,  whereas  the  pattern  of  activated  glia  expressing  nitric  oxide  syn-
thase  2 and tumor  necrosis  factor  followed  pathological  severity.  There  was  no  significant  change  in  the
amount  of GS  positive  cells  but  there  was  increased  3-nitrotyrosine  in  GS  expressing  cells  and  in neurons,
particularly  in animals  with  chronic  DA toxicosis.  These  changes  were  consistently  seen  in the  dentate
gyrus  and  in  the cornu  ammonis  (CA)  sectors  CA3,  CA4,  and  CA1. The  results  of  this  study  indicate  that
gliosis  and  resultant  changes  in GS  are  likely  important  mechanisms  in DA-induced  seizure  that  need  to
be  further  explored  as potential  therapies  in  treating  exposed  wildlife.



© 2014  Elsevier  B.V.  All  rights  reserved.



1. Introduction



Exposure to the marine biotoxin domoic acid (DA) during harm-
ful algal blooms (HABs) results in a syndrome known as domoic acid
toxicosis marked by reproductive failure, cardiotoxicity, and most
prominently neurological dysfunction (Gulland et al., 2002; Scholin
et al., 2000). The California sea lion (Zalopus californianus; CSL) is the
most commonly affected species with hundreds of animals strand-
ing and/or dying each year. CSLs act as sentinels of this disease and
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are used for predicting potential human health threats associated
with deteriorating ocean conditions (Bossart, 2011; Lefebvre and
Robertson, 2010). HABs and domoic acid producing diatom blooms
are increasing in frequency worldwide, possibly due to agricul-
tural runoff and climate change, thus posing an increasing threat to
wildlife and human health and iterating the need to better under-
stand how these toxins cause disease (Bossart, 2011; Erdner et al.,
2008; Lefebvre and Robertson, 2010).



Exposure to DA in CSLs occurs primarily through inges-
tion of contaminated food sources (Lefebvre et al., 1999;
Scholin et al., 2000). Once absorbed, DA acts as an exci-
totoxin binding to kainate/alpha-amino-3-hydroxy-5-methyl-4-
isoxaxole-propionic acid (AMPA) glutamate receptors causing
activation of neurons, which leads to seizurogenic excitations
and neuronal injury in hippocampal and limbic structures
(Dakshinamurti et al., 1993; Sutherland et al., 1990). The most
common clinical sign in DA-exposed sea lions is the development
of persistent seizures resulting in the development of an acute
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toxicosis or a chronic epileptic syndrome, similar to human tem-
poral lobe epilepsy (TLE) (Scholin et al., 2000; Silvagni et al., 2005).
A significant percentage of animals diagnosed with acute toxicosis
often progress to the chronic syndrome even with symptomatic in
treatment or restrand as their condition worsens (Goldstein et al.,
2007; Thomas and Harvey, 2010). Additionally, research in rodents
indicates that prenatal or low-dose exposure to DA can have long
term effects on behavior without causing overt neuronal death in
the hippocampus (Pérez-Gómez and Tasker, 2013; Schwarz et al.,
2014). Therefore, direct toxicity and/or seizure-induced neuronal
death is insufficient to explain the progression of disease in CSLs
or the cause of behavior changes in rodents, as the condition wors-
ens even in the absence of continued exposure or when seizure is
pharmacologically prevented.



These limitations in treating DA-induced seizure in CSLs par-
allels the difficulty in treating intractable seizure in nearly one
third of human epileptic patients (Eid et al., 2008; Waldbaum
and Patel, 2010). Most modern anti-epileptic drugs only treat
neuronal excitability but do not address other pathophysiologi-
cal events that lead to a progressive increase in seizure frequency.
Studies in rodent seizure models and human TLE have consis-
tently identified changes in neuronal transmitters. Specifically,
studies have identified alterations in the glutamate–glutamine
cycle with increased extracellular levels of the excitatory neuro-
transmitter glutamate and decreased synthesis of the inhibitory
neurotransmitter gamma-aminobutyric acid GABA; (Cavus et al.,
2005; Ortinski et al., 2010). These changes are a consequence of
decreased astrocytic glutamine synthetase (GS) expression and
activity (EID et al., 2004; Petroff et al., 2002) caused by high lev-
els of reactive oxygen/nitrogen species and inflammatory factors
that adversely affect GS (Bidmon et al., 2008; Görg et al., 2007).



Activated  glia are the primary source of pro-inflammatory and
pro-oxidant factors (Vezzani et al., 2011) and can be seen prior
to recurrent seizures in experimental models of seizures (Losi
et al., 2012; Scallet et al., 2005) and in human patients with TLE
(Aronica and Crino, 2011). Production of reactive oxygen species
(ROS) and resultant oxidative stress is a central mechanism in DA-
induced excitotoxic cell death (Dakshinamurti et al., 1993) and is
thought to underly seizure-induced neuronal loss (Devi et al., 2008;
Waldbaum and Patel, 2010). Blockade of glial activation or inhibi-
tion of neuroinflammatory factors such as nitric oxide synthase 2
(NOS2) and interleukin-1 Beta (IL-1!) protects against neuronal
loss and prevents or reduces the magnitude or frequency of exper-
imentally induced seizures (Ananth et al., 2003; Cho et al., 2008;
Chuang et al., 2010). These data collectively support a role for neu-
roinflammation in epileptogenesis; however, the mechanisms by
which activated glia contribute to the etiology of DA toxicosis are
not well understood.



In  the current study, we investigated the role of
glutamate–glutamine changes and gliosis in acute and chronic
DA-exposed CSLs to better understand the neurotoxic mechanisms
occurring during DA toxicity. To explore this objective, we  exam-
ined brains from DA-exposed sea lions, postulating that the extent
of neuronal injury would correlate with loss of GS and activation
of astrocytes and microglia.



2.  Materials and methods



2.1.  Source and selection of animals



This study utilized archived formalin-fixed, paraffin-embedded
sea lion tissues collected by The Marine Mammal  Center (MMC)
in Sausalito, CA from animals that died or were humanely eutha-
nized during veterinary care between 2000 and 2011 (Table 1) and
sent to Colorado State University Diagnostic center as diagnostic



Table 1
Clinical data for study population.



Control CSLs DA exposed CSLs



Acute Chronic



Number 8 5 7



Date of Capture
2000  1 4 –
2007 2 1 1
2009 3 – –
2010 2 5
2011 1



Sex
Male 2 – –
Female 6 5 7



Age
Sub-Adult 7 – 3
Adult 1 5 4



DA levels
No. positive/No. tested 2/3 5/5 1/5
Fecal concentration (ng/g) 8.8–28.4 4.3–4388 3.9



Severity of lesion
Normal  8 2 –
Mild – 1 4a



Severe – 2 3a



a 5 of the 7 CSLs classified as chronic DA exposed were previously stranded.



samples as described in Madl et al. (2013). Animals were classified
as DA intoxicated (n = 12) based on positive neurological symptoms
recorded in the clinical histories and/or presence of DA consistent
pathological lesions (Scholin et al., 2000; Silvagni et al., 2005). Con-
trol animals (n = 8) died or were euthanized for unrelated causes
and lacked any clinical symptomology or histopathology typical of
DA exposure. When available, cases were further classified based on
levels of DA measured in urine by direct competitive DA enzyme-
linked immunosorbent assay (ELISA) or feces by high-performance
liquid chromatography (Table 1; Gulland et al., 2012; Madl et al.,
2013).



DA cases were further subdivided based on chronicity (acute
versus chronic) and severity of lesion as normal (n = 10), moder-
ate (n = 5) or severe (n = 5). Acute cases (n = 5) were animals that
stranded during or near a bloom in clusters, had clinical signs of
ataxia, head weaving, and seizures, and had hippocampal necrosis
(Scholin et al., 2000; Gulland et al., 2002; Goldstein et al., 2008).
Chronic CSLs (n = 7) were animals that stranded alone, had inter-
mittent seizures at least two weeks apart, abnormal behaviors, and
had chronic pathologic changes such as hippocampal atrophy and
gliosis. Severity of DA induced lesions was determined by blind
evaluation of hematoxylin and eosin stained sections by board cer-
tified veterinary pathologists for extent of neuronal loss in the
hippocampus.



2.2. Immunofluorescence



Representative paraffin-embedded 5 "m coronal sections from
the hippocampus were immunolabeled with microtubule asso-
ciated protein-2 (MAP-2) to assess neuronal loss, GS and
3-Nitrotyrosine (3-NT) to assess expression and nitrosylation of
GS, and glial fibrillary acidic protein (GFAP) or ionized binding
adaptor protein-1 (IBA-1) in combination with NOS2 or TNF-# to
assess gliosis. Sections were deparaffinized in xylene and graded
ethanol followed by antigen retrieval by boiling sections in 0.01 M
sodium citrate buffer (pH 8.5). Sections were blocked in 2% don-
key serum (Sigma; St. Louis, MO)  in a 0.2% Triton-X solution made
in 0.05 M Tris Buffered Saline (Tris A; pH 7.6). Sections were incu-
bated overnight at 4 ◦C in the primary antibodies MAP-2 (Abcam;
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Cambridge, MA), GS (1:250; Chemicon, Temecular, CA) and 3-NT
(1:100; Millipore, Billerica, MA), or GFAP (1:250: Cell Signaling,
Danvers, MA)  or IBA-1 (1:250; Novus Biologicals, Littleton, CO) in
combination with TNF-# (1:100; Abcam, Cambridge, MA)  or NOS2
(1:100, BD Biosciences, San Jose, CA). After rising in Tris A, sec-
tions were incubated for 3 h at room temperature in Alexafluor-488,
Alexafluor-555, or Alexafluor-647 conjugated secondary antibod-
ies (1:500; Invitrogen, Carlsbad, CA). To confirm specificity of
staining, primary only, secondary only, and substitution of rab-
bit or mouse sera for primary antibodies were performed (data
not shown). Sections were mounted in media containing 4′,6-
diamidino-2-phenylindole dihydrochloride (DAPI) to detect cell
nuclei and coverslipped. Completed sections were stored at 4 ◦C
until imaging.



Fluorescence images were captured using 20× or 40× air plan
apochromatic objectives on a Zeiss Axiovert 200 M inverted flu-
orescence microscope (Carl Zeiss, Inc., Thornwood, NY) equipped
with a Hammatsu ORCA-ER-cooled charge-coupled device camera
(Hammamatsu Photonics, Hamamatsu City, Japan). Boundaries of
specific areas of the hippocampus including the dentate gyrus (DG),
subiculum (Sub), and areas 1, 2, 3, and 4 of the cornu ammonis
(CA), were determined by low magnification (10×) montage imag-
ing. Two randomly acquired images from within the boundaries
of specific areas of the hippocampus were quantified blindly utiliz-
ing Slidebook software (version 5.0, Intelligent Imaging Innovations
Inc, Denver, CO.).



Assessment of neuronal loss, GS expression, and gliosis was
determined by cell counts. The mean number of positive cells,
defined as expressing the protein of interest and having a DAPI
positive nucleus, were determined per region and summed for the
entire hippocampus. 3-NT levels per GS positive cell were calcu-
lated by determining the sum intensity of 3-NT in areas co-localized
with GS divided by the number of GS positive cells in that field.



2.3.  Immunohistochemistry



Representative paraffin-embedded 5 "m coronal sections from
the hippocampus were labeled with 4-hydroxynonenal (4-HNE) to
assess oxidative stress. Tissue sections were prepared for immuno-
histochemical staining as described above. Sections were incubated
overnight at 4 ◦C in a polyclonal rabbit 4-HNE antibody (1:500),
kindly provided by Dr. Dennis Petersen, University of Colorado Den-
ver, and then developed using horseradish peroxidase-conjugated
secondary antibodies and diaminobenzidine reagents from the
Vectastain ABC Kit (Vector Labs, Burlingame, CA) as described pre-
viously (Liu et al., 2006). Sections were then counterstained with
hematoxylin and dehydrated in graded ethanol then xylene and
coverslipped. Amount of 4-HNE was assessed for each animal by
examining whole hippocampi montages obtained on low magnifi-
cation (10×).



2.4.  Statistical analysis



Data  were analyzed using a one-way analysis of variance using
a Tukey-Kramer post hoc analysis test with Prism software (ver-
sion 6, Graphpad Inc., San Diego, CA). For all analyses, a p < 0.05
was considered significant with *indicating a p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001 as compared to control or normal.
All data are presented as mean ± SEM.



3.  Results



3.1. Neuronal injury and oxidative stress



The extent of neuronal injury was determined by counting
the number of MAP-2 positive neurons in the DG, CA4, CA3,



CA2,  CA1, and subiculum of DA intoxicated animals in compari-
son to control cases. Representative photomicrographs are shown
in Fig. 1B, H and E depicting the pattern of MAP-2 immunola-
beling of neurons in the hippocampus between control, acute
DA, and chronic DA animals. The loss of MAP-2 positive neurons
occurred in an increasing trend based on chronicity with signif-
icant loss seen in chronic cases at the total hippocampal level
(Fig. 1J; p < 0.05) and in the DG (p < 0.05) and CA1 (Fig. 1K; p < 0.05).
Acute DA cases showed loss of MAP2 immunoreactivity at the
total hippocampal level and in the DG with significant loss of
immunolabeling occurring in the CA2 region (p < 0.05). The CA3,
CA1, and subiculum areas also showed significant loss of MAP-2
positive neurons in animals with lesions classified as severe (data
not shown).



To  explore the role of oxidative stress in DA toxicosis, we
labeled hippocampal sections from control and DA-exposed ani-
mals with 4-HNE, an indicator of lipid peroxidation. 4-HNE staining
also followed a pattern based on chronicity with the most intense
staining appearing in CSLs classified as chronic. High levels of
immunoreactivity appeared in neurons of the CA3, CA4, and DG,
classified in order of higher intensity, and with weaker intensity
in the CA1 and subiculum in chronic CSLs (Fig. 1I). Acute cases
(Fig. 1H) showed occasional 4-HNE positive neurons in the DG,
CA4, and CA3 with low 4-HNE detected in the CA2, CA1, and
subiculum regions. Few of the control cases (Fig. 1G), especially
in the DG, CA4, and CA3 regions, had weak 4-HNE detectable
neurons whereas the other areas lacked any observable stain-
ing. 4-HNE immunoreactivity did not appear to correlate with the
severity of lesioning as many animals with minimal hippocam-
pal histopathology had high levels of 4-HNE staining whereas
other animals classified as severe had low detectable 4-HNE
reactivity.



3.2. Loss and changes in glutamine synthetase



The number of GS expressing cells was  similarly examined by
counting the number of GS+ cells in control versus DA-exposed CSLs
by immunofluorescence (Fig. 2). In control animals (Fig. 2A), GS pos-
itive cells showed characteristic glial morphology with about 50% of
GS+ cells co-labeling with the astrocytic marker GFAP. The pattern
of GS labeling appeared similar in acute DA animals (Fig. 2B); how-
ever, in 2/7 chronic DA cases, glial and neuronal type cells were
found expressing GS in primarily CA2, CA1, and subiculum. Neu-
ronal expression of GS was confirmed by co-localizing the GS+ cells
with the neuronal marker MAP-2 (not shown). Counts revealed a
significant decrease in GS reactive cells only in the DG of chronic
cases (Fig. 2E; p < 0.05) whereas total levels remained unchanged
(Fig. 2D). When GS levels were examined by severity of DA induced
lesion, animals with mild lesions had significant decreases in GS
expression, but severe cases were not different from controls (not
shown).



The extent at which GS activity may  be impaired due to nitration
was assessed by co-immunofluorescence of GS with the nitration
marker 3-NT. Hippocampi of control animals showed low over-
all 3-NT reactivity and low GS nitration (Fig. 2F) as measured by
total immunofluorescence intensity per GS positive cell. Animals
classified as having acute DA toxicity showed increased levels of
GS nitration (Fig. 2G); however, only DA chronic CSLs (Fig. 2H)
had significant increases over control animals at the whole hip-
pocampus level (Fig. 2I; p < 0.05) and in the DG (p < 0.05) and CA4
regions (Fig. 2J; p < 0.05). The amount of nitrated GS also appeared
to increase based on severity but was not significant (not shown).
In acute and chronic cases, 3-NT positive neurons were also identi-
fied especially in the CA3, CA4, and CA1 regions. Protein nitration in
neurons was similarly more intense in chronic than acute or control
animals.











262 K.S. Kirkley et al. / Aquatic Toxicology 156 (2014) 259–268



Fig. 1. Hippocampi of DA-exposed sea lions have graded neuronal loss and increased lipid peroxidation that correlates to chronicity of exposure. (A) Architecture of a control
hippocampus designating areas of the dentate gyrus = DG, cornu ammonis = CA regions 1, 2, 3, and 4; HE (B) Pattern of MAP2 immunolabeling in a control CSL; 40× inset of
the  CA3. (C) Neurons of control animals lack 4-HNE immunolabeling; CA3. (D) Acutely exposed CSLs show mild atrophy and loss of cells in CA4, CA3, and CA1; HE. (E) Loss
of  MAP2 immunolabeling is evident in acutely exposed CSL throughout the entire hippocampus; 40× inset of the CA3. (F). Few neurons in acute CSLs are positive for 4HNE;
CA3.  (G) Chronically exposed CSLs show severe atrophy and loss of cells; HE. (H) Loss of MAP2 immunolabeling in chronic CSLs reveals only few positive neurons within
the hippocampus; 40× inset of the CA3. (I) Many neurons in chronic CSLs are positive for 4HNE; CA3. Quantitative counts of total summation (J) and average number (K) of
MAP2+  neurons in control (n = 8; Cn), acute DA (n = 5; Ac), and chronic DA (n = 7; Chr) animals. * Indicates a p < 0.05 as compared to control.



3.3. Astrocytosis and microgliosis



Because  indicators of oxidative and nitrative stress were
increased in DA-exposed animals, we investigated the presence
of reactive glia expressing the proto-typical neuroinflammatory



markers TNF-# and NOS2 in the hippocampus and subiculum of DA-
exposed CSLs. Activation of astrocytes (Figs. 3 and 4) and microglia
(Figs. 5 and 6) were significantly above control with increasing
lesion severity than with chronicity (except in the DG, CA4, and
CA3 regions). Animals with no significant pathology (classified as
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Fig. 2. DA-exposed sea lions have progressive alterations in glutamine synthetase that is predicted by chronicity of exposure. (A) DG of a control CSL reveal normal GS
immunolabeling of cell bodies and astrocytic processes. (B) Acutely exposed animals have slight loss of GS immunolabeling; DG. (C) Number of GS+  cells is decreased with
expression primarily only seen in cell bodies and sometimes within neurons (arrow) in chronically exposed CSLs; DG. Quantitative counts of total summation (D) and average
number (E) of GS+ cells within the dentate gryus = DG and cornu ammonis = CA regions 1–4 in control (n = 8; Cn), acute DA (n = 5; Ac), and chronic DA (n = 7; Chr) animals.
GS+ cells, red, of the CA4 region in control CSLs (F) lack 3-NT immunolabeling, green whereas acutely exposed (G) and chronically exposed CSLs (H) have large increases in
3-NT.  Quantitative analysis of 3-NT intensity over the total hippocampus (I) and individual regions (J) in control, acute DA, and chronic DA sea lions. * Indicates a p < 0.05 as
compared to control. (For interpretation of the references to color in this text, the reader is referred to the web version of the article.)



normal) showed limited numbers of GFAP- (Fig. 3A) or IBA-1-
positive cells (Fig. 5A). Astrocytes present in these animals showed
characteristic fibrous morphology typical of a resting phenotype
whereas astrocytes in mild (Fig. 3B) and severely (Fig. 3C) lesioned



animals  had a thickened and hypertrophic appearance. Quantita-
tive counts revealed significant increases in the number of GFAP
positive cells over the entire hippocampus (Fig. 4A; p < 0.05) as well
as in the DG (p < 0.05), CA3 (p < 0.05), and CA1 (p < 0.01) in only
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Fig. 3. Increasing severity of DA lesion is correlated with increased neuroinflammatory activation of astrocytes. (A) Pattern of GFAP immuolabeling in a CSL hippocampus
without any pathology. Representative 40× images of the CA3 of normal CSLs show GFAP+ astrocytes (red) with normal morphology and no visible NOS2 (B, green) or TNF-#
(C,  green) expression. The number of GFAP+ astrocytes (red) is slightly elevated in CSL hippocampi with mild lesions (D) with increased number of hypertrophied astrocytes
NOS2  (E, green) and TNF-# (F, green). The number of GFAP+ astrocytes is significantly elevated in CSL hippocampi with severe lesions (G) with GFAP+ astrocytes showing
increased expression of NOS2 (H, green) and TNF-# (I, green). (For interpretation of the references to color in this text, the reader is referred to the web version of the article.)



severely lesioned CSLs (Fig. 4B). Expression of NOS2 in astrocytes
increased significantly in animals with mild lesions especially in
CA3 (p < 0.01), CA1 (p < 0.0), and subiculum (Fig. 4D and E; p < 0.05)
whereas the number of TNF-# positive astrocytes was  highest in
CSLs with severe lesions with significant changes seen in the DG
(p < 0.05), CA4 (p < 0.001), and CA3 (p < 0.05) regions (Fig. 4F and
G). Representative images from the CA3 region showing astro-
cytic expression of NOS2 and TNF-# for normal, mild, and severely
lesioned animals are shown in Fig. 3D–I.



The degree of microgliosis was assessed in a similar manner
and revealed a pattern of activation also based on severity of
DA-induced histopathology (see, Fig. 5). Microglia were present
in low numbers in CSLs with normal (Fig. 5A) and mild lesions
(Fig. 5B) whereas microglia numbers significantly elevated in ani-
mals with severe lesions (Fig. 5C). Microglia present in severe
animals had an obvious morphological change to a reactive pheno-
type with increased numbers of rod and amoeboid type microglia
present. Unlike the graded increase in the number of GFAP posi-
tive cells, quantitative counts of IBA-1 positive glia demonstrated
that only CSLs with severe lesions had any demonstrable increase



in  the number of microglia. This increase was significant in
all areas of the hippocampus (Fig. 6A and B; p < 0.05). A sim-
ilar trend was  seen when evaluating the number of microglia
expressing NOS2 (Fig. 6C and D; p < 0.05) or TNF-# (Fig. 6E
and F, p < 0.05) as represented by images from the CA3 region
(Fig. 5D–I).



4.  Discussion



HABs are increasing worldwide and the long term affects of
these blooms on marine and human health is currently unknown
(Bargu et al., 2011). Sea lions act as sentinels of DA blooms,
but despite the number of sea lions affected each year, little is
known about the pathogenesis that results in seizure (Ramsdell,
2010). The objective of the current study was to investigate poten-
tial mechanisms in the development of seizures in DA-exposed
CSLs, postulating that alterations in glutamate–glutamine cycling
through neuroinflammatory activation of glia would correlate sig-
nificantly with severity of disease. To examine this hypothesis, we
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Fig. 4. Quantitative counts reveal that the degree of activated astrocytes expressing TNF-# and NOS2 correlates with the severity of DA induced neuronal loss. Sum of the
total  number of GFAP+ cells (A), NOS2+ astrocytes (C) and TNF-#+ astrocytes (E) present in the hippocampi of animals classified as normal (n = 10; N), mildly lesioned (n = 5;
M),  and severely lesioned (n = 5; S). The average number of GFAP+ cells (B), NOS2+ astrocytes (D), and TNF-#+ astrocytes (F) found in the DG and regions 4, 3, 2, and 1 of CA
of  normal, mildly lesioned, and severely lesioned animals. * Indicates a p < 0.05, **p < 0.01 and ***p < 0.001 as compared to normal.



used immunohistochemical and immunofluorescent evaluation of
archived brain tissue from CSLs classified clinically into control, DA
acute, or DA chronic.



The  most commonly affected region of the brain in DA toxicity
is the hippocampal formation with neuronal loss and unspecified
gliosis occurring most prominently in the CA3, CA4, CA1, and den-
tate gyrus, areas of the brain involved in learning, memory, and
spatial navigation (Goldstein et al., 2007; Silvagni et al., 2005).
Pathological examination of the CSL cases in this study revealed
similar results with the most consistent pathological changes seen
in the DG and CA3 regions. Involvement of the CA1 was  variable
whereas the CA2 region was more affected than reported in previ-
ous studies. The relatively more severe effects reported here may  be
due to the highly sensitive immunofluorescent markers of pathol-
ogy used in addition to traditional HE staining. Specifically, MAP-2
fluorescence is a sensitive indicator of neuronal injury with loss of
antigenicity seen prior to neuronal loss (Huh et al., 2003). Although
a significant trend was not seen when comparing MAP-2 loss with
the classification of lesion severity, there was a measurable differ-
ence based on chronicity (Fig. 1J and K) potentially indicating that



even without a more substantial lesion, chronic animals neurons
are more severely stressed.



The  role of oxidative stress in DA toxicity was reported by Madl
et al. (2013) and we sought to expand these findings by measuring
levels of another oxidative stress marker and lipid peroxida-
tion marker, 4-HNE. Experimental seizure models have shown
excessive ROS production and increased nitric oxide (NO) and per-
oxynitrite (ONOO−) generation at time points preceding neuronal
death in susceptible brain regions that is alleviated through the use
of antioxidants such as N-tert-butyl-alpha-phenylnitrone (PBN)
and melatonin (Waldbaum and Patel, 2010). In our study, neurons
in all areas of the hippocampus in DA-exposed CSLs showed ele-
vated 4-HNE immunoreactivity with more extensive staining seen
in chronic versus acute CSLs (Fig. 1G and H). The amount of stain-
ing did not correlate with the extent of neuronal loss in the animal,
which may  indicate that oxidative stress may be more relevant in
terms of epileptogenesis than explicit neuronal loss.



Glutamate synthetase is a key enzyme in the gluta-
mate–glutamine cycle and is sensitive to reactive oxygen and
nitrogen species, which reduce enzymatic activity and expression
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Fig. 5. Increasing severity of DA lesion is correlated with increased neuroinflammatory activation of microglia. Animals without any pathology (A) show low immunolabeling
of IBA1+ microglia (red) in the hippocampus without any pathology. Representative 40× images of the CA3 of normal CSLs show IBA1+ microglia in red with normal morphology
and  no visible NOS2 expression (B, green) or TNF-# (C, green). The number of IBA1+ microglia is slightly elevated in CSL hippocampi with mild lesions (D) with increased
numbers of hypertrophied microglia expressing NOS2 (E, green) and TNF-# (F, green). The number of IBA1+ microglia (red) is significantly elevated in CSL hippocampi with
severe  lesions (G) with increased expression of NOS2 (H, green) and TNF-# (I, green). (For interpretation of the references to color in this text, the reader is referred to the
web  version of the article.)



in astrocytes that causes damaging elevations in extracellular
glutamate (Bidmon et al., 2008; Castegna et al., 2011; Görg et al.,
2007; Petroff et al., 2002). Specific impairment of GS using the
inhibitor methionine sulfoximine (MSO) leads to spontaneous
seizures in rodents (Wang et al., 2009) and inhibition has shown
to be detrimental to glutamate cycling as well as GABA synthesis
(Ortinski et al., 2010), thus indicating that GS is important role
in epileptogenesis. Loss of GS is consistently reported in patients
with TLE (EID et al., 2004) and is also decreased DA-exposed in
CSLs (Madl et al., 2013). However, decreases in GS staining in DA
intoxicated sea lions were only noted in the DG of chronic animals
(Fig. 2) but, interestingly, there was neuronal expression of GS in
several chronic cases especially in the CA2, CA1, and subiculum
areas. More importantly, there was significant elevation in the
amount of nitrated GS, as assessed by co-immunofluorescence of
3NT and GS, that was correlated closely with chronicity (Fig. 2F–J)
that most likely indicates reduced GS activity. Because GS activity
could not be directly assessed, use of fresh sea lion tissue to
perform GS activity assay would be needed to verify the loss of



activity  that is more often seen in KA models of seizure than actual
loss of GS immunoreactivity (Bidmon et al., 2008). Additionally, the
sensitivity of the assays employed may  somewhat underestimate
the extent of GS changes compared to previous studies (Bidmon
et al., 2008; Ortinski et al., 2010).



Neuroinflammatory activation of astrocytes and microglia is the
most commonly increased biological marker during epileptogen-
esis in humans with TLE (Aronica et al., 2012; Losi et al., 2012;
Vezzani et al., 2011). Glia are the primary source of NO and inflam-
matory factors such as IL-1! and TNF-# which have been shown to
inhibit GS and glutamate receptor expression in astrocytes lead-
ing to impaired glutamate clearance (Ananth et al., 2003; Gras
et al., 2006; Losi et al., 2012). Moreover, glia are known targets
for DA toxicity undergoing vacuolation and necrosis in models of
toxicity and direct application of DA on cultured astrocytes can
dose dependently decrease glutamate uptake and lead to release of
inflammatory factors by astrocytes and microglia (Gill et al., 2008;
Pulido, 2008). In this study, we saw substantial amounts of neuroin-
flammatory activation of astrocytes (Fig. 3) and microglia (Fig. 5)
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Fig. 6. Quantitative counts reveal that the degree of activated microglia expressing TNF-# and NOS2 correlates with the severity of DA induced neuronal loss. Sum of the
total number of IBA1+ cells (A), NOS2+ microglia (C) and TNF-#+ microglia (E) present in the hippocampi of animals classified as normal (n = 10; N), mildly lesioned (n = 5;
M),  and severely lesioned (n = 5; S). The average number of IBA1+ cells (B), NOS2+ microglia (D), and TNF-#+ microglia (F) found in the dentate gyrus (DG) and regions 4, 3,
2,  and 1 of the cornu ammonis (CA) of normal, mildly lesioned, and severely lesioned animals. * Indicates a p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 as compared to
normal.



by co-immunofluorescence that was dependent on the severity
of lesion. Interestingly, activation of astrocytes correlated more
closely with severity rather than chronicity, with increased num-
ber of astrocytes observed in mildly and severely lesioned animals
(Fig. 4). On the other hand, microglia were only activated in more
severely lesioned animals and covered a greater expanse of the
hippocampus and subiculum (Fig. 6). Activation of microglia also
tracked with chronicity, indicating that microgliosis may be more
important in epileptogenic changes in CSLs whereas astrocytosis
may be more closely associated with neuronal injury. This finding
is consistent with other models of epilepsy where pharmacolog-
ical and genetic inhibition of microglia protects against seizure
and reduces gliosis (Cho et al., 2008; Foresti et al., 2011) and with
other neurodegenerative models indicating that microglia are an
important regulator of astrocyte activation (Glass et al., 2010).



Astrocytes  and microglia DA-exposed CSLs had increased
expression of NOS2 and TNF-#; however, these inflammatory
markers correlated more closely with severity whereas protein
nitration of GS and neurons was more observable based on
chronicity. The discord between these two observations could be a



result of a limited number of animals examined and use of tissue
from animals whose disease warranted euthanasia. Additionally,
although inducible NOS (iNOS/NOS2) is most often implicated
in the source of large levels of NO and specific inhibition using
aminoguanadine can protect against seizures (Rehni et al., 2009),
other studies demonstrate that neuronal NOS (nNOS) may also play
important roles in epileptogenesis (Kovacs et al., 2009). A more
thorough examination of NOS expression is therefore needed in
future studies.



As  with any wildlife study, the life history of the 20 sea lions
included in this study is primarily unknown. Additionally, the times
of exposure, age of exposure, and how often these sea lions were
exposed are largely unknown and could be playing a role in the
results observed.



5.  Conclusions



Examination of glial involvement in DA toxicity in CSLs has been
primarily limited to pathological descriptions of gliosis (Goldstein
et al., 2007; Gulland et al., 2002; Silvagni et al., 2005) and few
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researchers have examined pathogenic signaling mechanisms in
DA-induced seizurogenesis. Given the failure rate of current treat-
ments in exposed animals (40–60%), further study is required to
understand mechanisms underlying DA-induced epileptogenesis.
The results of this study indicate that gliosis and resultant changes
in GS are likely important mechanisms in DA induced seizure and
in the subsequent loss of neurons that occurs as the disease pro-
gresses. California sea lions act as sentinels of the disease but are
not the only affected species, with reports of intoxication occur-
ring in dolphins, gray whales, northern seals, otters, and marine
birds such as the brown pelican (Gulland, 2000; la Riva de et al.,
2009). Understanding mechanisms of DA-induced seizure in CSLs
may  also be relevant to human epilepsy, given data indicating that
DA intoxication may  pose a risk for certain types of childhood
epilepsy (Stewart, 2010). With the increasing frequency of toxic
algal blooms that threaten human and marine health, understand-
ing of the pathology can only aid in our ability to control and treat
exposed populations.
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Dozens of sea lions drown at B.C. fish farm



CBC News Posted: Apr 20, 2007 8:38 AM PT Last Updated: Apr 20, 2007 9:53 AM PT



There has been a mass drowning of 51 California sea lions that got trapped in the nets ofa fish farm on
the west coast of Vancouver Island.



The sea lions got caught between nets at the Creative Salmon fish farm in Tofino Inlet this month,
company general manager Spencer Evans said.



He said he thinks the sea lions chewed through thepredator net, which surrounds the fish farm, and then
got through the shark guard attached to the bottom of the grower net thatenclosed the farmed salmon—
but then couldn't get back out again.



"It appears the sea lions were swimming up from underneath and pushing the shark guard up against
the flow of the grower net.



"And then as they try and suck on the fish in the grower net, they create small holes in the shark guard,
and then they eventually get into that space between the floor of the grower net and the shark guard."



Evans called it an unfortunate incident, saying it's the first time in 16 years of operation that Creative
Salmon has experienced anything like it.



He also noted there has been a large increase in the sea lion population in the area over the past 18
months.



The company has reported110 drowned sea lions so far this year,up from 46 last year.



Environmentalists have been calling for years for fish farm operators to move away from openocean net
cages to closedcontainment systems.



With files from the Canadian Press
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Direct discharges of pollutants into the



ocean and coastal waters from sewage treat-



ment plants, industrial facilities, ships, and



the at-sea dumping of sewage sludge and



other wastes have been greatly reduced over



the past 30 years as a result of the Clean



Water Act and other federal statutes.



Advances in waste treatment have kept



ahead of increases in the volume of wastes,



and that trend is likely to continue. Some



persistent toxic pollutants, such as DDT



and PCBs, were banned for manufacture or



use in the United States, and ambient levels



of these pollutants have been decreasing in



most U.S. marine environments. On the



other hand, pollution from land runoff



went largely unabated during this period; in



some cases it has increased. As a result, dif-



fuse sources now contribute a larger portion



of many kinds of pollutants than the more



thoroughly regulated direct discharges.



Toxic pollutants, including pesticides,



industrial organic chemicals and trace met-



als, are widespread contaminants of the



marine environment. But they produce dis-



cernible adverse effects on ecosystems only



in limited areas around population centers



and ports. Some of these chemicals are



known through experimental studies to



affect the reproductive, immune, or



endocrine systems of marine organisms at



low concentrations, and may have subtle



effects on marine organisms and popula-



tions over a broader area. While some of



the most toxic substances have been banned



for manufacture and use, material previ-



ously released may remain in the environ-



ment for decades to centuries. High



Abstract



Nutrient Overenrichment



The dominant form of plant life in



the world's oceans is free-floating,



single-celled algae known as 



phytoplankton. Like all plants,



phytoplankton need nutrients—



nitrogen, phosphorus, and other



minerals—and light to grow and



reproduce. Most of the needed



nutrients either wash into the



ocean from the land or move 



from the deeper waters to the 



surface through upwelling.



The growth of phytoplankton 



is usually limited by the availability



of nutrients. Nitrogen is the nutri-



ent that is usually in the shortest



supply. But if nitrogen becomes



abundant, the growth of phyto-



plankton can increase dramatically.



An explosive increase in the popu-



lation of phytoplankton is known



as an algal bloom. A bloom often



contains more phytoplankton than



can be eaten by marine animals.



The uneaten algae—and wastes



from animals that eat the algae—



sink to the ocean bottom, and



decompose. 



Through the process of decom-



position, the dissolved oxygen levels



in the water near the bottom can



decrease substantially.



The long-term increase in the



supply of organic matter to an



ecosystem—often as a result of



excess nutrients, or nutrient overen-



richment—is called eutrophication.











Eutrophication creates two harm-



ful effects: oxygen depletion and



reduced water clarity. When 



dissolved oxygen levels drop to 



levels that equal two milligrams



per liter or less, a condition called



hypoxia occurs.



Anoxia refers to a complete



absence of dissolved oxygen in 



the water. 



More mobile marine animals,



like fish and crabs, can often



migrate out of hypoxic areas.



Other animals—such as oysters and



marine snails—that lack mobility 



or cannot move quickly enough to



escape hypoxia may suffocate.



When water clarity is reduced by



greater concentrations of algae,



less light can penetrate to the



ocean bottom where seagrasses



and seaweeds live. As a result,



these plants may sicken and die.



Increased nutrient levels in 



surface water (rivers and streams)



and in groundwater from the land



can be attributed to human activity.



Major sources of nitrogen, phospho-



rus, and other nutrients delivered to



the oceans include discharges from



wastewater-treatment plants, runoff



and groundwater from cropland,



urban and suburban stormwater



(runoff from paved surfaces), farm



animal wastes, and even nutrients



found in airborne emissions from



power plants, automobile exhaust,



and industrial smokestacks.
iii



concentrations of persistent contaminants



in bottom sediments require careful con-



sideration when removed by dredging or



managed in place.



Overenrichment of coastal ecosystems



by nutrients, particularly nitrogen, has



emerged as the most widespread and meas-



urable effect of pollution on living marine



resources and biodiversity in U.S. coastal



waters. Excessive nutrient levels (overen-



richment or eutrophication; see sidebar on



these pages) may result in serious depletion



of the dissolved oxygen supplies needed by



marine animals, loss of habitat (e.g., sea-



grasses and coral reefs), and algal blooms.



Two-thirds of the surface area of estuaries



and bays in the conterminous U.S. suffers



one or more symptoms of overenrichment.



Because a majority of the nutrients in most



regions now come from diffuse sources



rather than direct discharges, reversing



coastal eutrophication will require manage-



ment strategies for watersheds reaching far



inland from the coastal environment.



Feasible measures include advanced treat-



ment of municipal wastewaters, reduction



of nitrogen oxide emissions from power



plants and vehicles, control of ammonia



emissions from animal feedlots, more effi-



cient use of fertilizers and manure, and



restoration of wetlands and floodplains



that act as nutrient traps.
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Introduction



"Pollution occurs 
when a substance,
an organism, or
energy (e.g., sound
or heat) is released
into the environ-
ment by human
activities and pro-
duces an adverse
effect on organisms
or the environmen-
tal processes on
which they depend."



I.



This report provides background on the



effects of pollution on life in the ocean 



and coastal waters of the United States for



the Pew Oceans Commission, which is 



conducting a national dialogue on policies



needed to restore and protect living marine



resources. Pollution occurs when a sub-



stance, an organism, or energy (e.g., sound



or heat) is released into the environment by



human activities and produces an adverse



effect on organisms or the environmental



processes on which they depend.



Marine pollution comes in many forms



and from many sources (Table 1). Some



pollutants in sufficient concentrations are



toxic to marine organisms. These include



both naturally occurring chemicals present



in much higher concentrations as a result



of human activities (e.g., trace metals and



oil) as well as compounds that did not exist



in nature until manufactured by humans



(e.g., pesticides such as DDT).



Other pollutants are harmful not



because they are toxic but because they



stimulate biological activity or alter habi-



tats. The addition of large amounts of



organic matter in the form of sewage or



fish-processing wastes, for example, sup-



ports the growth of decomposer microbes



that can exhaust the available oxygen sup-



ply. Inputs of nutrients (particularly forms



of nitrogen and phosphorus), while respon-



sible for the rich biological productivity of



many coastal waters, can stimulate the pro-



duction of more organic matter than an



ecosystem can assimilate. Turbid waters,



depletion of oxygen, and blooms of nox-



ious algae may result. Sediments from land



runoff or from dredging can decrease water



clarity and smother sensitive bottom habi-



tats such as reefs and seagrass beds.



Pollution emanates from either direct



discharges or diffuse sources. Land-based



industrial and municipal outfalls discharge



wastewater into coastal waters or rivers that



drain to the coast. Other direct discharges



include those from vessel operations and at-



sea waste disposal. Pollutants from diffuse



sources include those released into the



atmosphere by fossil-fuel and waste combus-



tion; and land runoff of pesticides, toxic-



waste products, nutrients, and sediments.



Although chemical contaminants—released



as a result of human activities—can now be



found throughout the world’s oceans, most



demonstrable effects on living resources



occur in coastal waters and are the result of



pollution from land.











Toxins (e.g.,
biocides, PCBs,
trace metals)



Industrial and municipal wastewaters;
runoff from farms, forests, urban areas and
landfills; erosion of contaminated soils and
sediments; vessels; atmospheric deposition



Poison and cause disease and reproductive failure;
fat-soluble toxins may biocencentrate, particularly in
birds and mammals, and pose human health risks.
Inputs into U.S. waters have declined, but remaining
inputs and contaminated sediments in urban and
industrial areas pose threats to living resources.



Biostimulants 
(organic wastes,
plant nutrients)



Sewage and industrial wastes; runoff from
farms and urban areas; airborne nitrogen
from combustion of fossil fuels 



Organic wastes overload bottom habitats and deplete
oxygen; nutrient inputs stimulate algal blooms (some
harmful), which reduce water clarity, cause loss of
seagrasses and coral reefs, and alter food chains
supporting fisheries. While organic waste loadings
have decreased, nutrient loadings have increased
(NRC, 1993a, 2000a).



Oil Runoff and atmospheric deposition from
land activities; shipping and tanker opera-
tions; accidental spills; coastal and off-
shore oil and gas production activities;
natural seepage



Petroleum hydrocarbons can affect bottom organisms
and larvae; spills affect birds, mammals and
nearshore marine life. While oil pollution from ships,
accidental spills, and production activities has
decreased, diffuse inputs from land-based activities
have not (NRC, 1985).



Radioactive 
isotopes



Atmospheric fallout, industrial and 
military activities



Few known effects on marine life; bioaccumulation
may pose human health risks where contamination is
heavy.



Sediments Erosion from farming, forestry, mining, and
development; river diversions; coastal
dredging and mining



Reduce water clarity and change bottom habitats;
carry toxins and nutrients. Sediment delivery by many
rivers has decreased, but sedimentation poses prob-
lems in some areas; erosion from coastal 
development and sea-level rise is a future concern.



Plastics and 
other debris



Ships, fishing nets, containers Entangles marine life or is ingested; degrades beach-
es, wetlands and nearshore habitats



Thermal Cooling water from power plants and
industry



Kills some temperature-sensitive species; displaces
others. Generally, less a risk to marine life than
thought 20 years ago.



Noise



Alien species



Pose health risks to swimmers and consumers of
seafood. Sanitation has improved, but standards have
been raised (NRC, 1999a).



Sewage, urban runoff, livestock, wildlifeHuman pathogens



May disturb marine mammals and other organisms
that use sound for communication.



Vessel propulsion, sonar, seismic prospect-
ing, low-frequency sound used 
in defense and research



Ships and ballast water, fishery stocking,
aquarists 



Displace native species, introduce new diseases;
growing worldwide problem (NRC, 1996).



Form Sources Effects and Trends



Table 1



Forms of Marine Pollution
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Adapted from Weber, 1993.
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The report first reviews accomplishments



in reducing marine pollution, and then



highlights the need for further reductions



in the effects of toxic substances and nutri-



ents as remaining major challenges. Diffuse



sources of pollution via land runoff and



atmospheric deposition are particularly



important and have proved difficult to 



control. To provide grounding for policies



needed to restore and protect living marine



resources, the report: describes the forms,



sources, movements, and effects of pollu-



tants; assesses past and future trends of pol-



lution in the U.S.; considers additional



steps that could reduce pollution; and



places pollution threats into a broader con-



text of other threats to living resources.
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Reductions of Pollution



In 1972, Congress passed the landmark



Federal Water Pollution Control Act, which



was reauthorized in 1977, 1981, and 1987 as



the Clean Water Act (CWA). The goal of the



law is to eliminate pollution in the nation’s



waters. It imposes uniform minimum 



federal standards for municipal and 



industrial wastewater treatment based on



best available technology. Facilities 



discharging wastes at discernible points are



required to obtain permits from the U.S.



Environmental Protection Agency (EPA) 



or from state pollution-control agencies.



Permits include enforceable limits on 



pollutants in the discharges, and require



dischargers to conduct monitoring and to



file reports when limits are violated.



Most publicly owned treatment works



(POTWs) handle industrial wastes as well



as domestic sewage. Because discharges of



untreated organic wastes had degraded



many rivers, lakes, and coastal waters by



depleting dissolved oxygen and causing fish



kills, the Clean Water Act required POTWs



to achieve at least “secondary” treatment.



Secondary treatment adds biodegradation



of the organic matter in the wastewater to



the solids (sludge) removal and disinfection



included in “primary” treatment.



Consequently, it significantly reduces the



biological oxygen demand (BOD) of waste-



water effluent. The CWA provided substan-



tial amounts of money to help pay for the



required POTW improvements. About 125



billion dollars have been spent in construct-



ing or expanding POTWs, mainly between



1972 and 1992 when federal grants provided



three-quarters of the costs (NRC, 1993a).



Waivers to this requirement were allowed for



several deep ocean outfalls where it could be



demonstrated that the organic wastes would



not harm the environment. Additional waste



treatment, such as reduction of suspended



solids, was often required.



Technology-based standards and the



National Pollutant Discharge Elimination



System (NPDES) have resulted in a dramatic



reduction in the amount of pollutants



entering U.S. waters, including coastal



waters. Reductions in discharges of organic



matter improved conditions in the



Delaware River estuary near Philadelphia to



the point that low oxygen levels no longer



prevent the upriver migration of juvenile



striped bass and American shad (Weisberg



et al., 1996). Oxygen levels in New York



Harbor are approximately 50 percent higher



(NRC, 1993a). The most thoroughly docu-



mented example of the benefits of



II.



Municipal and Industrial Discharges
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improved treatment may be the Southern



California Bight, off Los Angeles and San



Diego (Box 1), where inputs of many pollu-



tants have been reduced 90 percent or more



over a 25-year period. Kelp beds, fish and



invertebrate communities, and certain



seabird populations have greatly, if not



completely, recovered. These improvements



have been accomplished despite a steady



increase in population and in the volume of



wastewater discharged.



Another long-term effort to restore



water quality has recently come to fruition



with the completion in September 2000 of a



new deepwater outfall for treated effluents



from the Boston region. The offshore dis-



charge into Massachusetts Bay will result in



improvements in environmental quality in



Boston Harbor beyond those already



achieved as a result of the cessation of



sludge disposal, reductions in combined



sewer overflow, and secondary treatment of



Wastes from the nation’s largest metropolitan center



(17 million people) are discharged into a bight of the



Pacific Ocean via deepwater (about 200 feet) outfalls.



Pollution from publicly owned treatment works



(POTWs) has been reduced significantly since the



1970s even though the population served and waste-



water volumes grew steadily (Schiff et al., 2000;



Figure 1). This reduction was accomplished through



source control, pretreatment of industrial wastes,



reclamation, and treatment-plant upgrades, including



secondary or other advanced treatment (concentrating



on chemical removal of suspended solids). Capital



improvements to POTWs throughout the Southern



California Bight cost more than five billion dollars. 



Discharges from POTWs of most pollutants into the



bight have decreased: 50 percent for suspended



solids and biological oxygen demand, 90 percent for



combined trace metals, and more than 99 percent for



chlorinated hydrocarbons. Bight sediments show a



record of decreasing contamination. Concentrations of



contaminants in fish and marine mammals have



declined. Kelp beds near the POTWs have returned.



The extent of degraded bottom communities has con-



tracted by about two-thirds; and the incidence of



tumors and other maladies in bottom fish has



returned to background levels. 



A unique problem for the bight is the fact that large



quantities of the pesticide DDT were previously dis-



charged, particularly through the Los Angeles County’s



POTW. This facility received wastes from the world’s



largest DDT manufacturer. In 1971 an estimated



440,000 pounds of DDT were discharged via an outfall



off Palos Verdes. Today, only 3 pounds of DDT are dis-



charged from all Southern California POTWs combined



(Schiff et al., 2000). Concentrations of DDT and its



degradation products have declined greatly in fish and



marine mammals. Populations of brown pelicans,



which were decimated by the eggshell thinning induced



by DDT contamination, have rebounded. However,



brown pelicans, bald eagles, and peregrine falcons are



still being affected by the residual DDT contamination



in the bottom sediments of the bight. Although this



"legacy" contamination is slowly being buried, some



DDT is still remobilized into the food chain. 



Box 1



Southern California Bight Ocean Discharges
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wastes. Although recovery is far from com-



plete, liver tumors in flounder are less com-



mon, mussels accumulate lower levels of



organic contaminants, and bottom inverte-



brate communities are recovering in the



harbor (Rex, 2000). Field studies and com-



puter models predict that moving the dis-



charge offshore to deeper waters will not



increase concentrations of pollutants,



including nutrients, in Massachusetts Bay.



Although secondary treatment of



municipal sewage removes at least 85 percent



of the organic material and suspended solids



in wastewater, only one-third of the nitrogen



and phosphorus is eliminated (NRC, 1993a;



NRC, 2000a). These two nutrients are the



principal causes of eutrophication of receiv-



ing waters (see Section IV). Advanced treat-



ment technologies, capable of eliminating up



to 97 percent of the nitrogen and 99 percent



of the phosphorus (NRC, 2000a), are being



implemented in regions susceptible to nutri-



ent overenrichment from direct discharges.



Pollutant levels have also been reduced



in discharges from industries, including oil



and gas production, refineries, chemical



manufacturing, electric-power generation,



and food processing. Although regionally



important, industrial discharges contribute



a relatively small portion of pollutant 
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Figure 1



Flow Volume and Pollutant Emissions from Four 
Largest Publicly Owned Treatment Works in the 
Southern California Bight, 1971 through 1996.
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loadings on a national scale. Industrial 



discharges often have specific waste-reduction



requirements that necessitate pollution pre-



vention (elimination or reduction of the



source in the industrial process), recycling



and reuse, and advanced waste treatment.



Pollution from aquaculture—effluents



from ponds or holding tanks on land and



materials released from net pens and shellfish



racks or rafts—is receiving new regulatory



attention with the expansion of aquaculture



in coastal waters. Pollutants include uneaten



food, fecal and excretory material, and



releases of antibiotics, pesticides, hormones,



anesthetics, pigments, vitamins, and miner-



als. Organic deposits under net pens and



shellfish rafts often alter the bottom habitat



and affect seabed communities in the



immediate vicinity. Extensive aquaculture



operations can constitute a major source 



of nutrient inputs to the smaller bays 



and estuaries in which they are located.



Antibiotic, pesticide, and hormone releases



can also affect wild organisms in the region



(Goldburg and Triplett, 1997).



Additional reductions of pollution from



direct discharges will undoubtedly be



required and more effective source controls



and treatment technologies developed to



meet those requirements. Two forces are



driving these reductions. First, the Clean



Water Act requires dischargers to implement



advanced pollution controls where conven-



tional technology is not sufficient to protect



aquatic life and the human uses assigned 



to the water body receiving the discharge.



Standards for designated uses are not 



currently met for one-third of U.S. waters



(EPA 2000a). In such cases, the Clean Water



Act specifies that total maximum daily



loads (TMDLs) be determined and allocat-



ed among point and nonpoint sources.



Second, ever-closer scrutiny is given to the



inputs of chemicals that induce toxicity at



very low concentrations, persist in the 



environment for long periods, and reach



high levels of accumulation in the tissues 



of fish and wildlife.



Vessel Discharges



Pollutants are discharged to the ocean from



the routine operations of ships and boats



(including discharges of sewage and industrial-



processing wastes and the release of petroleum



hydrocarbons from engine exhausts and



bilge and ballast waters). Vessel-related pol-



lution may also occur as a result of accidental



spills and solid-waste disposals.



At-sea release of oily water has been an



international issue over the past 30 years and



is regulated under the International



Convention for the Prevention of Pollution



from Ships. Compartments of oil tankers



are typically filled with seawater for ballast



when emptied of their cargo. Some ports,



such as Port Valdez, Alaska, have ballast-water



treatment facilities. Although ballast-water



discharges may cause problems along some



tanker routes and are responsible for tar
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balls that contaminate the surface of high



seas, they comprise a relatively small per-



centage of oil pollution in the marine envi-



ronment (NRC, 1985). Exhaust emissions



into the water from smaller vessels may be a



significant source of petroleum hydrocarbons



in more confined coastal waters.



Atmospheric emissions from ships are



being recognized as a significant source of



global air pollution (Corbett and Fischbeck,



1997), yet they are not subject to the same



restrictions for protection of air quality as



are land-based power plants and manufac-



turers. Seagoing vessels are responsible for



an estimated 14 percent of emissions of



nitrogen from fossil fuels and 16 percent 



of the emissions of sulfur from petroleum



uses into the atmosphere (Corbett and



Fischbeck, 1997).



Cruise ships, although not a major



source of pollution to U.S. coastal waters as



a whole, can cause problems in areas such



as Caribbean island harbors, which accom-



modate intense cruise-ship activity, or 



relatively pristine areas such as the inland



passages of Alaska. Cruise ships generate



sewage, gray water, solid wastes, oily wastes,



and waste from photo processors, swim-



ming pools and dry cleaners. (EPA, 2000b).



Ocean Dumping



The practice of transporting wastes for 



disposal in the ocean became a cause for



national and international concern in the



1970s (CEQ, 1970). The Convention on the



Prevention of Marine Pollution by Dumping



of Wastes and Other Matters, or the London



Dumping Convention, came into force in



1975, acknowledging through its regulatory



framework that different materials have



vastly different impacts on the marine envi-



ronment. Nationally, ocean disposal in U.S.



waters has been regulated under the Marine



Protection, Research, and Sanctuaries Act of



1972 (MPRSA) by a permit procedure that



prohibits dumping of some materials,



establishes criteria to authorize dumping of



others, and identifies sites for disposal. The



Clean Water Act also regulates discharges



into the territorial sea and navigable waters



of the United States. In the ten years fol-



lowing passage of the MPRSA, dumping 



of industrial waste, construction debris,



solid waste, and incineration of chemicals



remained low, but dumping of sewage



sludge doubled (Burroughs, 1988).



Although the amount of dredged sediment



disposed in coastal waters remained con-



stant, it was approximately an order of



magnitude greater in volume than the



sludge dumped (Figure 2).



During the 1980s, public apprehension



about ocean dumping grew. Sewage sludge



dumped in the New York Bight was blamed



for an apparent decline in water quality and



health risks to bathers. Controversy also



erupted over ocean incineration of chemical



wastes in the Gulf of Mexico. In 1988,
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Congress enacted the Ocean Dumping Ban



Act that prohibited ocean dumping of



sewage sludge and industrial chemicals.



Sewage sludge must now be incinerated,



disposed of on land, or reused—alternatives



that have their own set of environmental



impacts, including pollution of the marine



environment via land runoff and atmos-



pheric deposition.



Today, virtually all the material dumped



into coastal and marine waters is bottom



sediment removed by dredging (Figure 2).



Under the Clean Water Act, the U.S. Army



Corps of Engineers issues permits for 



disposal of dredged material, subject to



guidelines established by EPA. Protocols



have been developed to determine whether



dredged sediments are suitable for placement



in the ocean or coastal environment. These



protocols involve an assessment based on



the sediment characteristics, contaminant



levels, the toxicity of contaminants present,



and the potential for the contaminants to



accumulate in the tissues of organisms



(EPA, 1991). Based on these criteria, dredging



may not be permitted at all or the dredged



sediments may be deemed unacceptable for



overboard disposal. Placement in a landfill,



in a confined disposal facility, or in a con-



tained underwater disposal site is then



required. Approximately five to ten percent



of the sediments dredged require management



as contaminated sediments (NRC, 1997).



Although the federal laws governing



dredged material disposal have eliminated



the practice of discarding heavily contami-



nated harbor sediments in the marine 



environment, they have not eliminated con-



troversies. Despite the protections afforded



by regulatory requirements and testing 



Figure 2
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protocols, significant controversies surround



the overboard disposal of dredged sediments



that are deemed acceptably “clean.” These



controversies are related in part to the



physical impacts of dredged sediment



placement, including increased turbidity,



siltation, burial of bottom organisms, and



permanent changes in the quality of bottom



habitat. In addition, the public, resource



users, and environmental managers are



concerned that contaminants in the dredged



sediment will be mobilized and made more



bioavailable by overboard disposal. As a



result, many ports struggled to resolve



impasses in selecting and permitting alter-



natives for dredged sediment placement



(Box 2). On one side, there is an aversion to



placing wastes of any kind into the ocean



and coastal waters; on the other, there are



constraints related to costs, limits in the



feasibility of beneficial uses, and opposition



to disposal alternatives outside of the



marine environment.



The volume of commerce moving



through U.S. ports is increasing and will



continue to do so because of increased



world trade and dependence on foreign 



Navigation channels and berths in San Francisco Bay



tend to fill in rapidly because of the large amount of



mobile sediments in the bay—a legacy of placer min-



ing following the California Gold Rush—and strong



tidal currents. Dredged sediments were typically



placed back into the bay, mostly at a site near



Alcatraz Island, where strong tidal currents dispersed



them. However, disposal of large quantities of sedi-



ments generated from channel deepening changed the



current patterns at the Alcatraz site so that sediments



placed there no longer dispersed. 



The limitations of this site, the lack of readily avail-



able alternatives, public concerns, lawsuits, and frag-



mented agency management coalesced to create an



impasse, or so-called mudlock, that halted most



dredging. This caused significant problems for both



commercial and military shipping. The U.S. Navy, citing



national security requirements, broke the impasse by



dumping dredged sediments at a deepwater site in



the ocean. Subsequently, EPA designated an ocean



disposal site to receive sandy sediments dredged by



federally funded projects. 



In 1990, federal, state, and regional agencies



joined with navigation interest groups, fishing groups,



environmental organizations, and the public to develop



a Long-Term Management Strategy for Bay Area



dredged material (U.S. Army Corps of Engineers,



1998). The strategy emphasizes a balance between



ocean disposal and beneficial reuse at upland/wet-



land sites with limited in-bay disposal. During a transi-



tional period, the amount of dredged material



deposited at in-bay sites would be reduced from 80



percent to 20 percent, while upland sites, reuses, and



wetland restoration are developed. Toxicity testing and



monitoring would be bolstered. Nonetheless, environ-



mental interest groups are calling for the elimination



of in-bay disposal altogether.



Box 2



San Francisco Bay: Long-Term Strategy for Dredged Material
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energy resources (Bureau of Transportation



Statistics, 2000). This is driving a trend



toward larger ships with deeper drafts and,



thus, continued pressure for deeper channels.



Although there has been an effort to devel-



op a national policy for screening dredged



material and evaluating disposal options



(Maritime Administration, 1994), the U.S.



lacks a coherent port development policy



that is compatible with the environmental



quality objectives articulated in federal



environmental statutes.



Diffuse Sources of Pollution



In most U.S. coastal regions, diffuse sources of



pollution—including land runoff and atmos-



pheric deposition—are now responsible for



most serious water-quality problems (EPA



and USDA, 1998). Because of the reduced



loadings of many contaminants achieved by



point-source controls, land runoff is currently



the dominant source of many contaminants in



both the Southern California Bight and



Chesapeake Bay (Figure 3).



Except where the manufacture or use 



of a contaminant has ceased or changed



dramatically—such as for DDT and some



other pesticides, PCBs, or lead additives in



gasoline—the contribution of diffuse sources



of pollution in coastal and ocean waters has



not been significantly reduced by the pro-



grams implemented over the last 30 years.



Moreover, loadings of some pollutants from



diffuse sources, such as nitrogen (Howarth



et al., 1996; Goolsby et al., 2000) and mercury



Figure 3
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(Swain et al., 1992), appear to have increased



during that time period.



The importance of diffuse sources of



pollutants has long been recognized. There are



provisions in the Clean Water Act and Coastal



Zone Management Act intended to achieve



reductions in pollution of coastal waters from



diffuse sources. Nonetheless, improvements



have been slow and difficult. This is due to the



diversity of diffuse sources, resistance to regu-



latory solutions, and the multiple pathways



through which the pollutants may reach



coastal and ocean environments.



Fallout from the atmosphere is an



important and previously under-appreciated



source of a number of important pollutants,



including nitrogen, lead, mercury, and



organochlorine compounds such as DDT



and PCBs (Box 3). Some of these pollutants



can be transported over long distances



before falling onto the ocean or on water-



sheds draining to the coast. Atmospheric



transport is the primary mechanism for



contamination of oceanic regions remote



from human activities, such as polar seas



and the open ocean. In a recent report to



Congress, the EPA (2000c) indicated that



atmospheric deposition of PCBs, banned



and restricted pesticides, and lead has 



been declining in recent years for the Great



Lakes and some coastal waters, but that



deposition of other pollutants such as



nitrogen has not fallen off.



Contaminants and nutrients in runoff



are influenced by: (1) land uses, i.e.,



whether the land is forested, agricultural,



industrial or urban; (2) human activities



that involve the purposeful or unintended



placement of fertilizers, pesticides, atmos-



pheric contaminants, and wastes on the land



surface; and (3) natural phenomena and



land-use decisions that affect water infiltra-



tion, retention, groundwater movement,



runoff, and transport in streams and rivers.



Sediments that erode from the land and



reach the coast in runoff carry various con-



taminants bound to sediment particles,



including trace metals, organic compounds,



and phosphorus. The sediments themselves



can constitute a serious form of pollution,



silting up shallow water environments,



increasing the need for dredging, altering



benthic habitats, and decreasing water clarity.



Alternatively, improved soil conservation



practices and the entrapment of riverine



sediments behind dams have resulted in



decreased delivery of sediments to many



U.S. coastal environments over the last half



century (Meade, 1982). For some coastal



environments, this has improved the condi-



tions for living resources by increasing water



clarity and decreasing sedimentation; how-



ever, other coastal ecosystems, such as sandy



beaches and subsiding deltas (Milliman,



1997), are experiencing problems because a



continued supply of sediments is needed to



sustain them. (Continued on page 14)



"Atmospheric 
transport is the 
primary mechanism 
for contamination 
of oceanic regions 
remote from human
activities, such as
polar seas and the
open ocean." 
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Atmospheric deposition of pollutants involves a variety of



physical processes that transport chemicals to the



Earth’s surface (Baker, 1997; Figure 4). Wet deposition



involves processes by which gases and airborne particles



are washed from the atmosphere during precipitation. Dry



deposition results from the impact of fine particles



(aerosols) on surfaces and on gas exchange at terrestrial



and aquatic surfaces. The magnitude of atmospheric dep-



osition depends directly on the concentration of pollu-



tants in the atmosphere, the form of each chemical (gas



or particulate), the size of the aerosol particles, and the



extent of precipitation and physical mixing. 



Pollutants are introduced into the atmosphere from



a variety of sources, travel through several pathways,



and reach various fates. Materials such as soot, NOX,



and SO2, are released from natural sources (forests,



volcanoes, and fires) as well as from human activities



(anthropogenic sources). However, many atmospheric



pollutants (e.g., PCBs, CFCs) are only derived from



anthropogenic sources. Sources of air pollutants are



commonly categorized as stationary (e.g., power



plants, refineries, and incinerators), mobile (vehicles,



aircraft, locomotives, and ships), or area (e.g.,



volatilization of ammonia from manure). 



The lifetime of a pollutant in the atmosphere is



dependent on its chemical reactivity and its partition-



ing among gas, liquid, and solid phases. In general,



chemicals on particles or in liquid water have a shorter



lifetime in the atmosphere and are not transported far



from their source, while gaseous chemicals may



remain in the atmosphere a long time and travel great



distances. Persistent chemicals that are revolatilized



after being deposited can travel like a grasshopper



over great distances. Because these chemicals are



more prone to evaporation under warmer tempera-



tures, they tend to be redistributed to higher latitudes



(Wania and Mackay, 1996). 



Atmospheric deposition is an important source of



nitrogen, some trace metals (e.g., lead and mercury),



and organochlorine compounds (e.g., DDT and PCBs)



to coastal and ocean environments:



• Lead emissions to the atmosphere in the U.S. and



Europe are now orders of magnitude lower than in



the early 1970s due to ending the use of leaded



additives to gasoline. The impact can be seen in



the reduction of lead concentrations in surface



waters of the open ocean (Wu and Boyle, 1997),



coastal sediments (Bricker, 1993; Cochran et al.,



1998; Hornberger et al., 1999), and shellfish tis-



sues (Lauenstein and Daskalakis, 1998). 



• The global reservoir of atmospheric mercury has



increased by a factor of two to five since the begin-



ning of industrialization (Boening, 2000) and is dom-



inated by anthropogenic emissions (Mason et al.,



1994). Principal sources (>80 percent) are combus-



tion processes, primarily coal burning and municipal



and medical-waste incineration (EPA, 1997). Higher



mercury concentrations in wet deposition are found



in urban areas, reflecting local power plant and



incinerator sources (Mason et al., 2000). Surface



waters of the North Atlantic have higher mercury



concentrations compared to the equatorial Pacific



(Mason and Fitzgerald, 1996), probably as a result



of long-distance transport of gaseous forms of mer-



cury from sources in North America.



• The discovery of organochlorine pesticides such as



DDT and industrial chemicals such as PCBs in the



waters and biota of the Arctic and Antarctic



ecosystems fundamentally altered our view of the



role of the atmosphere in distributing pollutants on



a global scale (Wania and Mackay, 1996). 



Box 3



The Atmosphere: An Important Pathway for Some Pollutants
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Conversion of lands to urban and sub-



urban uses has been proceeding at a rate far



greater than the rate of population growth



in many coastal communities as a result of



the U.S. tendency for low-density residen-



tial development (sprawl). The conversion



of previously undisturbed land surfaces



that allowed the infiltration and slow release



of water to impervious surfaces such as



roofs, driveways, roads, and parking lots



results in higher peak runoff, which carries



greater pollution loads and alters the salinity



balance in bays and estuaries during both



wet and dry weather periods.



While direct discharges still contribute 



significant toxic contaminants and nutri-



ents to coastal waters, it is clear that pro-



tecting the marine environment from the



many adverse effects of pollution will



require more effective control of land



runoff and atmospheric deposition—now



the principal sources of the most damaging



pollutants in many coastal ecosystems.



"...it is clear that 
protecting the marine
environment from the
many adverse effects
of pollution will
require more effective
control of land runoff
and atmospheric 
deposition...." 
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"The historic use of
some compounds no
longer manufactured
or used in the United
States—like DDT,
PCBs, and lead addi-
tives in gasoline—
has left a legacy of
contamination."



Toxic pollutants include trace metals (e.g.,



cadmium, copper, lead, and mercury), a



variety of biocides (e.g., DDT, tributyl tin)



and their by-products, industrial organic



chemicals (e.g., PCBs and tetrachloroben-



zene), and by-products of industrial



processes and combustion (e.g., polycyclic



aromatic hydrocarbons, or PAHs, and dioxins).



Those pollutants meriting greatest attention



are widespread and persistent in the envi-



ronment, have a propensity to accumulate



in biological tissues, or induce biological



effects at extremely low concentrations.



The historic use of some compounds



no longer manufactured or used in the



United States—like DDT, PCBs, and lead



additives in gasoline—has left a legacy of



contamination. Generally, legacy contami-



nants in U.S. coastal environments have



declined. However, these compounds are



still in use in other countries and they con-



tinue to run off the land. For example, it



has been estimated that less than 10 percent



of the total lead deposited from the atmos-



phere onto the Sacramento and San Joaquin



river basins has yet been delivered to San



Francisco Bay (Steding et al., 2000). As the



concentrations of some heavy metals and



organochlorine compounds decrease in the



marine environment, other contaminants



are still being released and do not show a



clear downward trend. Some may even be



increasing. For example, analyses of lake



and reservoir sediments show increasing



levels of PAHs associated with suburban



development (Van Metre et al., 2000). PAHs



come from multiple sources, including



petroleum and the combustion of fossil fuels



and biomass, some of which have been



reduced (e.g., coal coking) and some of



which continue (e.g., urban runoff and



atmospheric deposition of combustion



by-products).



Humankind will be dealing with legacy



contaminants of the marine environment 



well into the future. Repositories of persistent



contaminants in marine sediments can be



sources of long-term exposure to marine life



well after the inputs of these contaminants



have largely ceased. Examples of this include



DDT in the Southern California Bight (Box 1)



and PCBs in San Francisco Bay (San Francisco



Estuary Institute, 1996). The deep sea may be



the final sink for some persistent organic pol-



lutants (Looser et al., 2000).



Biological Effects



Toxic effects, both lethal and sublethal, have



been extensively documented in laboratory



experiments, but concrete examples of con-



III.



Nature of Toxic Contaminants



The Challenge of
Toxic Contaminants
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taminant effects on populations of marine



organisms are limited (McDowell et al.,



1999). Key issues considered here include



the potential for bioaccumulation of toxicants



by marine life; the effects of disruptions of



organisms’ immune, endocrine, and repro-



ductive systems on their populations; and



the effects on marine communities of



chronic exposure to the high concentrations



of contaminants found in coastal sediments.



Organisms may accumulate contaminants



from water, sediments, or food in their tis-



sues. This can result in concentrations of



the contaminant many times higher than



those found in the environment. The degree



of bioaccumulation depends on the level of



exposure and the mechanisms by which the



organism expels, stores, or metabolically



breaks down the contaminant. Compounds



such as organochlorine pesticides and 



PCBs tend to accumulate in fatty tissues



(lipophilic compounds), where they may



remain for long periods of time. Animals in



the upper levels of the food web may accu-



mulate these compounds from prey until



lipid storage sites are saturated. Their



metabolism is then challenged to degrade



and excrete the contaminants or their meta-



bolic by-products, some of which are much



more toxic than the original form. In this



way, highly persistent and bioaccumulative



compounds can magnify through the food



web, having little noticeable toxic effect



except at the highest trophic levels. Trace



metals are also subject to bioaccumulation,



but except for metal-containing organic



compounds (e.g., methyl mercury) do not



biomagnify in marine organisms.



Bioconcentration and biomagnification



of toxicants pose particular risks to predators



of fish, including birds, marine mammals,



and humans. High concentrations of toxi-



cants, such as PCBs and mercury, necessitate



health advisories for frequent consumers of



fish in some regions (EPA, 1999). Perhaps



the most widely recognized effect of persist-



ent contaminants on marine populations is



the decline of populations of bald eagles



and brown pelicans during the 1960s and



1970s. DDT and its breakdown products



accumulated in adult birds from their prey,



leading to changes in calcium metabolism in



breeding females. The birds produced



abnormally thin eggshells and ultimately



experienced reproductive failures (Hickey



and Anderson, 1968; Blus et al., 1971).



Extensive evidence demonstrates that



toxicants can disrupt the metabolic, regula-



tory, or disease defense systems of an



organism, eventually compromising its sur-



vival or reproduction. For example, genetic



damage, malformations, and reduced



growth and mobility were observed in



Pacific herring embryos exposed to PAH



(from weathered oil) levels as low as 0.7



ppb (Carls et al., 1999). Mollusks exposed



to PCBs in New Bedford Harbor,



Massachusetts, experienced both a loss of
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reproductive output and increased suscepti-



bility to disease (McDowell et al., 1999).



Accumulation of PCBs and PAHs in Puget



Sound rock sole has been correlated with



reductions in spawning success (Johnson et



al., 1998). Bioconcentration of PCBs has



also been linked with impaired immune



defenses that lead to disease and death in



marine mammals, including seals and 



dolphins (Kuehl and Haebler, 1995).



Particular attention is currently being



devoted to the disruption of endocrine 



systems by toxic contaminants. Some



organochlorine pesticides, PCBs, dioxins,



and other compounds functionally mimic



or alter the production of hormones (NRC,



1999b). Tributyl tin (TBT), a biocide used



in antifouling paints, has been shown to



disrupt hormones controlling sexual devel-



opment in mollusks exposed to concentra-



tions as low as 10 parts per trillion, leading



to irreversible reproductive abnormalities



(e.g., females developing male sex organs)



and reproductive failures (NRC, 1999b).



Significant declines in marine snail popula-



tions have been documented in regions of



North America and Europe where use of



TBT was intense (Matthiessen and Gibbs,



1998; Nehring, 2000). Most uses of TBT



paints in the U.S. were discontinued as a



result of these findings. Feminization of



males due to exposure to estrogen mimics



and masculinization of females exposed to



estrogen blockers have been observed in



various animals, including mollusks, fish,



reptiles, birds, and mammals (NRC, 1999b;



Royal Society, 2000). For example, endocrine-



disrupting chemicals have been implicated



in the incidence of hermaphroditism in



Norwegian polar bears and St. Lawrence



beluga whales (De Guise et al., 1994).



Toxic substances in sediments appear to



have localized effects in U.S. bays and estu-



aries and in certain offshore regions that



received wastes, such as the New York and



Southern California Bights. In the past



decade, EPA’s Environmental Monitoring



and Assessment Program (EMAP) and



National Sediment Quality Survey and



NOAA’s National Status and Trends



Program have extensively measured the



concentrations of contaminants in bottom



sediments in the nation’s bays and estuaries,



collected collateral data on the communities



of benthic organisms living in those sedi-



ments, and assayed toxicity of sediments to



sensitive amphipod crustaceans. Using these



three components—contaminant concen-



trations (and their probable effects based



on an extensive database), the health of the



communities living in the sediments, and



experimental toxicity—Long (2000) con-



cluded that biologically significant chemical



contamination and toxic responses occurred



throughout the nation’s coastal waters,



especially in the most urbanized and indus-



trialized regions. Chemical concentrations



exceeding guidelines for probable effects
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occurred in 26 percent of samples, repre-



senting 7.5 percent of the bays and estuaries



surveyed. Generally, sediments proved toxic



to the crustaceans where contaminant con-



centrations were high and benthic commu-



nities degraded.



This three-pronged approach involving



field studies does not fully resolve which



contaminants and other factors are actually



responsible for the toxicity and community



degradation. The synergistic, additive, or



antagonistic interactions among contami-



nants are poorly understood and challenging



to assess, thus making it difficult to predict



biological responses simply based on knowl-



edge of the types and concentrations of con-



taminants present in a given area (Yang, 1998).



Pollution Abatement and Remediation



The most effective way to reduce the



harmful impacts of toxic contaminants



on marine ecosystems is to eliminate or



restrict their use or production. The experi-



ences with lead additives in gasoline, DDT,



and PCBs show that in the long term this



approach can reduce environmental con-



centrations and exposure for marine organ-



isms. In addition to discontinuing the use



or production of these substances, source



controls, recycling and reuse, and other



forms of “pollution prevention” provide the



first line of defense (NRC, 1993a). Treatment



and removal of pollutants from effluents



and atmospheric emissions provide a second



line of defense. Improved knowledge of the



fate and effects of various classes of com-



pounds and screening processes for new



chemical products have reduced, but not



totally eliminated, the risk of “surprises”



such as DDT, PCBs, and TBT.



Legacy contaminants must be managed



for decades to centuries into the future.



Options include control of losses from



waste sites and contaminated soils on land,



treatment of urban stormwater, and reme-



diation of contaminated sediments.



Contaminated sediments exist in many ports,



where they pose a risk of reintroduction of



toxicants into the water column by physical



disturbance of sediments or transferal



through the food chain. Options for man-



aging contaminated sediments include:



leaving them in place to allow recovery to



proceed through degradation and burial,



capping them with clean sediments, treat-



ing them in place, and removing them for



containment or treatment (NRC, 1997).



In the case of the pesticide kepone in



the James River estuary, Virginia, the 



decision was to leave the contaminated sed-



iments in place, and subsequent reductions



of contaminants levels in the ecosystem and



organisms were observed (NRC, 1997).



However, when contaminant levels are high



and the risks of reintroduction are great,



capping may speed recovery of the ecosys-



tem. The EPA has proposed placing clean



"The most effective 
way to reduce the 
harmful impacts of 
toxic contaminants 
on marine ecosys-
tems is to eliminate
or restrict their use
or production." 
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sediments atop portions of the DDT deposits



off Palos Verdes, California, in order to test



the feasibility and effectiveness of this



remediation method. Representatives of the



DDT manufacturer have criticized this



method because DDT concentrations in



surface sediments have been declining and



the process may expose heavily contaminat-



ed sediment below the surface (Whitaker,



2000). A similar controversy surrounds pro-



posals to cap the dredged sediment disposal



site in the apex of the New York Bight.



These cases exemplify the dilemma faced in



making decisions regarding remediation of



contaminated sediments.
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The Challenge of
Nutrient Pollution



An increase in the supply of organic matter



in a water body is termed eutrophication



(Nixon, 1995; see sidebar in Abstract). Over



the last 30 years the discharge of organic



wastes from municipal and industrial



sources declined as a result of improved



treatment. At the same time, eutrophication



in many areas became more extensive due



to increased loadings of mineral nutrients,



particularly nitrogen and phosphorus,



which stimulate the production of organic



matter within the marine ecosystem. There



are many consequences of this increased



organic production, both beneficial and



harmful. The latter include hypoxia, or



stressfully low dissolved oxygen, reductions



of seagrass beds and corals, and, potentially,



noxious or toxic blooms of algae.



Nutrient pollution has been increasingly



recognized as a key threat to coastal environ-



ments over the past 20 years because of both



new scientific understanding and declining



trends in water quality (Nixon, 1995).



Loadings of nitrogen flowing in rivers to the



Atlantic and Gulf coasts of the United States



have increased four to eight fold from the



time of European colonization (Howarth et



al., 1996). Most of that increase came in the



last half of the 20th century. Scientific



research has demonstrated that nutrient



overenrichment was a major contributor to



the extensive changes observed in coastal



ecosystems during that period. Three recent



scientific assessments addressed nutrient



pollution in U.S. coastal waters.



The National Oceanic and Atmospheric



Administration characterized the symptoms



of eutrophication for 138 bays and estuaries



around the U.S. coast based on data review



and expert consultations (Bricker et al.,



1999). Approximately one-third of the



water bodies had high expressions of



eutrophic conditions (Figure 5). Altogether,



82 water bodies, representing 67 percent of



the combined surface area of these bays and



estuaries exhibited moderate to high



degrees of depleted dissolved oxygen, loss



of seagrasses, or harmful algal blooms.



Moreover, it was predicted that eutrophic



conditions would become more severe in 86



of these ecosystems by 2020. Systems having



low inflow, poor flushing, or strong stratifi-



cation are particularly susceptible to



eutrophication. While this assessment was



limited to estuaries and bays in the conter-



minous states, nutrient pollution has also



resulted in loss of coral reef habitat and



seagrasses in U.S. tropical regions (Bell, 1992;



Lapointe, 1999). (Continued on page 22)



IV.



Nutrient Overenrichment
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Areas of Significant Eutrophication in U.S. Coastal Waters



A recent National Oceanic and Atmospheric Administration (NOAA) study examined 138 estuaries
along the coasts of the conterminous United States. A group of experts identified 44 estuaries



and coastal areas (labeled on the map below) with high levels of eutrophication and found an
additional 40 estuaries (not shown) with moderate symptoms of eutrophication.



The highest percentage of estuaries with high levels of eutrophica-
tion occurs in waters along the coasts of the Middle



Atlantic and the Gulf regions.



Eutrophication



is the long-term increase in



the supply of organic material to an 



ecosystem, often as a result of excess nutrients. Signs 



of eutrophication in coastal waters include increased phytoplankton



growth, increased growth of macroalgae and epiphytes (plants that overgrow other



plants), low dissolved oxygen, harmful algal blooms, and loss of seagrasses. Typically one or more of



these symptoms is seen over large areas and/or persistently within the estuary. The “Dead Zone” in the Gulf of



Mexico refers to an extensive area of seasonal hypoxia, or depletion of dissolved oxygen, in the bottom waters.



Adapted from Bricker et al., 1999.



Figure 5
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The President’s National Science and



Technology Council produced an integrated



assessment of large-scale hypoxia in the



northern Gulf of Mexico (CENR, 2000)



(Box 4). The assessment concluded that dif-



fuse sources of nutrient pollution have



caused more extensive hypoxia, covering up



to 12,000 square miles of the northern Gulf



continental shelf, since the 1950s. It identi-



fied more efficient use of fertilizers and



restoration of wetlands in the river basin as



effective means to reduce the extent and



severity of hypoxia in the Gulf.



Finally, the National Research Council



(2000a) recently published an in-depth



evaluation of the causes and effects of



In a large region of the inner continental shelf off 



the coast of Louisiana and Texas, the bottom water 



oxygen levels fall too low (<2 mg/L) to support fish,



crustaceans, and many other invertebrates during the



warmer months of April to September. This hypoxic



zone, or Dead Zone, has been as large as 12,000



square miles (20,000 km2) but varies in dimensions



from year to year and within years, depending on river



runoff, and meteorological and oceanographic factors. 



A recently completed integrated assessment conducted



under the auspices of the President’s National Science



and Technology Council (CENR, 2000) concluded that: 



1. the hypoxia is caused primarily by excess nutrient



runoff (particularly of nitrogen) from the



Mississippi-Atchafalaya River Basin in combination



with stratification of Gulf waters; 



2. landscape alterations and river channelization 



during the late 19th century and first half of the



20th century reduced the river basin’s hydrologic



buffering capacity; 



3. eutrophication and hypoxia increased during the lat-



ter half of the 20th century during which the flux of



nitrate-nitrogen almost tripled (between 1955–1970



and 1980–1996), concomitant with the rapid



increase in the use of chemical fertilizers; 



4. about 90 percent of the nitrate load comes from



diffuse sources, particularly from agricultural lands



along the upper Mississippi and Ohio rivers, nearly



1000 miles upstream from the river’s mouth; and 



5. Gulf ecosystems and fisheries are affected by hypox-



ia, but economic impacts are difficult to quantify. 



Models predicted significant reductions in hypoxia



would occur with a 20 to 30 percent nitrogen load



reduction. Two approaches are required to achieve



that level of reduction: (1) improved agronomic prac-



tices that reduce nitrogen losses from farm fields and



(2) trapping nitrogen lost from fields in restored wet-



lands, vegetated buffers, reconnected floodplains, and



coastal wetlands. These recommendations have been



met with considerable controversy regarding both the



certainty of the science and the costs and impacts on



food production among midwestern states and agricul-



tural interests. In October 2000, a task force including



senior policymakers from eight federal agencies, nine



states, and two tribal governments set a general goal



to reduce the average area experiencing hypoxia to



less than 5,000 km2 (1,930 square miles or about 40



percent of its average dimensions during the 1990s),



which the task force recognized would probably



require the reduction of nitrogen inputs by 30 percent.



Box 4



Gulf of Mexico’s "Dead Zone"
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overenrichment in coastal waters and of



abatement strategies, including monitoring



and modeling, goal setting, and source



reduction and control. Noting the substantial



adverse impacts of nutrient pollution and



the likelihood that nutrient loads will



increase as human populations grow, the



NRC calls for a nationwide strategy for



reducing impairment by nutrient pollution



and protecting unimpaired waters. One



goal suggests a 10 percent reduction by the



year 2010 in the number of coastal water



bodies demonstrating severe impacts and a



25 percent reduction by 2020.



Large-scale eutrophication has also



occurred in seas around other developed



nations, including the Baltic Sea, eastern



North Sea, northern Adriatic Sea, north-



western Black Sea, and Japan’s Seto Inland



Sea. As in the U.S., these problems also



developed during the last half of the 20th



century with expanded use of chemical 



fertilizers and combustion of fossil fuels.



Coastal eutrophication is but one dimen-



sion of the significant modification of the



nitrogen cycle (Vitousek et al., 1997).



Globally, the amount of biologically avail-



able nitrogen added to the biosphere each



year has more than doubled the amount



made available by the natural sources of



plant fixation and lightning. In addition to



impacts on marine ecosystems, acid rain,



loss of forest soil fertility, emissions of



nitrous oxide (a greenhouse gas), and



reduction of plant biodiversity are other



consequences of the increasing flow of bio-



logically available nitrogen in the biosphere.



Consequences for Living Marine Resources



Nutrients are generally in short supply in



most ecosystems and microscopic and



macroscopic plants have adapted mecha-



nisms to assimilate them and grow when



they are available. The addition of nutrients



to an ecosystem affects not only how fast



plants grow but also which plants grow



most rapidly. These responses are affected



by many factors, including light, tempera-



ture, mixing and stratification of the water



column, the ratio of the various nutrients,



and grazing by animals. In marine ecosys-



tems, the rate at which plants create new



organic matter (primary production) is



closely related to nitrogen inputs (NRC,



2000a). Primary production doubled from



the beginning of the 1960s to 1990 in the



southern Kattegat between Denmark and



Sweden (Richardson and Heilman, 1995),



one of the few areas where primary produc-



tion has been consistently measured.



Similar dramatic increases in primary pro-



duction in the Chesapeake Bay (Cooper,



1995) and the northern Gulf of Mexico



(Rabalais et al., 1996) have been inferred



based on chemicals and fossils laid down in



bottom sediments.



Although much of the increased organ-



ic matter is consumed by zooplankton, bac-



teria, and bottom filter feeders, the amount
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of organic matter that falls to the bottom in



the form of dead plant cells and fecal matter



from grazing organisms is also increased.



This changes the food regime of organisms



living on the bottom or within bottom sed-



iments, initially increasing the abundance



of animals and microorganisms that con-



sume the rich organic deposits. However,



the respiration of these decomposer organ-



isms consumes oxygen. At first oxygen is



depleted in bottom sediments and, if



organic loading is heavy enough, the deficit



of oxygen reaches into the water column



above the seabed. The severity and persist-



ence of resulting hypoxia depend on the



stratification of the water column. Less



dense (warmer or fresher) surface waters



overlying more dense (colder or saltier)



bottom waters, with little mixing between



the layers, prevents supplies of oxygen from



surface waters from replenishing the oxygen



consumed by decomposers.



Severe hypoxia near the bottom has



become a more regular and extensive 



seasonal phenomenon in ecosystems such



as the Louisiana continental shelf (Rabalais 



et al., 1996), Chesapeake Bay (Boesch et al.,



in press), the western basin of Long Island



Sound (Long Island Sound Study, 1998),



and many other parts of the world (Diaz



and Rosenberg, 1995).



As bottom oxygen is depleted, many



organisms unable to swim away succumb.



Crustaceans, echinoderms, and mollusks are



particularly sensitive to the lack of oxygen



and the hydrogen sulfide that emanates



from putrefying sediments. Consequently,



benthic communities experiencing eutroph-



ication and hypoxic stress are altered and



have less species diversity. Substantial



changes in the production and composition



of benthic communities may be evident well



before severe hypoxic conditions occur in



overlying waters (Diaz and Rosenberg, 1995).



Hypoxic conditions in waters above the



seabed force fish and swimming invertebrates



to avoid the stressful conditions. Catches of



fish and shrimp in bottom trawls in the



Gulf of Mexico are dramatically lower or



nonexistent where bottom dissolved oxygen



levels fall below 2 mg/L (CENR, 2000). Fish



and crustaceans often move up in the water



column, where they are more susceptible to



predation. Hypoxia can also block normal



onshore-offshore migration. Despite these



apparent obstacles to survival, large-scale



hypoxia has not decimated the important



shrimp fisheries of the northern Gulf of



Mexico (CENR, 2000), although it may



have reduced the catch of brown shrimp



(Zimmerman and Nance, in press). Many



other factors affect shrimp populations,



rendering less-than-catastrophic effects due



to hypoxia difficult to detect. Bottom hypoxia



has resulted in declines in the catches in



demersal (living near the bottom) fisheries



in Europe and Japan (Caddy, 1993, 2000).



"Hypoxic conditions
in waters above 
the seabed force
fish and swimming 
invertebrates to
avoid the stressful
conditions."
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Nutrients are necessary to support the



productivity of marine food webs. Across



the full range of marine ecosystems, the



supply of nutrients—particularly nitrogen—



is positively correlated with fisheries yield



(Nixon et al., 1986). Although the general



relationship is undeniable, the strength of



coupling between nutrients and the pro-



duction of animals within a given ecosystem



has been called into question (Micheli, 1999).



Nonetheless, increases in the catch of some



fisheries have been observed in the North



and Baltic Seas and Seto Inland Sea in



Japan, concurrent with increases in nutrient



loading (Caddy, 1993). While some increases



are attributable to increased fishing pressure



or more efficient fishing paralleling increased



nutrient loadings, greater yields appear to



be at least in part due to nutrient stimulation



of the food chains supporting the fisheries.



Other factors can affect fisheries yield,



however, including climatic variation and



the effects of fishing itself on the food chain.



There is a strong global trend of “fishing



down the food chain,” wherein fishing is



targeted on smaller species once stocks of



higher predators are depleted (Pauly et al.,



1998). Under these conditions there is less



predation on mid-trophic level species,



allowing them to become more abundant.



These factors may result in increased yields



measured as biomass, but the economic



value of the fishery is typically smaller.



Eutrophication combined with



increased fishing intensity, results in higher



yields of small pelagic (living in the water



column) species and reduced yields of top



Figure 6
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predators and demersal (living near the bot-



tom) species (Figure 6). In the extreme case,



severe hypoxia and highly enriched food



chains favor gelatinous predators (jellyfish



and comb jellies) and result in the virtual



elimination of demersal resources and



reduction in small pelagic fish stocks (e.g.,



anchovies in the Black Sea). European seas



can be ordered based on relative harvests of



demersal and pelagic fisheries from the Irish



Sea, with low nutrient inputs and propor-



tionally greater demersal fisheries, to the



Adriatic and Black Seas, with high nutrient



inputs and predominantly pelagic fisheries



(Caddy, 2000). In the U.S., enriched systems



such as the Chesapeake Bay and northern



Gulf of Mexico exhibit high yields of a small



pelagic fish (menhaden). These systems have



also experienced overharvesting of top pred-



ators such as striped bass, red snapper, and



red drum and face current management



problems for demersal crustaceans such as



blue crabs and penaeid shrimp. The interac-



tions between fishing pressure and eutroph-



ication require that fisheries resources be



managed not only in a multispecies context



but also within an ecosystem framework.



That framework may need to take into



account human activities and natural



processes extending even into the water-



sheds that deliver fresh water and nutrients



to the sea (Caddy, 2000).



Seagrasses, seaweeds, and coral reefs



create important habitats that provide food



and shelter for a rich diversity of marine



organisms, but are very sensitive to nutrient



pollution. High nutrient levels in the water



column can stimulate luxuriant growth of



seagrass leaves, but there is insufficient rhi-



zome growth to tide the plants over during



periods of reduced photosynthesis. Reductions



in available light caused by increased phy-



toplankton density and the proliferation of



microscopic and macroscopic algae growing



on seagrass blades also adversely affect the



plants (Duarte, 1995). Seagrasses some-



times give way to fast growing macroalgae.



Ultimately, conditions may become too tur-



bid to support any macroscopic plants. As



seagrass beds are lost, sediments are more



easily eroded, causing the pace of loss to



accelerate. Significant seagrass losses caused



by excessive nutrient loadings have been



observed in bays and coastal lagoons in



New England, the mid-Atlantic region,



Florida, Texas, and California (Bricker 



et al., 1999), as well as in Europe, Australia,



and Japan (Duarte, 1995). On the other



hand, partial recovery of seagrass beds in



Sarasota, Tampa, and Chesapeake Bays has



been observed as a result of efforts to abate



nutrient pollution.



In the Baltic Sea, shallow rocky areas



once covered with brown seaweeds that



provide important spawning sites for fishes



changed to a plant community dominated



by rapidly growing green algae of little



habitat value (Jansson and Dahlberg, 1999).
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In the northwestern Black Sea, an extensive



meadow of red algae covering 4,000 square



miles in the 1950s was reduced to 200



square miles by the 1990s, causing a loss of



a harvested resource, the disappearance of a



unique fauna, and reduction in an important



source of oxygen (Zaitsev, 1999).



Reef-building corals have a symbiotic



relationship with algae (zooxanthellae) that



live in coral tissue and efficiently recycle



available nutrients. This relationship allows



corals to build reefs in clear waters with low



nutrient levels. Even small increases in nutrient



loads can stimulate phytoplankton and



reduce light availability for zooxanthellae in



the deeper parts of the reef. Elevated nutri-



ent levels or reduced light availability may



make already temperature-stressed corals



more prone to expelling zooxanthellae, pro-



ducing a “bleaching” effect (Brown, 2000).



Increased availability of nutrients can



shift an ecosystem dominated by corals and



coralline algae toward dominance by algal



turf and macroalgae (Bell, 1992; Lapointe,



1999). Nutrient stimulation due to sewage



additions was responsible for overgrowth of



coral reefs by macroalgae in Kaneohe Bay,



Hawaii, during the 1960s. Redirecting



sewage out of the bay reversed this situa-



tion (Smith et al., 1981). Grazing animals



normally prevent algal overgrowth, so when



overfishing reduces grazers, reefs may be



particularly susceptible to nutrient pollution



(Lapointe, 1999). Overenrichment may also



contribute to environmental stresses that



make corals susceptible to diseases that



appear to be increasing in distribution and



virulence (Harvell et al., 1999). Finally, a



recent study in Barbados found that boring



sponges, which weaken coral structures,



were more common in reefs experiencing



eutrophication (Holmes, 2000).



Probably no effect of nutrient pollution



has captured more public attention than



harmful algal blooms, though, in fact, the



causes of these blooms are complex and



incompletely understood. Harmful blooms



involve a variety of unicellular organisms



that create nuisance conditions in high con-



centrations, cause mass mortalities of



marine organisms, or illness—or even death



—in humans (Smayda, 1997). Included are



microscopic organisms (including red tides,



brown tides, and the notorious phantom



dinoflagellate, Pfiesteria piscicida) that



result in shellfish poisoning of humans,



cause fish kills, and jeopardize aquaculture



operations. The distribution, incidence, and



severity of harmful algal blooms have been



rising in recent decades, not only in the



United States but also in Europe, Japan, and



China (Hallegraeff, 1993). While nutrient



pollution is clearly not the cause of some



blooms, in other cases there is evidence that



changes in nutrient supplies and ratios are



a contributing factor (NRC, 2000a).



The chemical form and relative ratios



of available plant nutrients can cause shifts
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in phytoplankton composition and unusual



algal blooms. Organic nitrogen seems to



favor the organism causing brown tides and



possibly Pfiesteria in mid-Atlantic bays. A



shortage of silicon, a nutrient needed for



diatom growth, relative to the supplies of



nitrogen and phosphorus favors the growth



of flagellated phytoplankton, some species



of which are toxic (NRC, 2000a). Even if



the species favored are not toxic, changes 



in the proportions of various nutrients



delivered to coastal waters could change the



type as well as the amount of phytoplankton



that grows, with significant consequences



throughout the food web. Inputs of silicon



from land have declined in many regions as



a result of sediment entrapment behind



dams, while phosphorus inputs have



remained steady and nitrogen inputs have



increased (Justić et al., 1995; CENR, 2000).



Eutrophication usually results in reduc-



tions in species diversity of the affected



ecosystems and, if extensive and severe, can



impact biodiversity on a regional scale. In



the northwestern shelf of the Black Sea, for



example, only one-third as many benthic



animal species could be found within a given



depth zone in the 1980s as were found in the



1960s (Diaz and Rosenberg, 1995). There is



at this point no evidence that eutrophication



is threatening the global extinction of any



species. However, by isolating distinct sub-



populations, local extinction of a species in



one or two estuaries along a coast could



affect the genetic flow within the regional



population (NRC, 1995).



Eutrophication can also adversely affect



the services provided by marine ecosystems.



Nutrient removal by denitrification and



burial in bottom sediments may be one of



the most important services provided by



coastal ecosystems (Costanza et al., 1997).



However, when severe seasonal hypoxia



occurs, both phosphorus and ammonia are



released from bottom sediments, turning an



important sink for nutrient pollution into a



source—thereby fueling more hypoxia



(Boesch et al., in press). Through this and



other feedback mechanisms, eutrophic



ecosystems appear to be less resilient, i.e.,



they have less capacity to buffer changes



and recover from disturbances more slowly.



Sources and Trends



Human activities have increased the flow of



phosphorus to the world’s ocean by a factor



of three over natural rates and the flow of



nitrogen to U.S. coastal waters by four to



eight times (NRC, 2000a). The largest



human-controlled addition of nitrogen to the



environment is the manufacture of inorganic



nitrogen fertilizer. However, other activities,



including the combustion of fossil fuels and



cultivation of nitrogen-fixing crops, also 



convert atmospheric nitrogen into reduced,



oxidized, or organic forms that are more bio-



logically available than the gaseous nitrogen



that comprises most of the air we breathe.



About 20 percent of the fertilizer nitrogen



"Eutrophication 
usually results 
in reductions in
species diversity
of the affected
ecosystems and, 
if extensive and
severe, can impact
biodiversity on a
regional scale."
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applied in North America leaches into waters



and 65 percent is removed in crops (NRC,



2000a). Most of the crops (70 percent) are 



fed to animals rather than humans; thus the



amount of nitrogen reaching water bodies



from animal wastes probably exceeds that from



fertilizer runoff. Ammonia released into the air



from animal wastes can be an important path-



way though which nitrogen reaches coastal



waters (Box 5). Human sewage is also an



important avenue for nitrogen originally con-



tained in crops or meat to reach coastal waters.



The relative importance of the sources



of nutrients varies greatly among U.S.



coastal regions, depending on the charac-



teristics of their drainage basins, human



populations, intensity of agricultural activi-



ties, and amount of atmospheric deposition.



The percentages in Figure 7 are based on



relating source estimates to fluxes measured



through stream monitoring. Other statisti-



cal analyses across many watersheds (NRC,



2000a) suggest that atmospheric sources are



a somewhat more significant contributor to



diffuse source inputs than shown here, but



the interregional differences depicted are in



any case similar. Direct discharges of



sewage dominate nitrogen inputs in north-



eastern bays; otherwise diffuse sources pre-



dominate. Agricultural sources generally are



Atmospheric deposition of nitrogen has been consid-



ered primarily in terms of the nitrogen oxides (NOX)



produced by fossil-fuel combustion. However, recent



evidence shows that ammonia emissions from agricul-



tural operations can be a significant pathway for nitro-



gen inputs to coastal waters, accounting for as much



as half of the total nitrogen deposition in regions with



extensive livestock production (Walker et al., 2000). 



In the Chesapeake Bay watershed, agricultural live-



stock contribute an estimated 81 percent of the annu-



al atmospheric burden of ammonia (Chimka et al.,



1997). Ammonia volatilizes from animal wastes in



feeding operations, waste-storage facilities, and land



application of manure. Increases in deposition of



ammonia have occurred with expanding animal produc-



tion. For example, a 60 percent increase in ammonia



wet deposition was observed on the Delmarva



Peninsula during the past two decades when this



region experienced a 20-fold increase in poultry pro-



duction (Scudlark and Church, 1999). In eastern North



Carolina, ammonia wet deposition more than doubled



over the same time period (Paerl and Whitall, 1999) in



a region in which swine production tripled during the



last ten years (Mallin, 2000). 



Ammonia emissions also occur from various urban



sources, including combustion, POTWs, and chemical



plants. Recent modifications to gasoline-powered vehi-



cles designed to reduce NOX emissions (i.e., three-way



catalytic converters running rich air-fuel conditions)



actually increase ammonia emission rates (Fraser and



Cass, 1998). 



Box 5



Ammonia Emissions: An Emerging Issue











30



most important from the Chesapeake Bay



south, while atmospheric sources are greater



than agricultural sources in the Northeast.



Although global additions of nitrogen



to the biosphere are continuing to increase



rapidly (Vitousek et al., 1997), current



trends in nitrogen loadings to U.S. coastal



waters are in aggregate generally stable or



growing slowly (NRC, 2000a), while inputs



of phosphorus are stable or declining.



Although the worldwide use of chemical



fertilizers is growing and projected to



increase substantially to support an



expanding world population and increased



meat consumption (Forsberg, 1998), the



use of chemical fertilizers in the U.S. nearly



plateaued in the 1980s (NRC, 2000a).



However, increased inputs of both nitrogen



and phosphorus have occurred in regions of



the country experiencing an expansion and



intensification of animal-feeding operations



or human population growth. Future 



consumption of fertilizers and generation



of animal wastes in the U.S. could increase,



depending on global market forces.



Atmospheric deposition of nitrogen from



combustion of fossil fuels in vehicles and



power plants has stabilized over much of



the country as a result of pollution controls



imposed under the Clean Air Act, and



future efforts to improve air quality should



result in reductions (EPA, 2000c).



Population growth increases the



amount of sewage generated—a problem for



rapidly growing parts of the country.



However, where eutrophication is a recog-



nized problem, implementation of advanced



nitrogen removal technologies in POTWs



can keep pace with population increases. In



many coastal regions of the U.S., however,



the rate at which land that produces relatively



little nutrient runoff is converted into sub-



urban development, roads, and parking



lots—which increase water and nutrient



runoff—has been progressing much faster



than that of population growth.



The NOAA national eutrophication



assessment estimated that eutrophic 



conditions are likely to worsen in two-



thirds of the bays and estuaries examined



Figure 7
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(Bricker et al., 1999). However, the prospect



that emerges from the preceding analysis is



not one of runaway increases in nutrient



loading such as the nation experienced



between 1960 and 1990, but one of stability



or slower growth. This offers the real



potential for substantial reductions with



aggressive application of technologies. This



outlook varies, of course, among regions,



and coastal population growth near presently



unaffected but susceptible bays and estuaries



could greatly increase nutrient pollution in



those areas. One should not infer from this



that nutrient pollution is no longer a serious



problem. The effects of eutrophication on



coastal ecosystems are severe and widespread,



making its abatement worthwhile, while at



the same time challenging.



Pollution Abatement



Significant reduction in nutrient pollution



may be achieved by approaches that: (1)



reduce the use of the nutrients in the first



place; (2) control losses to the environment



at the point of release (e.g., farm field,



animal feeding operation, lawn or subdivi-



sion, vehicle, power plant, or POTW); and



(3) sequester or remove pollutants as they



are transported to the sea.



Phosphorus can be almost completely



removed from wastewaters by additional



chemical and biological treatment.



Phosphorus removal from discharges into



the Potomac estuary below Washington, D.C.,



produced substantial improvements in



water quality and living resources (Jaworski,



1990). Significant nitrogen removal has



been achieved in Chesapeake, Tampa, and



Sarasota Bays by biological nutrient



removal—a process in which one group of



microorganisms convert wastewater ammo-



nia to nitrate and another converts nitrate



to nitrogen gas (NRC, 1993a, 2000a).



Reductions in nitrogen oxide (NOX)



emissions to the atmosphere have been driven



by air quality considerations generally out-



side the influence of water quality or coastal



ecosystem managers. For example, in 1987



the Chesapeake Bay Program established a



goal to reduce the controllable nitrogen



inputs by 40 percent, but specifically exclud-



ed atmospheric deposition from the sources



considered “controllable.” Nitrogen oxide



emissions from power plants and vehicles



are regulated under the Clean Air Act (CAA);



a key goal of the 1990 amendments of the



act is to reduce ground-level ozone that



poses human health risks and stresses forests



and crops. Significant reductions in NOX



emissions from stationary and mobile



sources are in the offing to meet CAA



requirements. The EPA estimates that a 40



percent reduction in NOX emissions can ulti-



mately be achieved as a result of new stan-



dards, technologies, and efficiencies being



pursued under the Clean Air Act. Atmospheric



deposition of nitrogen may be far more



“controllable” than previously thought.
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Abatement of agricultural sources of



nutrient pollution may prove to be a more



difficult challenge. To be practical, abatement



of agricultural sources of nutrients must



focus not only on reducing fertilizer use but



also on plugging the many leaks in agricul-



tural nutrient cycles. Efficiencies in fertilizer



use in U.S. agriculture, measured by the ratio



of nitrogen in harvested crops to nitrogen in



fertilizer applied, have been slowly but



steadily increasing since the mid-1970s



(Frink et al., 1999). Nevertheless, about one-



third of the nitrogen applied is not recovered



in harvested crops (NRC, 2000a). Not all of



the missing nitrogen contributes to eutrophi-



cation of coastal waters. Much is denitrified



in soils or aquatic systems en route to the sea



or is stored in soils or groundwater. In addi-



tion to increasing the efficiency of nitrogen



uptake by crops, the return of nitrogen gas to



the atmosphere can be enhanced through



management practices.



Various agricultural practices affect



nitrogen and phosphorus runoff and losses



to groundwater (which ultimately seeps



into surface waters). Practices employed to



reduce soil erosion, such as contour plow-



ing, timing of cultivation, conservation



tillage (little or no tilling), stream-bank



protection, grazing management, and grassed



waterways also reduce nutrient pollution.



Other practices are more specifically targeted



to the efficient use and retention of nutri-



ents: (1) soil testing to precisely match fer-



tilizer applications to crop nutritional



needs (many farmers still overapply to



ensure maximum crop yields); (2) applying



fertilizer only at the time the crop needs it;



(3) crop rotation; (4) planting cover crops



in the fall; (5) using soil and manure



amendments; and (6) specialized methods



of application (NRC, 1993b, 2000a).



Landscape practices such as maintaining



buffer strips between cultivated fields and



nearby streams, moderating excessive



drainage by ditches and tile lines, and



maintaining wooded riparian areas can 



further reduce the leakage of agricultural



nutrients to surface waters. By combining



these approaches a significant portion of



the edge-of-field nitrogen losses can be



reduced (Boesch and Brinsfield, 2000).



Often, animal wastes are the most sig-



nificant source of nutrient pollution from



agriculture. Although the total production



of livestock in the U.S. has not dramatically



increased in recent years, the number and



size of concentrated animal feeding opera-



tions have. Enclosures or trapping devices



may eventually be required to stem ammo-



nia emissions from animal wastes. Manure



management also presents a risk of pollution



if holding facilities fail or do not function



properly (Mallin, 2000). Finally, frequently



too much manure is produced within a



geographic area for it to be applied to near-



by land without overloading soils with



nutrients (NRC, 2000a).



"Significant reductions
in NOX emissions
from stationary and
mobile sources are in
the offing to meet
CAA requirements."
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Urban runoff can also be an important



diffuse source of nutrients. Reduction and



control of urban and suburban diffuse



sources can be achieved through: (1) reduc-



tions in the use of fertilizers; (2) effective



and well-maintained stormwater collection



systems (retention ponds can remove 30 to



40 percent of the total nitrogen and 50 to



60 percent of the total phosphorus); and



(3) improved septic systems that promote



denitrification (NRC, 2000a). Preservation



and restoration of riparian zones and



streams within urban and suburban areas is



also an important aspect of effective nutri-



ent control. However, the ability of streams



to function effectively in nutrient removal is



compromised when a significant portion of



their watersheds is covered by impervious



surfaces and the amplified runoff scours the



streambeds (Booth and Jackson, 1997).



Removing or sequestering pollutants as



they are transported downstream can also



abate nutrient pollution. Many American



watersheds were once sponge-like, containing



extensive floodplains and wetlands that



slowed the flow of water and served as sinks



for dissolved and suspended nutrients.



However, well over half of the wetlands pres-



ent in the conterminous United States at the



time of European settlement have been con-



verted to other land uses and the percentage



of inland swamps and riparian wetlands lost



is even greater (Mitsch and Gosselink, 2000).



Many floodplains have been disconnected



from their rivers by flood-control projects or



agricultural conversion and no longer serve



as nutrient sinks.



Reducing and controlling diffuse sources



of land runoff must involve large-scale



landscape management, including restoration



of riparian zones and wetlands (NRC, 1999c).



The integrated assessment of hypoxia in the



Gulf of Mexico estimated that 5 million



acres of restored wetlands in the Mississippi



River Basin would reduce nitrogen loading



to the Gulf by 20 percent. Coupled with



feasible controls in agriculture, this would



achieve a nearly 40 percent reduction in



nitrogen delivered to the Gulf. Similarly, the



Chesapeake Bay Program is striving to



reforest 2,000 miles of riparian zones and



restore 25,000 acres of wetlands by 2010 in



order to achieve nutrient-reduction goals



(Boesch et al., in press).



Geographically targeting riparian and



wetland restoration is critical to its effective-



ness in nutrient control. Statistical models



based on water quality measurements



throughout the Mississippi River Basin show



that the percentage of nitrogen leached from



a field that reaches the Gulf of Mexico



depends greatly on its proximity to larger



streams and rivers (Alexander et al., 2000).



Biological uptake and denitrification are



already effective in small watercourses;



therefore restoration of riparian and wetland



habitats along moderate to large streams



should be more cost-effective. However,



because of equity considerations, both



"Geographically 
targeting riparian 
and wetland restora-
tion is critical to 
its effectiveness in 
nutrient control."
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incentives (subsidies and cost sharing, tech-



nical assistance, and insurance) and disin-



centives (regulatory controls, taxes, and fees)



for abatement tend to be applied uniformly.



Watershed Approaches



A given body of coastal water (bay, estuary,



or continental shelf region) receives nutrients



from numerous sources; thus an integrated



strategy for effective abatement of nutrient



pollution is required. Because of the impor-



tance of diffuse sources, the strategy should



encompass the catchment basin, or water-



shed, draining into the coastal waters.



Moreover, it may have to consider nutrients



originating outside the watershed but



Provisions of both the Clean Water Act (CWA) and



Coastal Zone Management Act (CZMA) address dif-



fuse, or nonpoint, sources of nutrient pollution; howev-



er, neither law has been very effective in controlling



these sources. The implementation of provisions has



been poorly funded, and arguably too much discretion



is granted to states and local authorities (Adler, 1995;



Johnson, 1999). A central programmatic shortcoming



is the fundamental difficulty of influencing local land



uses in order to obtain water-quality objectives. Under



Section 208 of the 1972 CWA amendments, states



were provided support and wide latitude in developing



regional plans that identified point and nonpoint



sources of pollution and methods, including land-use



requirements, to control the sources (Anderson,



1999). However, the plans developed proved difficult



to implement (Adler, 1995). 



Section 319 of the 1987 CWA amendments



requires the states to report on waters where nonpoint



sources are problematic and identify best management



practices and programs for source control. Section



319 moved toward, if not fully embraced, a watershed



approach. State participation remained voluntary and



EPA did not require states to penalize nonpoint-source



polluters failing to adopt best management practices



(Johnson, 1999). Lack of authority, enforcement, and



monitoring clearly limited the effectiveness of the 319



efforts (Ruhl, 2000; Anderson, 1999). 



In 1990 the reauthorized CZMA included Section



6217, under which states were required to implement



enforceable policies to control nonpoint sources



affecting coastal waters. Plans were originally required



by 1995, but difficulties in implementation and coordi-



nation arose. Greater flexibility in plans was allowed



and the period of implementation was extended to 15



years (NOAA, 2000). 



Section 303 of the CWA requires the determination



of a total maximum daily load (TMDL) of pollutants,



including those from nonpoint sources, that can be



accommodated by an impaired water body in order for



it to meet water-quality standards for its designated



use (Healy, 1997). A waste-load allocation then appor-



tions the TMDL among the sources. This provision was



not applied until lawsuits in the 1990s mandated EPA



to establish TMDLs. Technical difficulties in determin-



ing TMDLs, legal issues regarding allocating loads



among the sources, and the weak authority to regulate



nonpoint sources remain serious barriers (Ruhl, 2000).



Meanwhile, Congress prohibited EPA expenditures on



further implementation of TMDLs during Fiscal Year



2001 (Copeland, 2000).



Box 6



Nonpoint Sources: Acts and Actions











"Monitoring is critical
in determining the
effectiveness of 
abatement strategies,
evaluating responses
of the ecosystem, 
and placing these
responses in the 
context of ecosystem
variability." 
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transported into it through the atmosphere.



These are nonconventional units for ocean



and coastal resource management and pose



numerous challenges.



Recognition of the importance of diffuse-



source pollution within a watershed is not



new. Federal water-quality and coastal-man-



agement statutes include provisions for the



assessment and control of nonpoint source



pollution (Box 6), but to date they have been



largely ineffective in limiting or reversing



nutrient pollution of coastal waters. Their



implementation has been long on planning



and short on actions needed to control dif-



fuse sources. In addition to the difficulties



in determining management goals, accept-



able nutrient loads, and efficient and equi-



table allocations among sources, substantial



reliance on voluntary rather than mandatory



reductions of diffuse sources has constrained



the effectiveness of source-reduction efforts



(NRC, 2000a).



These shortcomings are evidenced by



the fact that 44 percent of the estuarine area



assessed in 1998 did not fully meet the stan-



dards to support the designated uses (EPA,



2000a). Pathogens, organic enrichment, low



dissolved oxygen, municipal point sources,



urban runoff, and atmospheric deposition



were the primary reasons, and diffuse-



source pollution was a common culprit.



Concerted efforts to reverse nutrient



pollution have been undertaken in some



watersheds. In 1987 Pennsylvania,



Maryland, Virginia, the District of Columbia,



and the federal government committed to a



40 percent reduction in the “controllable”



inputs of both nitrogen and phosphorus



into the Chesapeake Bay by the year 2000.



At about that same time, commitments



were also being made for reductions of 50



percent of nutrient inputs into the North



and Baltic Seas (Boesch and Brinsfield,



2000). Current estimates for the Chesapeake



are that a 34 percent reduction in control-



lable phosphorus and a 28 percent reduction



in controllable nitrogen will have been



achieved by the end of 2000 (equivalent to



31 and 15 percent of the total loads, respec-



tively; Blankenship, 2000). These are model



simulations, but significant reductions in



nutrient concentrations in rivers flowing



into the Chesapeake Bay and in point-



source discharges have been documented



(Boesch et al., in press). These gains for the



Chesapeake and European waters indicate



that a watershed approach to reducing



nutrient pollution can work, but so far 



successes have relied disproportionately 



on point-source controls. Under a new



Chesapeake Bay agreement, more significant



load reductions necessary to attain water-



quality goals are being determined through



a TMDL process (Box 6). Achieving these



reductions will require a more rigorous



effort to control diffuse sources.



Nitrogen inputs to Tampa Bay have 



also been reduced, again largely as a result



of advanced treatment of sewage. Seagrass 











beds showed some recovery as a result



(Lewis et al., 1998). A decrease in anthro-



pogenic nitrogen inputs of 58.5 percent is



the management goal for Long Island Sound



(Long Island Sound Study, 1998). Direct



discharges dominate nutrient sources there,



thus biological nutrient removal at



POTWs—at an estimated capital cost of



more than 300 million dollars—is being



counted on for most of this reduction.



Watershed approaches are being pursued



in controlling diffuse sources of nutrients



and other pollutants in many other U.S. bays



and estuaries. In most, voluntary approaches



to the pollution abatement are preferred;



however, regulatory approaches are becom-



ing more necessary, particularly as a result of



the TMDL process (NRC, 2000a).



Watershed approaches place a premium



on environmental modeling and monitor-



ing (NRC, 2000a) in an adaptive manage-



ment framework (Lee, 1993; CENR, 2000).



Models are needed to track sources through



the watershed, target abatement, and relate



pollutant inputs to marine ecosystem



responses. Monitoring is critical in deter-



mining the effectiveness of abatement



strategies, evaluating responses of the



ecosystem, and placing these responses 



in the context of ecosystem variability.
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Implications for 
National Ocean Policy



Determining the degree to which pollution



affects marine living resources, biodiversity,



and ecosystem services and comparing



these effects to those due to fishing, habitat



modification, and global climate change are



extremely difficult. Effects of pollution



must be separated from those due to natural



variability and other human activities.



Furthermore, the broader consequences of



sublethal or localized effects for populations



and ecosystems are seldom clear. The rami-



fications for biodiversity and living resource



production of localized toxic effects or even



the more extensive effects of nutrient pollu-



tion are difficult to quantify.



For the most part, the effects of pollution



are reversible and respond to pollution



abatement. The exception may be when



marine mammals and birds are endangered



by mass mortalities or reproductive failures



resulting from toxic contaminants. Recovery



can, however, be problematic and recovery



times long, particularly with regard to per-



sistent contaminants and permanent land-



scape changes that affect the delivery of



pollutants from the watershed.



The nation’s ocean and coastal ecosystems



are being simultaneously affected by fishing



activities (exploitation of target species,



“bycatch,” and effects of trawling), habitat



modification from coastal development, and



climate change, as well as by pollution. The



relative importance of pollution as a threat



to living resources depends on the region.



Pollution is a fundamental concern in areas



such as Boston Harbor, the northern Gulf of



Mexico continental shelf, or the Chesapeake



Bay. It is difficult to imagine environmental



restoration and adequate resource manage-



ment without controlling pollution. In other



areas, pollution is much less a factor and



habitat modification or fishing effects are far



more important.



Most coastal ecosystems, in fact, experi-



ence multiple stresses. These stresses interact



and, consequently, require integrated man-



agement solutions. Many coastal bays, for



example, have been made less resilient to



nutrient pollution because their oyster pop-



ulations, which can filter out substantial



amounts of organic matter, have been



depleted. Furthermore, eutrophication will



be influenced by the effects of climate



change on freshwater runoff and water



stratification (Justić et al.,1996; Najjar 



et al., 2000). And, overfishing of grazers



makes coral reefs more susceptible to nutri-



ent pollution (Lapointe, 1999). Multiple



V.



Pollution in Context
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stresses can influence biodiversity on



regional scales. For example, of 31 species



of mammals, birds, and fish that have dis-



appeared along the coast of the Netherlands



over the past 2,000 years, 18 to 22 were as a



result of overexploitation, 9 to 12 due to



physical destruction of habitat, and 3 to 5



attributable to pollution (Wolff, 2000).



Priorities



Considerable strides have been made in



reducing “conventional” forms of pollution



over the last 30 years by implementation of



the Clean Water Act and other federal, state,



and local programs. Although further



improvements are undoubtedly needed,



technology-driven requirements and discharge



permitting have been successful in greatly



lowering the inputs of many contaminants



into U.S. coastal waters. The dumping of



sewage sludge and other wastes in the ocean



was eliminated. The adverse effects of several



manufactured chemicals (DDT, PCBs, and



TBT) were uncovered and their use was dis-



continued or severely restricted.



This is not to say that protection of living



marine resources from toxic wastes is no



longer an important consideration for ocean



policy. Decisions about managing legacy



contamination and allowing the use of new



chemicals still confront us. Atmospheric



deposition and runoff from urban, suburban,



and agricultural lands are now predominant



pathways for toxic contaminants entering



many coastal ecosystems. Abating these



sources will require major commitments



and innovative approaches.



We now realize that nutrients leaking



from our land-based economy—from agri-



culture, transportation, power generation,



and people—are having profound effects on



coastal marine ecosystems over larger scales



than imagined 30 years ago. The National



Research Council (2000a) recommended



that reducing nutrient pollution should be



a national priority. Our society has just



barely begun to accept and address this



problem. Significant challenges lie ahead,



particularly in ameliorating nitrogen pollu-



tion from diffuse sources.



Scales of Pollution Abatement



Meeting environmental quality objectives



for the coastal ocean will require pollution



abatement efforts at several scales. At the



largest scale, managing anthropogenic alter-



ations of the atmosphere and landscape well



beyond the traditional “coastal zone” is



required. Abating diffuse sources of pollu-



tion necessitates national laws and programs



that harmonize agriculture, water resource,



air quality, transportation, and land conser-



vation policies with coastal environmental



quality objectives. For example, the next



reauthorization of the Farm Act should



contribute to the reduction of nutrient pol-



lution of coastal waters by targeting incen-



tives, subsidies, and assistance while also



"We now realize that
nutrients leaking from
our land-based economy
—from agriculture, 
transportation, power
generation, and people—
are having profound
effects on coastal marine
ecosystems over larger
scales than imagined 
30 years ago."
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ensuring economically and socially viable



agriculture for the nation.



At the programmatic scale, controlling



diffuse sources is clearly the principal 



challenge for marine pollution abatement.



The missing link for the next level of envi-



ronmental advance is the design and imple-



mentation of sustained programs and



institutions that address these diffuse



sources and provide solutions that are



acceptable to American society. Watershed



approaches provide a framework but are



constrained by weak authorities and the



preeminence of traditional governance at



state and local levels. The National Research



Council (2000a) noted that effective control



of multiple sources of nutrients and contam-



inants on watershed scales would require a



mix of voluntary and mandatory approaches



and hybrids of these two extremes. Incentives



and disincentives included in statutes and



management practices can be very important



in promoting and shaping voluntary actions



involving agriculture and land uses. At the



same time, more effective compliance with



mandates, such as those already applicable to



urban stormwater runoff, should be required.



At the individual scale, many discrete



gains may be realized. More demanding



treatment standards than those generally



applicable can be required where water



quality is seriously impaired. Such case-



specific requirements generally force tech-



nological innovations that are eventually



applied more broadly.



Marine Ecosystem Management and Science



Effective ocean resource policies and man-



agement regimes must be integrated. Not



only must they manage the fish, habitats,



and pollution of the coastal ocean more



compatibly, but they must also consider



and coordinate with land-based activities.



Existing regional programs that link activi-



ties in the watershed with coastal ecosystem



management represent an important start,



but much more remains to be accomplished



to achieve full integration.



Recognizing inherent uncertainties,



policies, and management regimes must



also be precautionary and adaptive. As stated



in the United Nations’ Rio Declaration,



the precautionary principle requires that:



“where there are threats of serious or irre-



versible damage, lack of full scientific 



certainty shall not be used as a reason for



postponing cost-effective measures to 



prevent environmental degradation.”



Environmental decision-making in the



United States has increasingly adopted a



more precautionary approach—for example,



in the testing of new pesticides and other



chemicals before their release in the envi-



ronment. While application of the precau-



tionary principle may be straightforward in



the screening of new chemicals or deter-



mining the suitability of dredged material
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for ocean disposal, it is harder when the



ecosystems are already degraded or deci-



sions concern which of many pollutant



sources to reduce. Adaptive management



involves periodic reevaluation and adjust-



ment of the abatement approach based on



careful observation of outcomes.



Integration, precaution, and adaptation



in environmental policies and management



all rely heavily on science. Scientific research



and assessment must not only integrate



across scientific disciplines but also address



the interactions among the atmosphere,



watersheds, and the ocean and relate pollu-



tion and other stresses to living marine



resources and ecosystem services. The pre-



cautionary principle challenges science to



quantify risk and determine the level of



potential harm required to trigger its appli-



cation. Adaptive management depends



heavily on careful observations and compar-



ison of outcomes to predictions.



Research, monitoring, and assessment



relevant to marine pollution need improved



strategic focus, organization, and commit-



ment in order to fulfill these roles. The fun-



damental underpinnings of knowledge of



complex environmental processes must be



bolstered. The National Research Council



(2000b) has identified grand challenges for



environmental sciences, several of which are



appropriate to marine pollution issues: bio-



geochemical cycles, biological diversity and



ecosystem functioning, climate variability,



hydrological forcing, land-use dynamics,



and reinventing the use of materials.



Traditional environmental monitoring



programs have emphasized relatively static



parameters (e.g., contaminant concentrations



in sediments or shellfish) rather than the



dynamic parameters (e.g., primary produc-



tion and dissolved oxygen) associated with



the effects of nutrient pollution. Observing



and understanding the effects of pollution



should be an important objective of the sus-



tained, integrated coastal ocean-observing



system that is being developed for the



nation (Nowlin and Malone, 1999). New



sensor technologies, satellite measurements,



and vast data storage and computational



capabilities provide breakthrough opportu-



nities to observe the environment on the



appropriate space and time scales needed to



address phenomena, such as eutrophication



and harmful algal blooms, which occur over



large areas but are highly variable in time.



Observations and research must be



brought together in assessments that address



key management questions and make useful



predictions of probable outcomes. Predictions



and observations must continually interact



to support adaptive management. This will



require new institutional arrangements and



sustained commitments that support scien-



tific integration and applied predictions.











41



Call out



Conclusions



Significant accomplishments were realized



during the last 30 years in reducing the pol-



lution of U.S. ocean and coastal waters by



improving the treatment of waste discharges,



ceasing most ocean dumping, and eliminating



or restricting the use of certain persistent



toxicants. Substantial reductions were real-



ized in the inputs of a number of potentially



toxic contaminants and organic wastes.



Pollutant inputs from regulated discharges



will likely continue to decline in order to



attain water-quality standards. However,



except for the banned and restricted chemi-



cals, inputs of pollutants from diffuse



sources—including land runoff—were



largely unabated or actually increased dur-



ing the same 30 years. Diffuse sources now



contribute more than direct discharges for



many pollutants.



Although it is difficult to extrapolate



effects observed in laboratory experiments,



it is clear that toxic contaminants chronically



affect marine organisms at least over limited,



but widely distributed areas in U.S. coastal



waters near heavily populated areas.



Toxicants can also affect marine mammals



and birds that concentrate organic com-



pounds in fatty tissues, sometimes far from



the pollution source.



Persistent and bioaccumulative toxicants



remain in the ocean and coastal environment



for long periods after their sources have



been eliminated or substantially reduced. In



many cases little can be done until the sub-



stances are gradually degraded or removed



from the ecosystem. However, isolated sites



have extremely high concentrations of toxi-



cants in bottom sediments, from which



they can be reintroduced to the ecosystem.



Capping and removal options should be



thoroughly evaluated by carefully weighing



risks of alternative options.



Overenrichment by plant nutrients,



particularly nitrogen, has emerged as the



most pervasive pollution risk for living



resources and biodiversity in coastal ocean



ecosystems. Many of the nation’s coastal



environments exhibit symptoms of overen-



richment, including algal blooms (some of



which may be toxic), loss of seagrasses and



coral reefs, and serious oxygen depletion.



Consequences include reduced production



of valuable fisheries, threats to biodiversity



on regional scales, diminished ecosystem



services, and less resilient ecosystems.



Hard-to-control, diffuse sources—often



from far inland—dominate nutrient inputs



into most overenriched ecosystems. These



"Overenrichment 
by plant nutrients, 
particularly nitro-
gen, has emerged
as the most perva-
sive pollution risk
for living resources
and biodiversity in
coastal ocean
ecosystems."



VI.
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sources grew dramatically in the last half of



the 20th century as a result of increases in the



use of chemical fertilizers, more intensive 



animal agriculture, and the combustion of



fossil fuels that release nitrogen oxides into



the air. Only recently has nutrient removal



been incorporated in advanced treatment of



point sources of wastes. New emission stan-



dards to meet air-quality objectives, if fully



implemented, could reduce atmospheric dep-



osition of nitrogen by 40 percent. Reduction



of agricultural sources of nutrients has been



more recalcitrant but it is feasible through



improved practices and watershed restoration.



Reversing and controlling diffuse



sources of pollution, including nutrients,



requires an integrated approach on the



scale of an entire drainage basin. The legal



and institutional mechanisms available for



reducing diffuse-source pollution have thus



far been only modestly successful, but



watershed management approaches are



beginning to have an effect. A combination



of voluntary and mandatory actions will be



required, assisted by governmental incen-



tives such as tax benefits and subsidies and



disincentives. To be most effective, these



incentives and disincentives should be 



targeted geographically. From the broadest 



policy perspective, effective ocean policy



must extend well beyond the ocean and



coastal zone to influence agricultural, ener-



gy, transportation, water resources, and



land-use policies.



Science must play a key role in advancing



marine ecosystem management that is inte-



grated, precautionary, and adaptive. Sustained



observations of changes related to pollution



should be a key part of the nation’s integrated



ocean-observing system. These results should



be coupled with strategic research and models



to improve predictions needed for adaptive



ecosystem management.
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INTRODUCTION



The North Atlantic right whale Eubalaena glacialis
is one of the most endangered whale species, with a
current population estimated at roughly 350 to 400
individuals (Clapham et al. 1999, Hamilton et al. 2007).
Despite efforts to conserve this endangered species,
little recovery has occurred since the whaling ban put
in place during the 1930s (Knowlton & Kraus 2001,



Greene & Pershing 2004, Kraus & Rolland 2007). More-
over, population growth models have shown that the
North Atlantic right whale population was in decline
throughout the 1990s and could become extinct in less
than 2 centuries if current trends persist (Caswell et al.
1999, Fujiwara & Caswell 2001). Among the major
threats to conserving the E. glacialis population are
anthropogenic factors, of which ship collisions and
fishing gear entanglements are the main contributors
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(Clapham et al. 1999, Knowlton & Kraus 2001). An
overall low reproductive rate coupled with highly vari-
able annual calving numbers represent further imped-
iments to the recovery of this species (Kraus et al. 2001,
2007). Reproductive abnormalities were especially pro-
nounced during the 1990s when the interval between
calving for mature females increased from about 3.5  to
almost 6 yr, and the age of first parturition also
increased. Although causes of the apparent repro-
ductive dysfunction in E. glacialis are not clear, repro-
ductive success may be affected by habitat loss or
degradation, nutritional stress, low genetic variability,
disease, and sublethal exposure to pollutants as well as
natural toxins such as paralytic shellfish poisoning
(PSP) and amnesic shellfish poisoning (ASP) toxins
produced by marine microalgae (Reeves et al. 2001).



ASP is a syndrome resulting from human ingestion of
seafood, primarily shellfish, contaminated with domoic
acid (DA), a potent water-soluble neurotoxin produced
by certain species of the diatom genus Pseudo-
nitzschia. DA binds with high affinity to kainate sub-
types of glutamate receptors and also activates N-
methyl D-aspartate (NMDA) ionotropic receptors,
leading to neuronal excitotoxicity and degeneration
(Berman et al. 2002, Ramsdell 2007). The first and only
reported human ASP incident occurred in 1987 when
over 100 people were poisoned by eating DA-contami-
nated mussels from Prince Edward Island, Canada
(Perl et al. 1990). Many marine mammal and bird
deaths have also been attributed to DA exposure
through trophic transfer of the toxin via vector species.
In 1991 over 145 brown pelicans Pelicanus occidentalis
and Brandt’s cormorants Phalacrocorax penicillatus
died in Monterey Bay, CA, USA, after ingesting DA-
contaminated northern anchovies Engraulis mordax
(Work et al. 1993). In 1998 during a Pseudo-nitzschia
australis bloom off the California coast, over 400 Cali-
fornia sea lions Zalophus californianus stranded after
being exposed to DA via ingestion of anchovies and
sardines (Lefebvre et al. 1999, Scholin et al. 2000).
Since then, many smaller scale mortality events associ-
ated with DA and involving mostly sea lions, but also
other pinnipeds and cetaceans, have continued to
occur in this region (reviewed by Van Dolah 2005).



Recent work has indicated that DA exposure in Cal-
ifornia sea lions resulted in reproductive failure in 209
stranded females, with symptoms including abortion,
death in utero, and premature parturition (Brodie et al.
2006). Moreover, even low levels of exposure to this
toxin have been proposed to cause fetal poisoning that
manifests as neurological disease in adult animals later
in life (Ramsdell & Zabka 2008). In light of the appar-
ent reproductive abnormalities in Eubalaena glacialis
(Kraus et al. 2007) and the well-documented occur-
rence of DA-producing Pseudo-nitzschia spp. on their



spring and summer feeding grounds (Kaczmarska et
al. 2005), it is reasonable to suspect that these right
whales may be exposed to this algal biotoxin.



During the summer months, Eubalaena glacialis
migrate to the waters of the Gulf of Maine, USA, and
Bay of Fundy, Canada, to feed almost exclusively on
the predominant marine copepod, Calanus finmar-
chicus (Murison & Gaskin 1989, Kenney et al. 2001,
Baumgartner et al. 2003a,b, Baumgartner & Mate
2003, 2005). Recently, Durbin et al. (2002) and Dou-
cette et al. (2006) demonstrated that E. glacialis was
exposed to PSP toxins by ingesting contaminated C.
finmarchicus; nevertheless, to date there have been no
investigations of North Atlantic right whale exposure
to domoic acid. The primary objective of this study was
to assess the presence of DA in North Atlantic right
whale feces while on their feeding grounds. This infor-
mation will aid in establishing the risk of E. glacialis
exposure to this potent neurotoxin, as well as provid-
ing a foundation for further investigation of its poten-
tial effects on right whale health and reproduction.
Our work was also aimed at establishing a possible
route(s) for DA trophic transfer from its algal producers
to right whales and identifying Pseudo-nitzschia spe-
cies serving as the possible toxin source(s).



MATERIALS AND METHODS



Fecal sample collection. North Atlantic right whale
fecal samples were collected in proximity to feeding
whales in 2005 and 2006 during cruises covering the
Great South Channel, Bay of Fundy, and Roseway
Basin areas of the western North Atlantic (Fig. 1).
Floating fecal samples were located opportunistically
during boat-based population surveys and by directed
fecal sampling surveys using a scent detection dog
trained to target right whale feces (Rolland et al. 2006).
Samples were harvested using a custom-made 300 µm
mesh net attached to a pole (Sea-Gear). Sub-samples
were placed in 50 ml polypropylene centrifuge tubes
on ice and stored frozen (–20°C) upon return to the
field station until shipped overnight on dry ice to the
NOAA Charleston Laboratory (Charleston, SC). Fecal
material from one Cape Cod Bay (1999) and one Great
South Channel (2005) stranded right whale (Fig. 1)
were provided by Dr. M. Moore (Woods Hole Oceano-
graphic Institution, Woods Hole, MA, USA). Aliquots of
all fecal samples were shipped in the above manner to
the NOAA Charleston Laboratory and stored at –80°C
until analyzed.



Plankton collection. Zooplankton samples (mostly
copepods) were harvested in the vicinity of sighted
Eubalaena glacialis using 333 µm mesh bongo nets
during 2 separate research cruises conducted in the
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Bay of Fundy, Roseway Basin, and Georges Bank areas
(Fig. 1) from July through September 2005 (n = 11) and
2006 (n = 27) by Drs. T. Cole (National Marine Fish-
eries Service, Woods Hole, MA, USA) and H. Koopman
(Univ. of N. Carolina, Wilmington, NC, USA), respec-
tively. Bongo nets were towed obliquely from surface
down to approximately 200 m in depth for 3 to 19 min.
Material was filtered through a sieve (333 µm mesh),
frozen on site (–10°C), and later sent to the NOAA
Charleston Laboratory where they were stored at
–80°C until analyzed.



Phytoplankton samples for species identification
were collected simultaneously with fecal samples in
the Bay of Fundy (August through September 2006; n =
10) using a 10 µm mesh plankton net (Sea-Gear). Ver-
tical net tows were performed down to a depth of 5 m
and contents preserved in 2% acidified formalin (1:1
ratio of formalin:acetic acid) until examined by elec-
tron microscopy (EM). Surface bucket samples (n = 10)
were collected concurrently with net tows for total
Pseudo-nitzschia cell counts and toxin analysis. Briefly,
seawater samples (4 to 8 l) were passed through a cus-
tom-made sieve (10 µm mesh), preserved in 2% acidi-
fied formalin and refrigerated until examined by light
microscopy. Subsets of each seawater sample (300 to



600 ml) were filtered through 47 mm diam GF/F glass
fiber filters for toxin analysis. Filters were placed
immediately in cryovials, frozen in liquid nitrogen
vapor, and later shipped on dry ice to the NOAA
Charleston Laboratory where they were stored (–80°C)
until analyzed. Surface seawater samples (n = 11) were
collected in 2005 by Dr. T. Cole (July and August) as
described previously and used for Pseudo-nitzschia
spp. identification and enumeration by electron and
light microscopy.



Toxin extraction. DA was extracted from fecal sam-
ples as described in Lefebvre et al. (2002) with several
modifications. A 1:4 ratio (w/v) of each fecal sample (2
to 4 g) to extraction solvent (50% aqueous methanol)
was sonicated (450 W; Sonifier S-450A; Branson Ultra-
sonics) on ice for 2 min and centrifuged (IEC Multi RF;
Thermo Electron) at 5500 × g for 10 min. The resulting
supernatants were filtered through 0.45 µm followed
by 0.22 µm hydrophilic polypropylene (GHP) filter
disks (Acrodisc; Pall Life Sciences) into 5 ml glass vials
and stored frozen (–20°C).



Extraction of DA from phytoplankton samples fol-
lowed the method outlined in Scholin et al. (2000):
GF/F filters were submerged in 4 ml of 10% aqueous
methanol in glass extraction tubes and ground with a
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Fig. 1. Zooplankton and fecal sample collection sites: Bay of Fundy (BOF), Roseway Basin (RB), Georges Bank (GB), Great South 
Channel (GSC), and Cape Cod Bay (CCB). Circles denote sample collection perimeters
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Teflon pestle at room temperature for 1 min (250 rpm).
The resulting homogenate was centrifuged for 1 min at
52 × g (IEC Centra GP8R; Thermo Electron) and soni-
cated (450 W) on an ice slurry for an additional 1 min.
Extracts were centrifuged for 1 min at 5500 × g and
supernatants filtered through 0.22 µm GHP filter disks
and stored at –80°C.



DA was extracted from zooplankton using a modi-
fied version of the above protocols. Briefly, copepod
samples (~1 g) were combined 1:4 (w/v) with 50%
aqueous methanol. Mixtures were homogenized with a
Teflon pestle on ice, sonicated (450 W) for 2 min, and
extracts were then centrifuged, filtered, and stored as
described above for fecal samples. When euphausiids
(i.e. krill) were present in zooplankton samples, these
animals were extracted separately from the copepods
following this same procedure.



Toxin analysis. DA was measured in phytoplankton,
zooplankton, and fecal sample extracts using a surface
plasmon resonance (SPR) optical immunosensor (Bia-
core Q; GE Healthcare-Biacore), based on a protocol
modified from Traynor et al. (2006). Zooplankton and
fecal extracts were mixed 9:1 (v/v) with non-specific
binding buffer (NSB; GE Healthcare-Biacore) to
reduce sample matrix effects, diluted to 10% aqueous
methanol in 0.2 µm-filtered and degassed HBS-EP
buffer (GE Healthcare-Biacore). All extracts were fur-
ther diluted in 10% MeOH (degassed) as necessary for
quantification based on a calibration curve comprising
a DA certified reference standard (1 × 104 to 1 × 10–3 ng
DA ml–1; Institute for Marine Biosciences, Halifax, NS,
Canada). Approximately 220 µl of each sample, stan-
dard, Quality Control (QC) (1 ng DA ml–1), and blank
(10% MeOH) were mixed 9:1 (v/v) with a rabbit poly-
clonal anti-DA antibody (diluted previously 1:137.5
(v/v) in HBS-EP buffer) in a 96-well plate. A 150 µl
aliquot of each sample/antibody mixture was injected
at a rate of 25 µl min–1 over a CM5 sensor chip (GE
Healthcare-Biacore) surface upon which DA was
immobilized. The amount of antibody bound to the
chip surface, which is inversely proportional to the
sample DA concentration, was measured as relative
resonance units. DA concentrations in sample extracts
were estimated on the basis of the above calibration
curve with data processed using GraphPad Prism (ver 4;
GraphPad Software).



A subset of fecal and zooplankton extracts was also
tested for the presence of DA using a microplate recep-
tor binding assay (RBA; Van Dolah et al. 1997) as
described in Lefebvre et al. (1999) with some modifica-
tions: 12 µl of sample were mixed with 12 µl of gluta-
mate decarboxylase (GAD; 100 units ml–1) and 96 µl of
GAD buffer (50 mM sodium acetate, pH 4.6; 2 mM
pyroxidoxal-5-phosphate; 100 mM sodium chloride),
and held for 30 min at room temperature to remove



ambient glutamate. Each well of a 96-well filtration
plate (MultiScreen; Millipore) then received sequen-
tially 35 µl of 50 mM Tris buffer (pH 7.4), 35 µl of sam-
ple, DA standard (10–6 to 10–11 M; Institute for Marine
Biosciences, Halifax, NS, Canada) or QC (5 nM DA
standard), 35 µl of 5 nM tritiated kainic acid (New Eng-
land Nuclear), and 105 µl of Sf9 insect membrane prep
(Cell Trends). After 1 h incubation at 4°C, each well
was rinsed twice with 200 µl of cold Tris buffer (50 mM,
pH 4.7), followed by the addition of 50 µl of OptiPhase
liquid scintillant (PE-Wallac) and incubation for 30 min
at room temperature. Plates were counted on a
microplate scintillation counter (Microbeta 1450, PE-
Wallac) and DA concentrations in samples estimated
on the basis of the above calibration curve using the
MultiCalc software (ver 2.70.004; PE-Wallac).



Selected fecal and zooplankton extracts were ana-
lyzed further by liquid chromatography coupled with
tandem mass spectrometry (LC-MS/MS) using an
HP1100 LC system (Agilent Technologies) and an
Applied Biosystems/MDS Sciex API 4000 triple
quadruple mass spectrometer equipped with a Turbo
VTM source (Applied Biosystems), as described by
Wang et al. (2007). LC separation was performed on a
Luna C18 (2) column (150 × 2 mm, 5 µm; Phenomenex)
using a gradient of water (A)/acetonitrile (B) contain-
ing 0.1% formic acid additive: 2 min of 5% B, linear
gradient to 40% B at 15 min, 95% B at 17 min, held for
5 min, then returned to initial conditions at 23 min and
held for 5 min before the next injection. The injection
volume was 5 µl and the flow rate was 0.2 ml min–1. A
diverter valve was used to divert the LC eluent before
and after the elution of DA into waste to reduce conta-
mination. DA detection was achieved by multiple reac-
tion monitoring (MRM) using the 3 MRM transitions
from the protonated DA ion: m/z 312 → 266, m/z 312 →
248, and m/z 312 → 193. Quantification was based on a
DA certified reference standard (Institute for Marine
Biosciences).



Microscopic analyses. Phytoplankton samples col-
lected in 2005 and 2006 (n = 21) were examined under
a light microscope (Olympus BX51; Olympus America)
and total Pseudo-nitzschia cell counts performed using
a 1 ml Sedgewick Rafter counting chamber (Hauser
Scientific Partnership). Samples containing low
Pseudo-nitzschia cell numbers (≤1000 cells l–1) were
concentrated further by centrifugation (5 min; 1000 ×
g), pipetting off a known volume of supernatant, and
re-suspending cells in the remaining seawater, before
counting.



Selected fecal samples were examined by scanning
electron microscopy (SEM) to identify potentially toxic
Pseudo-nitzschia spp. frustules (n = 21) and copepod
mouth parts (n = 20). Phytoplankton samples (n = 16)
were also analyzed by SEM to determine the presence
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and identity of Pseudo-nitzschia spp. in the water col-
umn. Sample preparation followed a modification of
the protocol given in Lefebvre et al. (2002). A few
drops of fecal material were oxidized in glass test tubes
by treating with an equivalent volume of 10% aqueous
KMnO4 for 24 h at room temperature. Each sample was
then mixed 1:3 (v/v) with 12 M HCl and boiled in a
water bath for 1 h or until bleached. Five to twenty
drops of acidified sample were pipetted onto 2 µm,
25 mm diameter GE PCTE (polycarbonate) filters (GE
Osmonics) and rinsed under low vacuum with 12 ml of
Milli-Q water, 4 ml each of a graded acetone series
(10 to 80%), followed by 8 ml of 100% acetone, and
1 ml of hexamethyldisilizane (HMDS). For analysis of
copepod remnants, 1 to 2 drops of feces were pipetted
directly onto 5 µm, 25 mm diameter polycarbonate fil-
ters (GE Osmonics) and rinsed as outlined above.
Phytoplankton samples (5 ml) were mixed with 1.5 ml
of 10% aq. KMnO4, digested for 24 h, and bleached
with an equal volume of HCl as described above. One
to five ml of acidified material were filtered through
5 µm, 25 mm diameter polycarbonate filters and rinsed
as described for fecal samples. All filters were air-dried



for ~5 min, placed onto 25 mm diameter SEM stubs
(Electron Microscopy Sciences), and sputter-coated
with gold-palladium prior to examination by SEM
(JEOL JSM 5600 LV; Jeol USA).



Selected phytoplankton (n = 2) and fecal (n = 4) sam-
ples were analyzed further by transmission electron
microscopy (TEM). Sample cleanup was performed as
described above for SEM analysis. Cleaned material
was rinsed 3 times with 20 ml of Milli-Q water through
a 0.2 µm pore size, 47 mm diameter polycarbonate fil-
ter (GE Osmonics), re-suspended in 5 ml of Milli-Q
water, and kept refrigerated until used. Several drops
of cleaned material were placed onto formvar-coated
copper grids, dried, and viewed in a JEM-1010 trans-
mission electron microscope (Jeol). Morphometric data
obtained from SEM and TEM micrographs of Pseudo-
nitzschia spp. frustules were used for species identifi-
cation and compared to Pseudo-nitzschia spp. micro-
graphs published by Skov et al. (1999), Lundholm et al.
(2003, 2006), and Kaczmarska et al. (2005). For species
determination of frustule fragments present in whale
feces, striae and fibulae counts were extrapolated from
a 5 µm section of the available frustule.
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Sample Latitude Longitude Sample Sample date DA conc. in whale feces (µg DA g–1 feces)
ID (°N) (°W) location (mm/dd/yy) SPR RBA LC-MS/MS



06-001a 41° 54.3’ 70° 08.9’ CCB 04/21/99 0.02 0.14 0.003
05-001a nd nd GSC 04/29/05 0.34 0.10 0.021
05-103 41° 08.7’ 69° 14.5’ GSC 05/18/05 0.19 0.15 0.062
05-104 41° 08.8’ 69° 14.7’ GSC 05/18/05 0.23 0.15 0.113
05-002 42° 02.7’ 68° 54.0’ GSC 06/09/05 0.61 0.18 0.175
05-007 44° 36.4’ 66° 25.8’ BOF 08/12/05 <DL <DL 0.002
05-019 44° 37.7’ 66° 25.0’ BOF 08/19/05 0.02 <DL 0.004
05-028 44° 40.4’ 66° 22.9’ BOF 08/24/05 0.22 0.11 0.016
05-029 44° 40.2’ 66° 23.3’ BOF 08/24/05 0.26 0.13 0.012
05-093 44° 36.5’ 66° 30.2’ BOF 08/25/05 0.06 <DL 0.008
05-031 44° 38.4’ 66° 25.9’ BOF 09/02/05 0.07 <DL 0.035
05-032 44° 39.9’ 66° 24.6’ BOF 09/02/05 0.13 <DL 0.026
05-038 44° 41.0’ 66° 21.7’ BOF 09/04/05 0.15 0.10 0.008
05-048 44° 38.3’ 66° 25.0’ BOF 09/05/05 0.14 <DL 0.014
05-057 44° 36.7’ 66° 26.8’ BOF 09/06/05 0.32 0.59 0.026
05-060 44° 37.7’ 66° 25.8’ BOF 09/06/05 0.04 <DL 0.009
05-081 44° 38.0’ 66° 29.2’ BOF 09/13/05 0.03 <DL 0.004
06-002 44° 39.5’ 66° 31.1’ BOF 08/04/06 0.35 0.17 0.171
06-012 44° 37.6’ 66° 24.7’ BOF 08/27/06 0.13 0.10 0.068
06-020 44° 37.7’ 66° 22.7’ BOF 09/07/06 0.07 0.10 0.023
06-023 44° 40.1’ 66° 27.0’ BOF 09/17/06 0.19 0.15 0.084
06-028 42° 53.7’ 65° 09.6’ RB 09/17/06 0.02 0.11 <DL
06-029 42° 55.8’ 65° 08.3’ RB 09/18/06 0.02 0.15 <DL
06-035 44° 64.9’ 66° 42.2’ BOF 09/28/06 0.03 0.12 0.007
aStranded whale sample



Table 1. Eubalaena glacialis. Domoic acid (DA) levels in right whale feces collected in 1999 and 2005–2006 from Cape Cod Bay
(CCB), Great South Channel (GSC), Roseway Basin (RB), and Bay of Fundy (BOF) areas, as measured by surface plasmon reso-
nance (SPR), receptor binding assay (RBA), and liquid chromatography-tandem mast spectrometry (LC-MS/MS). <DL: samples
for which DA levels were below a method’s detection limit (DLs for SPR, RBA, and LC-MS/MS = 0.01, 0.09, and 0.002 µg DA g–1, 



respectively). nd: no available latitude/longitude data
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RESULTS



Toxin analyses



All but one of the Eubalaena
glacialis fecal samples from 2005 (n =
46) and all samples from 2006 (n = 24)
tested positive for the presence of DA
by SPR, with concentrations ranging
from 0.02 to 0.61 and 0.02 to 0.35 µg
DA g–1 feces, respectively. The aver-
age DA concentration in 2005 Bay of
Fundy samples (August through Sep-
tember) was 0.08 ± 0.07 µg DA g–1



(mean ± SD; n = 40) in contrast to 0.3 ±
0.2 µg DA g–1 (n = 5) in Great South
Channel samples (April through
June). Average DA concentrations in
2006 fecal samples were 0.09 ± 0.08 µg
DA g–1 (n = 20) for Bay of Fundy
(August through September) and
0.02 ± 0.01 µg DA g–1 (n = 4) for Rose-
way Basin (September). Feces ob-
tained from the 1999 and 2005
stranded North Atlantic right whales
also contained DA (Table 1).



All 2005 (n = 11) and 2006 (n = 27)
zooplankton (copepod and krill) sam-
ples tested positive for the presence of
DA by SPR, with values ranging from
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Sample Sample Lat. Long. Sample Sample date DA conc. in zooplankton (µg DA g–1 tissue)
ID type (°N) (°W) location (mm/dd/yy) SPR RBA LC-MS/MS



Z05-10 Krill 42° 05.1’ 65° 57.2’ GB 07/31/05 0.04 <DL <DL
Z05-32 Copepod 42° 51.4’ 65° 27.1’ RB 08/01/05 0.03 <DL <DL
Z05-50 Copepod 44° 35.5’ 66° 27.3’ BOF 08/04/05 0.03 <DL <DL
Z05-63 Copepod 41° 31.6’ 66° 01.0’ GB 08/06/05 0.03 <DL <DL
Z05-64 Copepod 41° 29.6’ 66° 01.9’ GB 08/06/05 0.05 <DL <DL
Z05-81a Copepod 41° 33.6’ 66° 01.8’ GB 08/06/05 0.06 <DL 0.004
Z05-81b Krill 41° 33.6’ 66° 01.8’ GB 08/06/05 0.07 <DL 0.004
Z05-128b Krill 44° 34.9’ 66° 27.6’ BOF 08/15/05 0.03 <DL <DL
Z06-1 Copepod 44° 40.0’ 66° 24.0’ BOF 07/20/06 0.04 <DL 0.005
Z06-2 Copepod 44° 34.0’ 66° 25.0’ BOF 07/20/06 0.06 <DL 0.011
Z06-7 Copepod 44° 35.0’ 66° 25.0’ BOF 08/12/06 0.10 <DL 0.033
Z06-10 Copepod 44° 39.9’ 66° 35.9’ BOF 08/23/06 0.05 <DL 0.013
Z06-12 Copepod 44° 30.1’ 66° 19.0’ BOF 08/24/06 0.06 <DL 0.010
Z06-13 Copepod 44° 30.2’ 66° 27.3’ BOF 08/24/06 0.05 <DL 0.009
Z06-16b Krill 44° 34.8’ 66° 25.0’ BOF 09/02/06 0.06 <DL 0.012
Z06-17 Copepod 44° 35.1’ 66° 25.0’ BOF 09/07/06 0.17 <DL 0.054
Z06-22 Copepod 44° 35.2’ 66° 27.3’ BOF 09/27/06 0.02 <DL 0.002



Table 2. Domoic acid (DA) levels in krill and copepods collected in 2005–2006 from Georges Bank (GB), Roseway Basin (RB), and
Bay of Fundy (BOF) areas, as measured by surface plasmon resonance (SPR), receptor binding assay (RBA), and liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS). <DL: samples for which DA levels were below a method’s detection limit



(DLs for: SPR, RBA, and LC-MS/MS = 0.01, 0.09, and 0.002 µg DA g–1, respectively)



Sample Latitude Longitude Sample Date collected Phytoplankton
ID (°N) (°W) location (mm/dd/yy) analyses



P05-1 41° 20.0’ 66° 08.0’ GB 07/29/05 Ua



P05-10 42° 05.1’ 65° 57.2’ GB 07/31/05 Ua



P05-31 42° 52.6’ 65° 16.7’ RB 08/01/05 A, G, I, J, K
P05-32 42° 51.4’ 65° 27.1’ RB 08/01/05 Ua



P05-50 44° 35.5’ 66° 27.3’ BOF 08/04/05 C
P05-63 41° 31.6’ 66° 01.0’ GB 08/06/05 Ua



P05-64 41° 29.6’ 66° 01.9’ GB 08/06/05 N
P05-81 41° 33.6’ 66° 01.8’ GB 08/06/05 B
P05-82 41° 33.7’ 65° 58.9’ GB 08/08/05 N
P05-128 44° 34.9’ 66° 27.6’ BOF 08/15/05 A, C, E, G, I, J
P05-130 44° 39.7’ 66° 28.8’ BOF 08/15/05 Ua



P06-1 44° 39.5’ 66° 22.9’ BOF 08/30/06 B
P06-2 44° 39.4’ 66° 26.1’ BOF 08/30/06 B, E, F
P06-3 44° 39.3’ 66° 29.5’ BOF 08/30/06 B, F
P06-4 44° 39.1’ 66° 28.4’ BOF 09/05/06 B, F
P06-5 44° 34.1’ 66° 31.3’ BOF 09/05/06 B
P06-6 44° 32.5’ 66° 33.1’ BOF 09/05/06 E
P06-7 44° 36.3’ 66° 34.8’ BOF 09/05/06 B, E, F
P06-8 44° 50.3’ 66° 58.5’ BOF 09/07/06 B, E, F
P06-9 44° 39.7’ 66° 25.5’ BOF 09/07/06 B, E
P06-10 44° 37.5’ 66° 22.6’ BOF 09/07/06 B, F
aPresence of Pseudo-nitzschia spp. determined only by light microscopy



Table 3. Pseudo-nitzschia spp. present in surface phytoplankton samples
collected in 2005–2006 from Bay of Fundy (BOF), Georges Bank (GB), and
Roseway Basin (RB) areas. Total Pseudo-nitzschia cell counts did not exceed
639 cells l–1 and 10 500 cells l–1 in 2005 and 2006, respectively. Species deter-
mination was performed by SEM and/or TEM. Species key: A = P. delicatis-
sima; B = P. pungens; C = P. seriata; E = P. fraudulenta; F = P. subpacifica;
G = P. turgidula; I = P. cuspidata; J = P. pseudodelicatissima; K = P. cf. cal-
liantha; U = unidentifiable Pseudo-nitzschia spp.; N = no Pseudo-nitzschia



spp. observed
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0.03 to 0.07 and from 0.02 to 0.17 µg DA g–1 tissue,
respectively (Table 2). Average zooplankton DA con-
centrations were 0.03 ± 0.003 µg DA g–1 (n = 4) for 2005
Bay of Fundy (August), 0.03 ± 0.01 µg DA g–1 (n = 2) for
Roseway Basin (August), 0.05 ± 0.02 µg DA g–1 (n = 5)
for Georges Bank (July through August), and 0.04 ±
0.03 µg DA g–1 (n = 27) for all 2006 Bay of Fundy (July
through September) samples. Average copepod (n =
32) and krill (n = 6) DA concentrations were 0.04 ±
0.03 µg DA g–1 (n = 32) and 0.04 ± 0.02 µg DA g–1 (n =
6), respectively. DA was not detected by SPR in any
2006 (August through September) Bay of Fundy phyto-
plankton samples (detection limit 0.01 µg DA g–1).



A subset of fecal (n = 24) and zooplankton (n = 17)
samples tested by SPR was selected for comparative
analysis by RBA and confirmation by LC-MS/MS
(Tables 1 & 2). The average DA concentrations mea-
sured in feces by SPR, RBA, and LC-MS/MS were
0.16 ± 0.15 µg DA g–1 (n = 23), 0.16 ± 0.12 µg DA g–1



(n = 16), and 0.04 ± 0.05 µg DA g–1 (n = 22), respec-
tively (Table 1). Values (µg DA g–1) ranged from 0.02 to
0.61 by SPR, from 0.1 to 0.59 by RBA, and from 0.002 to



0.175 by LC-MS/MS (Table 1). Aver-
age DA concentrations in zooplankton
were 0.06 ± 0.04 µg DA g–1 (n = 17)
and 0.01 ± 0.02 µg DA g–1 (n = 11) by
SPR and LC-MS/MS, respectively
(Table 2). Values ranged from 0.02 to
0.17 µg DA g–1 by SPR and from 0.002
to 0.054 µg DA g–1 by LC-MS/MS
(Table 2). DA levels in zooplankton
were below the RBA limit of detection
(0.09 µg DA g–1). Further LC-MS/MS
analyses, with nuclear magnetic reso-
nance (NMR) confirmation, revealed
the presence of a putative methylated
DA metabolite in zooplankton (n = 17)
and N. Atlantic right whale feces (n =
17) (Z. Wang et al. unpubl. data).



Microscopic analyses



All phytoplankton samples exam-
ined by both light and electron micro-
scopy, with the exception of sample ID
numbers P05-64 and P05-82, con-
tained cells of Pseudo-nitzschia spp.
(Table 3). Total Pseudo-nitzschia cell
counts in surface seawater samples
ranged from 6 to 639 cells l–1 and from
663 to 10 500 cells l–1 for 2005 (n = 9)
and 2006 (n = 10), respectively (data
not shown). Pseudo-nitzschia frustule
fragments were present in all (n = 21)



but 2 (ID: 05-048 and 05-071) fecal samples analyzed
(Table 4). Pseudo-nitzschia frustule measurements
were taken from all available EM images and used for
species identification (Table 5).



Pseudo-nitzschia seriata (Fig. 2B), P. delicatissima,
and P. cf. turgidula (Fig. 2D) fragments were present in
Great South Channel and Bay of Fundy fecal samples
from April through June and from August through
September of 2005, respectively (Table 4). P. cf.
turgidula (Fig. 2D) fragments did not provide enough
information for confident identification; nevertheless,
the available morphometric data suggested that these
fragments closely resembled P. turgidula (Table 5;
Fig. 2D inset). The presence of P. seriata (Fig. 2B
inset), P. delicatissima (Fig. 3C inset), and P. turgidula
(Fig. 2D inset) was confirmed in one Bay of Fundy
phytoplankton sample (P05-128) collected in August
2005, while the latter 2 Pseudo-nitzschia spp. were also
seen in Roseway Basin phytoplankton sample ID num-
ber P05-31 earlier that month (Table 3). Several frus-
tule fragments belonging to taxa within the P. pseudo-
delicatissima-complex, composed of P. pseudodelica-
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Sample Latitude Longitude Sample Date collected Fecal sample
ID (°N) (°W) location (mm/dd/yy) analyses



06-001a 41° 54.3’ 70° 08.9’ CCB 04/21/99 E, Db, H
05-001a nd nd GSC 04/29/05 A, Db, C
05-103 41° 08.7’ 69° 14.5’ GSC 05/18/05 A, Db



05-003 42° 03.3’ 68° 55.1’ GSC 06/09/05 G
05-018 44° 37.5’ 66° 25.6’ BOF 08/19/05 A, Db



05-024 44° 36.4’ 66° 30.8’ BOF 08/19/05 Db



05-028 44° 40.4’ 66° 22.9’ BOF 08/24/05 Db, C, G
05-031 44° 38.4’ 66° 25.9’ BOF 09/02/05 Db, G
05-038 44° 41.0’ 66° 21.7’ BOF 09/04/05 Db



05-048 44° 38.3’ 66° 25.0’ BOF 09/05/05 N
05-057 44° 36.7’ 66° 26.8’ BOF 09/06/05 A, B, Db, G, L
05-060 44° 37.7’ 66° 25.8’ BOF 09/06/05 Db, C
05-064 44° 39.4’ 66° 24.0’ BOF 09/06/05 Db



05-071 44° 40.1’ 66° 28.1’ BOF 09/13/05 N
06-002 44° 39.5’ 66° 31.1’ BOF 08/04/06 B
06-012 44° 37.6’ 66° 24.7’ BOF 08/27/06 B, E, F
06-016 44° 39.6’ 66° 21.1’ BOF 09/03/06 B
06-023 44° 40.1’ 66° 27.0’ BOF 09/17/06 E, F
06-028 42° 53.7’ 65° 09.6’ RB 09/17/06 B
06-035 44° 64.9’ 66° 42.2’ BOF 09/28/06 B, E
06-038 44° 70.3’ 66° 38.6’ BOF 09/28/06 B, E, F
aStranded whale sample
bUnable to distinguish between species in this complex as higher resolution
transmission electron microscopy analysis was not performed on these
samples



Table 4. Pseudo-nitzschia spp. present in Eubalaena glacialis fecal samples col-
lected in 2005–2006 from Bay of Fundy (BOF), Great South Channel (GSC),
Cape Cod Bay (CCB), and Roseway Basin (RB) areas. Species determination was
performed by SEM and/or TEM. Species key: A = P. delicatissima; B = P. pun-
gens; C = P. seriata; D = P. pseudodelicatissima-complex; E = P. fraudulenta; F =
P. subpacifica; G = P. cf. turgidula; H = P. multiseries; L = undescribed Pseudo-
nitzschia spp.; N = no Pseudo-nitzschia spp. observed; nd: no available data
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tissima, P. cuspidata, P. calliantha, and P. caciantha
(Lundholm et al. 2003), were present in Bay of Fundy,
Great South Channel, and Cape Cod Bay fecal sam-
ples (Table 4). No TEM data for species within the
P. pseudodelicatissima-complex were available from
fecal samples. Nonetheless, TEM analyses revealed
the presence of P. cuspidata (Fig. 3B) and P. pseudodel-
icatissima (Fig. 3D) in Bay of Fundy and Roseway Basin
phytoplankton samples (ID: P05-128 & P05-31) col-
lected in August 2005 (Table 3). P. calliantha (Fig. 3A),
here reported as P. cf. calliantha due to it having  fewer
hymen poroid divisions (4 to 8 sections) (Table 5) than
is typical for this species (Lundholm et al. 2003), was
also observed in the Roseway Basin sample (Table 3).
P. pungens (Fig. 2A) frustule fragments observed in
one Bay of Fundy fecal sample collected in September
2005 (ID: 05-057) were also seen in one Georges Bank
phytoplankton sample (ID: P05-81) in August of that
year (Tables 3 & 4). TEM micrographs resembling
those of an undescribed Pseudo-nitzschia sp. (Fig. 3E)
collected in 2004 by Dr. V. Trainer (NOAA Fisheries,
Seattle, WA, USA) and colleagues from the northeast
USA Pacific coast (N. Lundholm unpubl. obs.) were



observed in fecal sample ID number 05-057 (Table 4).
P. fraudulenta (Fig. 2F and inset) was observed in Bay
of Fundy phytoplankton sample ID number P05-128
(August 2005) and in Cape Cod Bay fecal sample ID
number 06-001 (April 1999), while P. multiseries
(Fig. 2E) was present only in the latter sample (Tables
3 & 4). The presence of Pseudo-nitzschia spp. was con-
firmed in several other 2005 Bay of Fundy, Roseway
Basin, and Georges Bank phytoplankton samples;
however, EM was not performed for confirmation of
species identification (Table 3). The predominant
Pseudo-nitzschia taxa present in both phytoplankton
and whale feces collected in 2005 were members of the
P. pseudodelicatissima-complex (Tables 3 & 4).



Whale feces collected in late August through mid-
September 2006 in the Bay of Fundy contained frus-
tules of Pseudo-nitzschia pungens, P. subpacifica, and
P. fraudulenta (Table 4; Figs. 2A inset, 2C inset & 2F
inset, respectively). These species were also observed
in 2006 Bay of Fundy phytoplankton samples collected
from mid-August through early September (Table 3;
Figs. 2A inset, C inset & F inset). Only P. pungens was
observed in our single 2006 Roseway Basin fecal sam-
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Sample Valve Length Width Central Striae per Fibulae Poroid Poroids Poroid Species
type shape (µm) (µm) nodule 10 µm per 10 µm rows per 1 µm structure ID



Phytoplankton (6) Linear- 88–93 3.7–4.2 Absent 11–12 11–13 2 3 nd P. pungens
lanceolate



Whale feces (12) nd nd 2.8–4.0a nd 10–14 10–14 2 3 nd P. pungens
Phytoplankton (6) Lanceolate- 89–127 5.5–7.0 Absent 17–20 16–19 3–4 7–9 Simple P. seriata



asymmetrical
Whale feces (3) nd nd nd nd 20 19 3 7–9 nd P. seriata
Whale feces (17) nd nd 1.1–1.6a, b Present 34-43 20–26 1 5–6 nd P. pseudodelicatissima-



complexe



Phytoplankton (6) Lanceolate 87–93 4.9–6.8 Present 21–24 20–22 2–3c 5–6 Complex P. fraudulenta
Whale feces (5) nd nd 4.1–5.1a nd 21–24 19–22 2 5–6 nd P. fraudulenta
Phytoplankton (5) Lanceolate- 39–64 4.9–5.4 Present 29–32 16–18 2 9 nd P. subpacifica



asymmetrical
Whale feces (2) nd nd 4.0a nd 28 nd 2 9 nd P. subpacifica
Phytoplankton (5) Linear- 63–73 2.0–3.2 Present 19–28 13–16 2–3c 8–9 Simple P. turgidulad



lanceolate
Whale feces (26) nd nd 1.8–2.5a, b Present 20–29 10–16 2–3c 7–11 Simple P. cf. turgidula
Phytoplankton (5) Lanceolate 66-74 1.4–1.5 Present 37–38 20–25 2 10–11 Simple P. delicatissima
Whale feces (6) nd nd 0.8–1.7a, b nd 37–40 20–25 2 8–10 Simple P. delicatissima
Phytoplankton (8) Linear 72–74 1.0–1.5 Present 38–41 21–25 1 5–6 4–8 P. cf. calliantha
Phytoplankton (4) Lanceolate 61–67 1.2–1.3 Present 38–41 20–22 1 5–6 2 P. cuspidata
Phytoplankton (5) Linear 72 1.0–1.9 Present 37–40 21–24 1 5 2 P. pseudodelicatissima
Whale feces (5) nd nd 1.3–1.5 nd 33–34 15–17 1 4–5 2–4 Undescribed 



species
Whale feces (1) nd nd 5.1a nd 11 10 4 5 nd P. multiseries



aWidth measured from an unknown section of each cell
bAt least one measurement through central interspace
cTwo rows of poroids most common 
dEnlargement present in central portion of cell
eUnable to distinguish between species in this complex as higher resolution TEM analysis was not performed on these samples



Table 5. Morphometric data (by transmission and scanning electron microscope [TEM and SEM]) for all Pseudo-nitzschia spp. present in
fecal and phytoplankton samples. Values in parentheses indicate number of specimens analyzed. nd: no available data
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ple (ID: 06-028) collected in mid-September (Table 4).
The most abundant Pseudo-nitzschia spp. in both sam-
ple types for 2006 was P. pungens.



Copepod fragments, including appendages, anten-
nae, carapaces, and mouth parts, were present in all



2005 (n = 11) and 2006 (n = 9) Eubalaena glacialis fecal
samples examined by SEM. Only copepod mouth parts
provided sufficient information for species-level
identification. Species determinations based on tooth
morphology of copepod mandibles were performed
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Fig. 2. Pseudo-nitzschia spp. Scanning electron microscope (SEM). Frustule fragments present in Eubalaena glacialis fecal sam-
ples (insets: whole valve images of different cells of the same species observed in phytoplankton samples). Species identification:



(A) P. pungens; (B) P. seriata; (C) P. subpacifica; (D) P. cf. turgidula (inset: P. turgidula); (E) P. multiseries; (F) P. fraudulenta
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Fig. 3. Pseudo-nitzschia spp., Transmission electron microscope (TEM). Higher (A–C) and lower (inset) magnification micro-
graphs of the same cell present in phytoplankton samples. Arrows point towards the central nodule. (D) Higher and lower (inset)
magnification micrographs of different cells of the same species present in phytoplankton samples. (E) Cell fragment observed in
Eubalaena glacialis feces. Species identification: (A) P. cf. calliantha; (B) P. cuspidata; (C) P. delicatissima; (D) P. pseudo-



delicatissima; (E) undescribed Pseudo-nitzschia spp.
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according to the criteria of Vyshchkvarceva (1976).
Only C. finmarchicus mouth parts (Fig. 4) were identi-
fied in all fecal samples analyzed.



DISCUSSION



DA in right whales



Our findings demonstrate for the first time that North
Atlantic right whales Eubalaena glacialis are exposed
to DA by ingesting the copepod vector, Calanus fin-
marchicus, while on their spring and summer feeding
grounds in the Great South Channel and the Bay of
Fundy. All E. glacialis fecal samples obtained in 2005
and 2006 (n = 70), as well as fecal material collected
from 2 stranded individuals (1999 and 2005), tested
positive for this neurotoxin by at least one method of
analysis, and levels ranged from 0.02 to 0.61 µg DA g–1



(SPR data). These DA levels are at least 300-fold lower
than the highest concentrations reported in California
sea lion feces (from 1.31 to 182 µg DA g–1; n = 3) during
a mass mortality event in 1998 (Scholin et al. 2000).
Such disparate DA levels between these 2 studies are
not surprising, considering the latter event occurred
during an intense Pseudo-nitzschia australis bloom
(>100 000 cells l–1), while total Pseudo-nitzschia spp.
cell numbers in the area of right whale feeding
grounds were orders of magnitude lower. In addition,



P. australis, a strong DA producer and the Pseudo-
nitzschia species most frequently responsible for ASP-
related problems on a global scale (Bates 2000), was
not observed in any of our samples. Lefebvre et al.
(2002) also found high DA levels in the feces of 2 blue
whales (25 and 207 µg DA g–1) and one humpback
whale (10 µg DA g–1) collected during a P. australis
bloom in Monterey Bay, CA, USA. Concentrations of
DA in the viscera of anchovies and sardines collected
during this P. australis bloom ranged from 75 to 444 µg
DA g–1, greatly exceeding levels measured in our zoo-
plankton samples (from 0.02 to 0.2 µg DA g–1) and con-
sistent with the lower DA levels in right whale fecal
samples. More recently, DA levels similar to those
found in E. glacialis feces were reported in pygmy
(Kogia breviceps) and dwarf (Kogia sima) sperm whale
feces (median values: 0.078 [n = 29] and 0.065 [n = 12]
µg DA g–1, respectively) collected from stranded ani-
mals along the USA eastern seaboard from 1997
through 2008, although neither the cause of death nor
DA source has been established (Fire et al. 2009).



Although the quantity of DA present in North
Atlantic right whale fecal samples was generally low,
the current findings provide compelling evidence for
the potentially chronic exposure of Eubalaena glacialis
to this biotoxin for periods of up to 6 mo (April through
September). To assess the potential implications of
DA exposure to right whale health, estimates of toxin
exposure are needed. Durbin et al. (2002) calculated,
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Fig. 4. Calanus finmarchicus. Scanning electron microscope (SEM). Higher (A) and lower (inset) magnification micrographs of
a representative copepod mandible present in Eubalaena glacialis fecal samples
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on the basis of in situ feeding rates, that a right whale
on average ingests about 4.61 × 108 copepods d–1.
Given an average Calanus finmarchicus wet weight of
1.7 mg copepod–1 (Durbin et al. 2002) and the DA lev-
els in our copepod samples, we can expect that right
whales ingest between 0.3 and 3.4 µg DA kg–1 d–1 (n =
32) for an average 40 000 kg whale (Kenney et al.
1986). This amount is much lower than the quantities
of DA ingested by humans suffering from ASP-related
symptoms after eating contaminated shellfish (Perl et
al. 1990). Our estimates are also orders of magnitude
lower than those calculated by Lefebvre et al. (2002)
for the humpback (1.1 mg DA kg–1) and blue (0.62 mg
DA kg–1) whales noted above.



Laboratory studies have shown varying degrees of
DA sensitivity in rodents and primates. Levels of 5 to
6 mg DA kg–1 caused neurotoxicity in monkeys,
whereas much higher doses (≥70 mg DA kg–1) were
required to produce similar symptoms in rats
(reviewed in Todd 1993). It has been suggested that
marine mammals may be more sensitive to neurotoxin
exposure while diving, during which their blood is
channeled primarily to vital organs such as the brain
and heart, while bypassing major detoxifying organs
such as the liver and kidneys (Geraci et al. 1989). This
physiological adaptation can thus potentially concen-
trate a neurotoxin such as DA to elevated levels in the
brain where it is most detrimental, posing an obvious
concern for right whales that typically perform deep
dives over extended periods (i.e. 8 to 16 min) to feed
(Baumgartner & Mate 2003). To date, the oral dose of
DA required to induce neurotoxic symptoms in right
whales or in any other marine mammal remains
unknown.



The many DA-associated marine mammal and bird
mortality events on the US west coast demonstrate the
potential impact of major toxic Pseudo-nitzschia
blooms on wildlife populations (Work et al. 1993,
Lefebvre et al. 1999, Scholin et al. 2000). Certainly a
bloom of similar magnitude occurring on the Eubal-
aena glacialis summer feeding grounds could be disas-
trous to this population of approximately 350 to 400
individuals. However, a recent investigation of DA
exposure in California sea lions provides a framework
for assessing the potential consequences to E. glacialis
of being exposed on virtually an annual basis to sub-
lethal doses of this algal biotoxin. A 10-year study of
California sea lions stranding at times not associated
with acute DA poisoning events revealed that animals
exhibited chronic neurological problems (i.e. epilepsy)
with neuropathology consistent with DA exposure
(Goldstein et al. 2008). In addition, the fact that a sub-
group of acutely exposed sea lions developed these
chronic neurological symptoms after weeks of remis-
sion while held in captivity led these authors to pro-



pose that sub-lethal DA poisoning can progress to a
chronic disease. It was also argued that the specific
nature of hippocampal damage in sea lions exposed
chronically to DA may interfere with their navigational
abilities. A similar effect of this toxin on North Atlantic
right whales, while hypothetical, could enhance their
susceptibility to other factors well-documented as
primary causes of mortality in this population (e.g.
ship collisions, fishing gear entanglement; Reeves et
al. 2001).



Exposure to algal biotoxins such as DA is among the
proposed contributors to reproductive challenges cur-
rently faced by Eubalaena glacialis (Kraus et al. 2007)
and is of particular interest given the recently
reported link between California sea lion exposure to
DA and reproductive failure (Brodie et al. 2006).
These animals experienced much higher toxin levels
than those estimated herein for E. glacialis. However,
DA is actually cleared rapidly in adults but not
cleared effectively from the fetal unit (Maucher &
Ramsdell 2007), and the fetus is thus considered to be
more susceptible to DA poisoning on the basis of
exposure during pregnancy. In fact, fetal poisoning
was proposed by Ramsdell & Zabka (2008) to have a
more prominent effect later in life, manifest as a
greater likelihood of developing neurological disease.
Exposure of E. glacialis females to DA during the sev-
eral months spent feeding in the Bay of Fundy and
adjacent waters can coincide with various stages of
pregnancy (approx. 6 to 9 mo), based on a 12 to 13 mo
gestation period and a calving period lasting from
early December through the end of March in waters
off the southeast USA (see Kraus et al. 2007). The
potential for fetal DA poisoning and its associated
effects should therefore be a consideration in evaluat-
ing the possible impacts of algal biotoxins on this
endangered N. Atlantic right whale population. Given
the limitations inherent in sampling and studying
endangered marine mammals, attempts to model the
exposure of these whales to DA as well as predict its
toxicological effects are needed to assess the impli-
cations of long-term, sub-lethal DA exposures for E.
glacialis health and reproduction.



DA in zooplankton



The detection of DA in all copepod samples (n = 32)
by SPR was an unexpected, yet significant finding of
this study. It should be noted that field populations of
Calanus finmarchicus used recently in grazing experi-
ments (Leandro et al. 2009) were tested by SPR and
found to be negative for DA, indicating that matrix
effects were likely not responsible for the uniformly
positive responses obtained herein. As in the related
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work of Durbin et al. (2002) and Doucette et al. (2006),
all copepod samples examined for species composition
(from 76 to 93%; n = 9) were dominated largely by
Stage V copepodites of C. finmarchicus (Swaim et al.
2009). These results, together with the ubiquitous pres-
ence of intact C. finmarchicus mandibles in right whale
fecal samples, provide convincing evidence for the
transfer of DA from Pseudo-nitzschia spp. to E.
glacialis via the whales’ primary copepod prey.
Nonetheless, Pseudo-nitzschia spp. often form long
chains several hundred micrometers in length, easily
exceeding the average right whale baleen mesh size
(335 µm; Mayo et al. 2001). Thus, we cannot exclude
the possibility that E. glacialis may also be exposed
directly to DA by ingesting chains of toxic Pseudo-
nitzschia spp. However, we would argue that the pres-
ence of only Pseudo-nitzschia cell fragments, as
opposed to whole frustules, in all fecal material exam-
ined indicates that the predominant route for DA trans-
fer to E. glacialis is via their copepod prey. C. fin-
marchicus does not ingest whole diatom cells while
feeding, but instead chews and breaks them into
smaller pieces using labral teeth and mandibles (Mar-
shall & Orr 1972). Moreover, grazing experiments con-
ducted recently by Leandro et al. (2009) demonstrated
that C. finmarchicus is capable of ingesting toxic
Pseudo-nitzschia cells and does not discriminate be-
tween toxic and non-toxic species when both are avail-
able. The Pseudo-nitzschia cell fragments present in
right whale feces are thus more likely derived from
copepod gut contents. Similar results were reported by
Lefebvre et al. (2002), which showed the presence of
P. australis cell fragments in blue whale feces and led
the authors to suggest that this material was likely
derived from krill gut contents. In contrast, micro-
graphs showing whole P. australis frustules in Califor-
nia sea lion feces after the sea lions had fed on DA-con-
taminated anchovies were consistent with the fact that
these planktivorous fish, unlike copepods or krill,
ingest whole Pseudo-nitzschia cells by means of a
‘feeding basket’ or sieve (Lefebvre et al. 1999). In addi-
tion to the ubiquitous presence of DA in copepod mate-
rial, all krill samples analyzed (n = 6) also contained
this neurotoxin, which agrees with previous studies
confirming the ability of krill to act as vectors for DA
transfer in marine food webs (Bargu et al. 2002, Lefeb-
vre et al. 2002, Bargu & Silver 2003). Bargu et al. (2002)
reported concentrations as high as 44 µg DA eq g–1 tis-
sue in krill collected during the 2000 P. australis bloom
in Monterey Bay, CA. While DA levels measured in
zooplankton during the present study were much
lower than those found by Bargu et al. (2002), values
for the former would undoubtedly have been much
higher in the presence of a toxic Pseudo-nitzschia
bloom.



Methods of DA analysis



A comparison of the 3 methods used to measure DA
in zooplankton and fecal samples revealed that while
SPR and RBA estimates were comparable to each
other, LC-MS/MS values where generally much lower
(Tables 1 & 2). While this discrepancy cannot be
explained fully at this time, further LC-MS/MS analy-
ses have revealed the presence of a putative methy-
lated DA metabolite, in both whale feces and zoo-
plankton extracts (Wang et al. unpubl. data, Leandro et
al. 2009). Thus far, there is no evidence to suggest that
this compound is produced directly by Pseudo-
nitzschia spp., which supports the idea that this com-
pound is formed via metabolism of the toxin. The
presence of this methylated DA metabolite in all zoo-
plankton as well as all right whale fecal samples tested
to date provides further evidence that copepods are
the proximate source of DA for right whales; however,
the possibility that this compound may be formed de
novo in the right whale digestive system cannot be dis-
counted. The DA LC-MS/MS concentrations reported
in this study represent only those of the parent DA
molecule and do not take into account the DA metabo-
lite present in these samples, which has been esti-
mated to represent as much as 50% and 30% of total
DA in fecal and zooplankton samples, respectively
(assuming that DA and its methylated metabolite have
similar ionization and fragmentation efficiency). If this
metabolite is determined to react equivalently to DA
with both the SPR antibody and RBA glutamate recep-
tors (yet to be confirmed), this could explain why DA
measurements by the latter 2 methods were generally
higher. Implications of the metabolite’s presence in
right whales, copepods, or krill await determination of
its toxicity relative to the parent toxin.



Pseudo-nitzschia spp. in the Bay of Fundy



The present study provides important insights into
the occurrence of several potentially toxic Pseudo-
nitzschia species in both phytoplankton and right
whale feces originating from the Bay of Fundy and
nearby locations during 2005 and 2006. P. pungens, P.
delicatissima, P. turgidula (P. cf. turgidula in whale
feces), P. fraudulenta, P. subpacifica, and P. seriata
were present in both sample types, while P. cf. cal-
liantha, P. cuspidata, and P. pseudodelicatissima could
be verified only in phytoplankton samples. Of the 9
mentioned Pseudo-nitzschia species, only P. seriata
(Lundholm et al. 1994, Bates et al. 2002, Fehling et al.
2004), and P. cf. calliantha (Martin et al. 1990, Bates et
al. 1998), identified previously by these authors as P.
pseudodelicatissima (Lundholm et al. 2003), have
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been shown to both produce DA in culture and be
associated with shellfish closures in N. Atlantic
waters. P. seriata, initially reported as non-toxic along
the east coast of Canada (Bates et al. 1989), has
recently been shown to produce DA in western Euro-
pean waters (Lundholm et al. 1994, Fehling et al.
2004). P. seriata was also responsible for high DA lev-
els in molluscs from the St. Lawrence region of
Canada between 1998 and 2000 (Couture et al. 2001)
and for a shellfish harvesting closure in Prince
Edward Island, Canada, during 2002 (Bates et al.
2002). Interestingly, this species, which was not
observed in the Bay of Fundy from 1998 through 2001
(Kaczmarska et al. 2005), was present in several Bay
of Fundy and Great South Channel samples (phyto-
plankton and feces) collected in 2005.



Other potential DA producers identified from the
2005 samples were Pseudo-nitzschia delicatissima, P.
cuspidata and P. pseudodelicatissima. Some, but not
all, cultures of these 3 species have been shown to
produce DA (reviewed in Bates et al. 1998, Lundholm
et al. 2003, Bill et al. 2005), yet none has been associ-
ated with DA intoxication events or shellfish harvest-
ing closures. P. turgidula, also observed in the 2005
phytoplankton samples, was reported previously to
synthesize small amounts of DA in culture (Rhodes et
al. 1996); however, the identity of this isolate was later
questioned (Rhodes et al. 1998). The distribution of P.
turgidula in the North Atlantic is poorly described
(Hasle 2002), and the present study is the first to con-
firm identification of the taxon in the phytoplankton
from this region. The fragments of P. turgidula-like
frustules (no whole cells) present in whale feces
exhibited lower striae and fibulae counts than the
morphologically similar P. delicatissima but were suf-
ficiently similar to P. turgidula for classification as P.
cf. turgidula. Further work is needed to determine the
ability of P. turgidula to produce DA in both culture
and natural populations. Interestingly, fragments
resembling those of an undescribed Pseudo-nitzschia
species observed by V. Trainer and colleagues off the
northeast Pacific US coast (N. Lundholm unpubl. data)
occurred in one right whale fecal sample, although its
ability to produce DA remains uncertain. Also notable
was the observation that only fecal material from the
whale stranding in 1999 contained the typically strong
DA producer P. multiseries, yet exhibited among the
lowest toxin values herein (Table 1). However, this is
consistent with the fact that only a single P. multi-
series fragment along with remnants of 2 other
weakly toxic species (i.e. P. pseudodelicatissima-com-
plex, P. fraudulenta) were documented in this fecal
sample (Tables 4 & 5).



Pseudo-nitzschia pungens, P. fraudulenta, and P.
subpacifica were present in the 2006 phytoplankton



and fecal samples, and all 3 taxa have been reported
previously from the Bay of Fundy (Kaczmarska et al.
2005). While none of these species is a typical DA pro-
ducer in the North Atlantic (Bates 2000, Bates &
Trainer 2006), all Bay of Fundy and Roseway Basin
fecal (n = 24) and zooplankton (n = 27) samples col-
lected in 2006 contained this neurotoxin. Although cul-
tures of P. pungens originating from New Zealand
(Rhodes et al. 1996), Washington state (Trainer et al.
1998), and Monterey Bay (Bates et al. 1998) have occa-
sionally produced small amounts of DA, this species
has consistently been reported as non-toxic in the
Atlantic Ocean, Gulf of Mexico, and European waters
(reviewed by Bates 2000). P. fraudulenta is a less stud-
ied taxon; nonetheless, Rhodes et al. (1998) demon-
strated low DA production by a New Zealand isolate
(0.02 pgDA cell–1) confirmed as this taxon by both
sequencing and electron microscopy. There have thus
far been no reports of a toxigenic P. subpacifica isolate
(Bates & Trainer 2006). Given the detection of DA in all
2006 zooplankton and fecal samples, coupled with the
occurrence of P. pungens and/or P. fraudulenta in all
2006 fecal and phytoplankton samples, it is likely that
at least one of these Pseudo-nitzschia species repre-
sents the toxin source. The inability to detect DA in any
of these phytoplankton samples likely reflects patchy
distributions and low cell concentrations at the
time/location of sampling, which never exceeded
~10 000 cells l–1 and are far below that typical of
Pseudo-nitzschia bloom conditions (≥100 000 cells l–1;
Bates et al. 1998). For both 2005 and 2006, the possibil-
ity remains that toxigenic Pseudo-nitzschia spp. not
observed in the limited number of samples examined
during this study contributed to DA levels measured.



CONCLUSIONS



The present study is the first to demonstrate that
the endangered North Atlantic right whales Eubal-
aena glacialis are exposed to the neurotoxin domoic
acid through the ingestion of contaminated copepods
while in their spring and summer feeding areas.
While both the toxin concentrations measured in
feces and estimated DA ingestion levels are lower
than those published for other marine mammals, our
data establish that right whales were potentially
exposed to DA for periods up to 6 mo annually. The
detection of DA in all copepod samples (largely dom-
inated by C. finmarchicus) and the presence of C. fin-
marchicus mandibles as well as fragments (no whole
cells) of Pseudo-nitzschia spp. in right whale feces
clearly point towards this copepod as a primary vec-
tor for DA transfer into right whales. Several poten-
tially toxic Pseudo-nitzschia spp. were collected close
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to feeding whales and represent the most likely
source of DA.



Future efforts should focus on the development of
appropriate animal models for characterizing the
potential health effects of DA toxicity on Eubalaena
glacialis, since direct experimentation with right
whales is not feasible. Development of exposure and
risk assessment models will also aid in projecting the
susceptibility of E. glacialis to DA and other algal
biotoxins, such as PSP. Finally, additional work is
required to determine the relative toxicity of the
methylated DA metabolite, present in our zooplankton
and fecal samples, with respect to the parent toxin.
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To survive and reproduce, animals need to: 



• Attract mates 



• Defend territories or resources 



• Establish social relationships 



• Coordinate feeding 



• Interact with parents or offspring 



• Avoid predators or threats 
 



Communication is often essential. 
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Communication exists in many forms.  
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Over large distances in water, most forms of 



communication are not practical.  
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Sound, however, travels exceptionally well underwater. 











Understanding How Man-made Noise May 



Impact Marine Life 



• Where acoustically sensitive 



species occur and how they 



use sound 



 



• Where and how man is altering 



the underwater acoustic habitat 
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Frontiers in Research 
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http://cetsound.noaa.gov  
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Cetaceans & Sound (CetSound)  



CetMap:  Mapping Cetaceans in U.S. waters 





http://cetsound.noaa.gov








SoundMap:  Mapping man-made sound in U.S. waters 



http://cetsound.noaa.gov  
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Cetaceans & Sound (CetSound)  





http://cetsound.noaa.gov








Ocean Noise Reference Station Network 
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Partners: 
• OAR-PMEL-lead 
• NOAA Fisheries Science 



Centers 
• NOAA Fisheries OST 
• National Marine 



Sanctuaries 



NOAA’s first across 
agency acoustic 
monitoring system 











Autonomous Vehicles 
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Acoustic Playback Tags 
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Work conducted under NOAA/NMFS permit #14636 
(Costa, UCSC) 
Fregosi, S. et al: Animal-borne active acoustic tag  











Future Directions 



Underwater acoustic propagation is efficient. Hence, marine 
mammals have evolved to heavily rely on sound (and we can 
eavesdrop on their sounds to learn more about them). 
 



Anthropogenic sound also travels far—man has fundamentally 
altered the ocean soundscape in the last ~200 years. 
 



We need a better understanding of:  



• When and where marine mammals and other acoustically 
sensitive marine species occur 



• How man has changed & continues changing the underwater 
soundscape 



• How these changes may impact marine life 
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Questions? 



U.S. Department of Commerce | National Oceanic and Atmospheric Administration | NOAA Fisheries | Page 13 













Harmful algal blooms on the U.S. west coast 
  
Vera L. Trainer  
National Marine Fisheries Service, Northwest Fisheries Science Center, 2725 Montlake Boulevard East, 
Seattle, WA 98112, U.S.A.  E-mail:  Vera.L.Trainer@noaa.gov 
 
Introduction and historical background 
 
In the U.S, the two major toxic syndromes caused 
by harmful algal blooms (HABs) that are found 
along the entire west coast are paralytic shellfish 
poisoning (PSP) and domoic acid poisoning 
(DAP), also known as amnesic shellfish poisoning 
(ASP).  Certain species of phytoplankton from the 
genus Pseudo-nitzschia, and the genus 
Alexandrium are concentrated by filter-feeding 
shellfish and finfish which when consumed by 
humans, marine mammals, or birds can result in 
ASP and PSP, respectively.  Specifically in the 
subtropical region of Hawaii, ciguatera fish 
poisoning (CFP) is also known to be a problem, 
caused a nerve poison, ciguatoxin, produced by 
the dinoflagellate, Gambierdiscus toxicus.  Other 
harmful species, including the raphidophyte, 
Heterosigma akashiwo, and the diatoms from the 
genus Chaetoceros, kill fish at aquaculture sites, 
but are not known to be harmful to humans.  
Water discolorations (red tides) caused by noxious 
phytoplankton, such as Noctiluca scintillans and 
Ceratium spp., also occur throughout the area and 
are noted to be nuisance species but are not 
included in this summary.  This report will focus 
on those algae that produce toxins known to be 
harmful to humans. 
 
The earliest recorded PSP event on the U.S. west 
coast occurred in 1799, and was documented by 
Aleksander Baranov, the chief manager of the 
Russian-American trading company.  A party of 
Aleut hunters under his command paddled to a 
place called Khutznov Strait, later to be called 
Peril Strait, where the Natives collected and ate 
some small, black mussels that were abundant in 
the area.  Two minutes later about half the party 
experienced nausea and dryness of the throat.  
Two hours later, about a hundred Aleut Indian 
hunters had died.  Some survived by eating a 
mixture of gunpowder, tobacco, and spirits to 
induce vomiting. 
 



Each U.S. west coast state, including Alaska, 
Washington, Oregon, California, and Hawaii have 
different monitoring programs for HABs that are 
described in the sections that follow.  Each state 
has a contact person and/or public hotline number 
for the most current toxin test results (Table 15).  
In each state, the mouse bioassay is the standard 
test for PSP toxins approved by the U.S. Food and 
Drug Administration.  The test procedure uses 
extracts of toxins from 100 grams of tissue.  This 
extract is injected into 3 mice 18-23 grams in 
weight.  The amount of time required for the mice 
to die is recorded then converted to micrograms 
(µg) of toxin per 100 g.  The regulatory limit for 
safe harvest of shellfish and crab, set by the U.S. 
Food and Drug Administration, is 80 µg toxin per 
100 g shellfish tissue.  The analytical technique 
used for domoic acid testing is high performance 
liquid chromatography (HPLC), which measures 
levels of toxin in a sample by comparison to a 
known quantity of purified standard.  The 
regulatory limit for safe harvest of shellfish is  
20 ppm (part per million) domoic acid and for 
Dungeness crab viscera is 30 ppm. 
 
 
Table 15 Marine biotoxin hotline numbers in 
the United States. 
 
Alaska (800) 731-1312 
Washington (800) 562-5632 
Oregon (503) 986-4728 
California (800) 553-4133 
Hawaii (Food branch) (808) 586-4725 
Hawaii (Epidemiology branch) (808) 586-4586 



 



Because the U.S. west coast covers such an 
expansive area with different toxic species, ranges 
in toxin levels, and economic impacts due to 
HABs, each of the states will be considered 
separately in this report. 
 
 











Alaska 
 
Testing 
 
The immense coastal area of Alaska makes PSP 
testing impossible in all regions where shellfish 
and crabs can be harvested.  Therefore, testing for 
PSP and ASP is done only in areas of commercial 
operations.  When recreational harvesting is 
permitted in a given area, it is because there is also 
a commercial operation in the vicinity.  Because 
such a small area of coastline is monitored relative 
to areas where shellfish can be found, at least one 
human illness is documented each year.  This is 
due, in part, to the rich Native American cultural 
tradition of eating shellfish for subsistence in 
Alaska.  At times it may be difficult for Native 
Americans and other people living in remote areas 
to resist the temptation of harvesting shellfish 
from non-certified areas.  An epidemiological 
study estimated that Alaskan natives are ten times 
more likely to contract PSP than the average 
resident of Kodiak, a population frequently 
exposed to PSP toxins (Gnessner and Schloss 
1996). 
 
In Alaska between 1973 and 1994, 143 people 
were believed to have become sick due to PSP.  
During 1995-2000, at least 51 people became ill.  
Due to under-reporting of illnesses, or 
misdiagnosis, the number of people suffering from 
PSP in Alaska is likely to be 10-30 times higher 
than reported.  Annually, most of the illnesses 
occur in May and June (Fig. 28).  Among the 61 
outbreaks where the shellfish species was known, 
most involved the ingestion of butter clams 
(Saxidomus giganteus) and mussels (Mytilus 
edulis or M. californianus).  Cockles 
(Clinocardium nuttalli), razor clams (Siliqua 
patula), and littleneck clams (Protothaca 
staminea) were also eaten and caused some of the 
illnesses.  It is interesting that most outbreaks of 
PSP occurred on Kodiak Island, the southern edge 
of the eastern half of the Aleutian Islands and 
Southeastern Alaska.  No outbreaks of PSP have 
yet resulted from shellfish collected from Cook 
Inlet.  The most common symptoms of PSP were 
paresthesis (tingling on skin), lip numbness and 
tingling, nausea and numbness of extremities 
(RaLonde 1996).  In Alaska, shellfish (oysters, 
mussels or clams), crab (king crab, Dungeness 



crab, Tanner crab, Hair crab), and sea snails 
(Fusitriton orgegonensis) are tested for PSP. 
 
Alaska’s current bivalve shellfish fishery consists 
of the native littleneck clam, razor clam and 
geoduck clam.  A PSP sampling plan for 
commercially or aquaculturally-produced 
shellfish, crabs, and snails is implemented by the 
Alaska Department of Environmental 
Conservation (ADEC) from its single testing 
laboratory located in Palmer, 60 km north of 
Anchorage.  There is no agency responsible to 
monitor beaches for recreational or subsistence 
harvests.  The ADEC regulations require strict 
compliance with a tiered program that decreases 
sampling requirements after set time periods of 
PSP-free samples.  Not only do the shellfish and 
aquaculture operations pay for the collection and 
shipping of samples, a dry, temperature-controlled 
holding facility is required for storage of the 
harvest out of water until the laboratory tests are 
completed.  Consequently, PSP not only causes 
direct economic impact during toxic events, but 
the coast of shipping, testing, and storing 
commercially-harvested shellfish also increases 
the cost of doing business.  Domoic acid testing is 
done only for the one commercial razor clam 
operation on the east side of Cook Inlet.  Because 
of this testing, a recreational razor clam fishery on 
Cook Inlet is allowed. 
 



Outbreaks of PSP in Alaska
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Fig. 28 Reported PSP cases in Alaska from 
1973-1994 (from Gnesser and Schloss 1996). 











 
 
Fig. 29 Locations and levels of highest PSP 
toxin measured in blue mussel, butter clam, 
Dungeness crab, cockle, and littleneck clam. 
 
 



HIGHEST PSP TOXIN IN ALASKAN SHELLFISH 
Geoduck
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Fig. 31 Highest PSP toxin in Alaska by month 
for the year 2000. 
 



 
 
Fig. 30 Locations and levels of highest PSP 
toxin measured in razor clam, geoduck, softshell 
clam, oyster, surf clam, horse clam, and scallop. 
 
Seasonality 
 
The highest PSP levels in all shellfish species 
tested are shown in Figures 29 and 30.  There has 
been some recent documentation of PSP in Alaska 
where no prior occurrences have been seen. 
 
The seasonality of PSP in Alaska is dependent on 
shellfish species and location.  However, the 
earliest incidence of PSP in March-May of each 
year is generally in the Juneau area (SE Alaska).  
Human illnesses have also been documented in 
this area more frequently than when monitoring 
began.  High PSP levels are measured farther 
north (north of the Aleutian chain) later in the 
spring and early summer.  Shellfish south of the 
Aleutian chain often have high toxin levels 
whereas areas north of the chain are often toxin 
free.  Generally, all areas have lower levels of PSP 
in the spring (Fig. 31, example from 2000), while 
summer and early winter are times when high 
levels of PSP are generally observed.  However, 
some exceptions exist.  In Steamboat Bay (SE 
Alaska) and Grabina Island (outside Ketchikan), 
geoducks are toxic all year.  In Simons Bay 
(outside Sitka), an area that is generally free of 
PSP, there was one peak level of PSP in January 
1996 (240 µg/100g).  The highest level of PSP 
ever measured in Alaska was 20,606 µg in blue 
mussels at Kamisan Bay, Kodiak Island on May 
27, 1997 (Fig. 29).   











PSP has been measured recently in oysters in SE 
Alaska where there had been no problem.  There is 
limited testing for ASP in Alaska and levels have 
been near the detection limit since 1991.  The 
highest was 11 ppm in blue mussel in Cook Inlet. 
 
Causative organisms 
 
Three species of Alexandrium occur in Alaska 
(Scholin and Anderson 1994).  A. catenella 
(Whedon and Kofoid) Balech occurs in estuarine 
and open coast environments from southern 
California to southeast Alaska, forms chains and 
blooms when the water temperature is about 20oC.  
A. tamarense (Lebour) Balech, prefers cooler 
temperatures and less saline waters than A. 
catenella.  It has been found in the Gulf of Alaska 
(RaLonde 1996).  A. fundyense Balech has been 
found at Porpoise Is., Alaska.  These are the 
primary species believed to cause PSP in Alaska. 
 
Pseudo-nitzschia species occur from at least Point 
Barrow (R. Horner, pers. comm, documented by 
Bursa 1963 as Nitzschia seriata) and probably 
throughout the Bering Sea (listed as Nitzschia spp. 
section Pseudonitzschia from shelf-break stations 
near Unimak Pass by Schandelmeier and 
Alexander 1981).  Pseudo-nitzschia spp. probably 
occur throughout the Gulf of Alaska (records from 
American Mail Line ships of opportunity cruises 
between Seattle and Yokohama in 1968-1972).  
Pseudo-nitzschia are also known to occur in Port 
Valdez since the early 1970s (Horner et al. 1973).  
However, all of the earlier records are of N. 
seriata, which is possibly identified correctly to 
the species level for the farthest north samples, but 
is probably not identified correctly for all of the 
Gulf of Alaska and for Southeast Alaska. 
 
Economic impacts 
 
Alaska has the largest, most productive fishery 
(shellfish and fish) in the U.S., contributing 54% 



to the total U.S. landings.  The cost of PSP to the 
commercial fishery, recreational harvest, and 
aquaculture surpasses $10 million annually 
(RaLonde 1996).  The economic consequences of 
PSP in Alaska have drastically affected the 
development of a clam fishery, where an estimated 
50 million pounds are available for harvest (U.S. 
Department of Interior 1968).  In 1917, five 
million pounds of shellfish were harvested from 
Alaskan waters, but today the state’s commercial 
bivalve industry is virtually nonexistent.  The 
value of the sustainable, but presently unexploited, 
shellfish resource in Alaska is estimated to be $50 
million per year (Neve and Reichardt 1984).  An 
example of the impacts of PSP to a specific fishery 
is realized in the reduced value of the geoduck 
fishery.  In 2000, the geoduck fishery was 
receiving $1.60 per pound for processed geoduck 
that needed evisceration.  The price for whole 
geoduck, in contrast, was $7.00 per pound.  
Because of the uncertainties of PSP levels in this 
commercial shellfish, most of the harvested 
geoduck needed to be sold as eviscerated product.  
In 1998, the value of the geoduck fishery was $1.2 
million.  Because processing was required, 
however, the actual value of the final product was 
about $500,000, resulting in a loss of revenue of 
almost $800,000. 
 
The potential problem of PSP and the associated 
testing requirements are major factors preventing 
development of a surf clam (Spisula polynyma) 
harvest in the Bering Sea.  The sustainable harvest 
of the Bering Sea surf clam is estimated at about 
29,000 metric tons with an annual worth of about 
$9 million (Hughes et al. 1977).  The harvest of 
other clam species that are affected by PSP and net 
worth of these fisheries is shown in Table 16.  
Further information about the impacts of both PSP 
and ASP on Alaskan fisheries can be viewed at 
http://www.nwfsc.noaa.gov/hab/newsletter/HAB_i
mpacts_Alaska.htm 
 



 
Table 16 Average commercial clam harvest (tonnes) and income in US dollars (thousands), 1990-1999.  
 



Little neck clam Razor clam Geoduck clam 
Southeast Alaska Kachemak Bay Cook Inlet Southeast Alaska 



Harvest* Income Harvest* Income Harvest* Income Harvest* Income 
3.5 21.3 23.0 68.4 131.4 156.1 100.9 499.5 



* Based on ex-vessel price to the fishermen averaged over the fishing season price (Frenette et al. 1977). 











Washington State 
 
Human illness due to PSP has been a problem in 
Washington State.  In May 1942, a severe 
outbreak of PSP near the northwestern 
Washington town of Sekiu, resulted in the death of 
two Elwha Indian children and one adult male.  At 
the same time, there were numerous reports of 
dead cats, dogs and chickens that had been feeding 
on the clam waste from the outer coast of 
Washington State.  In late August 2000, an 
outbreak of PSP in mussels from South Puget 
Sound, at levels of 13,769 µg/100 g, resulted in 
the illness of nine people.  These were recreational 
harvesters who had collected and consumed blue 
mussels within a closed area.  Five were 
hospitalized and three of the five were placed on 
artificial respiration.  Two required artificial 
respiration for about 1 week.  One came very close 
to death, even with medical intervention. 
 
Testing 
 
The Washington State Department of Health 
(WDOH), in cooperation with the George 
Williams Hooper Foundation for Medical 
Research at the University of California in San 
Francisco, began a shellfish toxicity surveillance 
program in the early 1930s.  In 1942, the WDOH 
and the Washington Department of Fisheries 
(WDF) imposed a closure from April 1 until 
October 31, for the recreational harvest of all 
bivalve mollusks along the northern and western 
Washington coastline.  In June 1957, PSP 
monitoring was re-established to include all 
species of commercially harvestede shellfish in 
North Puget Sound and the outer coast, after 
WDOH was advised of the prevalence of PSP in 
British Columbia shellfish.  Only minimal 
monitoring of recreational shellfish harvesting 
areas was conducted until 1971.  Recreational 
shellfish harvesting opportunities have been 
severely restricted since the mid-1970s because of 
more frequent occurrences of PSP and higher 
levels of measured toxin (Taylor and Horner 
1994).  Recently, closures due to PSP toxins in 
shellfish in Puget Sound are widespread, as seen in 
the data for the year 2000 (Fig. 32). 



 
Fig. 32 Locations where closures due to PSP 
(red circles) occurred in 2000 due to levels of 
toxin in shellfish at or above 80 µg/100g.  Low 
levels (below 80 µg/100 g) are also shown as 
smaller blue circles. 
 
Selected representative commercial shellfish 
operations must submit samples for PSP testing on 
a biweekly basis during winter and spring, and as 
often as weekly during summer and fall.  Selected 
recreational areas are sampled weekly from April 
through October by state and county health 
departments, with sampling often done by 
volunteers, including the Puget Sound Restoration 
Fund program.  Since 1989, WDOH has used 
caged blue mussels (Mytilus edulis) as an early 
warming system for PSP.  Mussel cages are 
located at over 70 sites, most of which are 
monitored biweekly throughout the year.  
 
Mussels are also routinely used by WDOH to test 
for domoic acid, but clams and oysters from 
commercial sites are also used.  In addition, the 
Washington Department of Fish and Wildlife 
(WDFW), formerly the Washington Departmnt of 
Fisheries and coastal Tribes (including the 
Quinault, Quileute, and Hoh tribes) collect razor 
clams in a number of management areas along the 
open coast, and these are analyzed by both WDOH 
and the U.S. National Marine Fisheries Service, 
Northwest Fisheries Science Center as part of the 
Olympic Region Harmful Algal Bloom (ORHAB) 
project (see below).  
 
 
 











Retention time of domoic acid in razor clams is 
extremely long, and the record levels of toxin, 
approaching 300 ppm in October 1998, took until 
the fall of 1999 to depurate to below the regulatory 
level. 
 
A routine phytoplankton monitoring program 
(ORHAB) was established in Washington State in 
2000, with a primary focus on the coastal Pseudo-
nitzschia species that produce the domoic acid 
toxin.  This 5-year project, funded by NOAA’s 
National Ocean Service, is a collaboration among 
federal, state (including Indian tribes), local, and 
private agencies to determine which physical, 
biological, and chemical factors promote and 
sustain HABs on the Washington coast.  One of 
the findings of this project allowed the level of 
domoic acid in razor clams to reach 20 ppm (from 
15 ppm), resulting in increased openings on 
coastal beaches since the fall of 2001. 
 
Deaths of finfish reared in net pens in Puget Sound 
have been caused by members of the diatom genus 
Chaetoceros at least since 1961 (Bell 1961).  
Fishes exposed to Chaetoceros show massive 
discharge of gill mucus, causing lamellar 
degeneration and separation.  The biological 
impacts of this organism as well as those algae 
that discolor seawater (Noctiluca scintillans) and 
organisms causing some damage to oyster larvae 
(Ceratium fusus) and spot prawns (Akashiwo 
sanguinea, reported as Gymnodinium sanguineum) 
through unknown mechanisms are problems but  
are not discussed in detail here. 
 
A species that deserves special note because of the 
great economic distress it has caused to fish 
farming operations is Heterosigma akashiwo (also 
called H. carterae or sometimes erroneously, 
Olisthodiscus luteus).  Although there were early 
reports of a fish kill near Lummi Island in Puget 
Sound in 1976, and another in central Puget Sound 
(Manchester) that were attributed to Heterosigma, 
the first confirmed fish kill due to Heterosigma 
was in 1986.  In that year, a bloom covering  
>7000 km2 caused $4 million losses to aquaculture 
operations in Washington (Horner et al. 1991).  In 
1990, a bloom in central Puget Sound killed about 
1.3 million fish valued at $4-5 million (Horner et 
al. 1991).   



The exact mechanism of Heterosigma toxicity 
remains unknown, however there are theories that 
superoxide radicals or calcium channel agonists 
are involved. 
 
Seasonality and trends 
 
Recently, levels of PSP in geoduck have been 
above the regulatory standard in many areas of 
Puget Sound throughout the year.  The highest 
levels of PSP toxins in blue mussels and other 
shellfish are measured in August through October 
as seen in this example from 2000 (Fig. 33).  
August and September are usually the months with 
highest PSP levels in all shellfish monitored.  At 
times butter clams are the only species that are 
toxic in a given area, requiring species-specific 
closures for butter clams while harvesting all other 
shellfish is permitted.  
 
 



HIGHEST PSP TOXIN IN WASHINGTON SHELLFISH
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Fig. 33 Highest PSP toxin levels by month in 
geoduck and other shellfish species (2000). 
 











Highest toxin levels 
 
The highest level of PSP ever recorded in 
Washington State was 30,360 µg/100g in blue 
mussels in September 1978 in an unusual event in 
the Whidby Basin, central Puget Sound (Fig. 34).  
The highest level of domoic acid measuring  
297 ppm in razor clams was recorded in October 
1998, on the central Washington coast.  
Widespread closures of the commercial, 
recreational and subsistence (tribal) harvests 
exceeded one year due to the slow depuration of 
razor clams. 
 
The first occurrences of PSP in Washington State 
were documented in the Strait of Juan de Fuca.  
Monitoring by WDOH has shown that both 
Sequim Bay and Discovery Bay in northern Puget 
Sound have the longest recorded history of PSP in 
the state.  PSP levels in these areas were first 
measured in the 1950s.  PSP was absent from 
South Puget Sound until 1988.  The first closure 
there occurred in Carr Inlet when PSP levels in 
oysters reached 2000 µg/100g.  Since that time, 
yearly PSP closures have occurred in this southern 
area, possibly indicating that the spread of 
Alexandrium cysts has occurred over several 
decades to “seed” most of the Puget Sound region.  
PSP toxins can therefore be expected to occur in 
shellfish throughout most of Puget Sound in future 
years.   
 
To date, levels of domoic acid above the 
regulatory limit in shellfish have only occurred on 
the outer coast of Washington.  This is the only 
area in Washington State where razor clams are 
found.  It is likely that because domoic acid is not 
retained for long periods of time by shellfish other 
than razor clams, ASP has not been a problem in 
Puget Sound.  However, because the ingestion of 
mussels containing domoic acid caused human 
deaths in eastern Canada in 1987 (Bates et al. 
1989), vigilant monitoring of this toxin is required 
in Washington State.  October and November 
appear to be the months when domoic acid is most 
likely to be measured in razor clams on the coast, 
however, in 2000 and 2001, levels of domoic acid 
slightly above the regulatory limit were measured 
at select coastal beaches in March (ORHAB 
project, unpublished results). 
 



 
 
Fig. 34 Highest PSP and ASP toxin levels 
measured in Washington, Oregon and California. 



 
Causative species 
 
The primary species of Alexandrium responsible 
for PSP in Washington State is A. catenella.  
Potentially toxic Pseudo-nitzschia species found in 
Washington coastal waters are P. australis, P. 
multiseries, P. pseudodelicatissima, P. 
fraudulenta, P. delicatissima, and P. pungens.  
Since 1998, it is believed that P. 
pseudodelicatissima accounts for the largest 
toxigenic coastal blooms with P. australis 
contributing only occasionally to low level razor 
clam toxicity on the beaches on the south coast. 
 
Impacts 
 
The outbreak of domoic acid on the Washington 
and Oregon coasts in 1991 is estimated to have 
cost $23-28 million to the commercial and 
recreational razor clam fishery (Nosho 1999).  
Dungeness crab harvesters also lost at least $9 
million during this episode.  In all, the state’s 
shellfish processors experienced a 50% decline in 
sales.  Razor clam harvesting days lost due to  
 











domoic acid and paralytic shellfish toxins from 
1991-2000 are summarized in Table 17.  During 
these toxic episodes, coastal oyster farmers also 
suffered economic losses although there was no 
evidence that oysters had accumulated any toxin.  
Oyster farmers lost around $2.17 million in sales 
in 1991, because of the public’s fears about eating 
toxin-tainted product.  In 1998, when record levels 
of domoic acid were detected in Oregon and 
Washington razor clams, the coastal tourism 
industry alone experienced an estimated $15 
million loss (Nosho 1999).  Repeated closures 
have reduced tourist visits to the Washington coast 
during the razor clam harvesting season and have 
resulted in loss of product confidence in the 
shellfish consumer. 
 
In November 1997, a late season bloom of 
Alexandrium cause toxin accumulation in oysters 
in bays on Washington’s outer coast.  Revenue 
losses to oyster farmers due to the harvest closures 
approached $7 million after only 2-3 weeks.  In 
South Puget Sound, where closures were in effect 
for 2 months that same year, shellfish farmers lost 
a total of about $2 million (Nosho 1999).  
 
In 1996, WDOH began monitoring PSP toxins in 
the gut of geoduck.  The agency was informed that 
Asian and tribal communities were eating the 
stomach in soups, pâtés, and other recipes.  During 
that same year, various Indian tribes began 
commercially harvesting geoduck in several areas 
of Puget Sound, therefore the careful testing of all 
tissues consumed was essential.  The testing of 
geoduck gut resulted in six product recalls that 
resulted in loss of sales to companies and a 
reduction in price by many markets.  During 1996, 
11 geoduck tracts were closed due to PSP.  Since 
that time, levels of PSP toxins in geoduck viscera 
in a given tract vary substantially from one week 
to another.  The lack of PSP toxin predictability in 
geoduck has resulted in managers calling this the 
“light switch phenomenon” (Cox 2001) in which 
toxin levels rise and fall rapidly. 
 
In 1989, H. akashiwo was responsible for the loss 
of $4 million worth of pen-reared salmon.  Since 
then, substantial economic losses from these 
blooms have occurred (Table 18).  H. akashiwo 
has been linked to mortalities of salmon in the 
wild. 



Table 17 Washington State outer coast razor 
clamming days lost due to ASP or PSP. 



 



Season HAB Days lost (%) 
1991 Fall ASP 37.5 



1992 Spring ASP 100 
1992 Fall PSP 30.9 



1993 Spring PSP 5.7 
1993 Fall ASP 21.4 
1998 Fall ASP 100 



1999 Spring ASP 100 
1999 Fall ASP 37.8 



2000 Spring ASP 41.2 
 



Oregon 
 
The geography of the Oregon coast differs from its 
more northerly neighbors as there are no inland 
waterways or fjords which must be monitored for 
HAB toxins.  There are 350 miles of mostly 
accessible coastline with sandy beaches, rocky 
intertidal shoreline, long stretches of dunes, and 20 
estuaries of varying sizes.  Tillamook, Netarts, 
Yaquina, and Coos are larger bays with 
commercial shellfish production, mainly cultured 
oysters.  Native oysters are scarce in Oregon and 
their harvest is prohibited. 
 
Testing 
 
The State of Oregon has tested shellfish for PSP 
since the late 1950s.  One death in Oregon in 1958 
was linked to PSP.  At present, the Food Safety 
Division of the Oregon Department of Agriculture 
monitors up to 30 sites for PSP and domoic acid.   
Shellfish collected from each site can include 
razor clams, mussels, oysters, and bay clams 
including: gaper (Tresus capax), cockle 
(Clinocardium nuttali), littleneck (Prototheca 
staminea), butter (Saxidomus giganteus), and 
softshell (Mya arenaria). 
 
The majority of recreational razor clam harvest 
(90-95%) occurs in northern Oregon from 
Tillamook Head to the Columbia River (Clatsop 
Beach).  The Oregon Department of Fish and 
Wildlife assists with collection of shellfish used 
for testing. 











Table 18 Recent losses in Puget Sound due to Heterosigma (L. Connell, unpubl. data). 
 



Location Date Salmon Species Loss (# of fish) 
Cypress Island, 



commercial farms1 
1989 Atlantic 364,000 



Manchester pens 
(research and 



endangered species) 



June-July 1990 Chinook, sockeye, 
coho, Atlantic 



1910 



Rich passage, 
commercial farms 



June-July 1990 Atlantic, chinook 649,544 



Case Inlet, free 
ranging fish 



September 1994 Coho, chum, chinook 352 



Manchester pens 
(research fish) 



July 1997 Coho, chinook, 
sockeye 



737 (100% mortality of 
coho) 



Rich passage, 
commercial farms 



July 1997 Atlantic 401,639 



Port Angeles, 
commercial farms 



August 1997 Atlantic 62,000 



1 there were many more dead fish seen but not collected for identification 
2 at least one farm closed because of heavy losses in 1989 



 
 
Clatsop Beach is the only area where commercial 
digging is allowed.  The number of harvesters 
varies with the abundance of razor clams.  Fewer 
than five harvesters dive for wild clams in 
Nehalem, Tillamook, and Coos Bays.  In the past, 
a small number of commercial mussel farming 
operations were located in central to southern 
Oregon, however all have discontinued business or 
changed to oyster farming.  There are 
approximately 15 commercial oyster growers in 
Tillamook, Netarts, Yaquina, Winchester 
(Umpqua River), and Coos Bays.   
 



Site monitoring occurs weekly in the summer and 
bi-monthly in the winter.  Mussels hung under 
piers at the mouth of bays are the preferred sample 
specimens, because they can, theoretically, be 
collected independently of tidal fluctuations and 
weather.  However, rough waves and vandals have 
taken the mussel “hangings”, so that often the wild 
mussels must be used.  These wild mussels are 
collected from rocks on extended jetties.  Mussels 
are placed at the mouths of commercial bays as 
sentinels for determining the safety of shellfish 
inside the bays.  The exception to this procedure is 
at Netarts and Winchester bays where oysters are 
monitored directly due to the proximity of these 
bays to the ocean.  When toxin levels are on the 



rise, samples from the commercial areas are also 
tested.  Program policy is to consider opening 
beaches for shellfish harvest after two consecutive 
sampling periods showing a strong declining trend  
in toxin below 20 ppm domoic acid and  
80 µg/100 g PSP. 
 
Seasonality 
 
The seasonality of coastal domoic acid events in 
Oregon is very similar to that observed in 
Washington State.  Typically, domoic acid 
poisoning has occurred in October and November, 
but events are occasionally documented in the 
spring.  For example, in April and May 2001, a 
domoic acid event closed Oregon beaches to razor 
clam harvest.  In October 1998, record levels of 
domoic acid reached 308 ppm in razor clams, 
resulting in closure of most beaches in Oregon for 
over 1 year.  This event also impacted the 
Washington coast. 
 
In August 1992, there was a record PSP event that 
closed razor clam harvests in northern Oregon for 
two years (1992-1994 at Clatsop beach on the 
north coast).  Over the past seven years, the 
Tillamook Bay commercial oyster harvest has 
been closed once due to PSP.  During that same 











period, the cockle harvest was closed at least three 
times due to high levels of PSP.  Domoic acid 
toxicity was responsible for a one year razor clam 
closure (1991-1992) on northern Oregon beaches.  
There were also significant PSP events in 1958, 
1973, 1977, and 1982. 
 
A geographical difference in HAB occurrences in 
the northern and southern Oregon beaches has 
been observed over the past few years.  For 
example, in 2001, PSP affected the southern 
beaches during the entire summer, whereas the 
northern beaches were not affected.  In that same 
year, domoic acid poisoning affected razor clams 
on the northern beaches, but was not a problem in 
the southern beaches.  The 1992 PSP event 
mentioned above affected the north and central 
coasts, but not the south coast.  Clearly, different 
oceanographic processes must be influencing the 
distribution of HAB species on Oregon’s southern 
and northern beaches. 
 
Highest toxin levels 
 
The highest level of domoic acid was measured in 
October 1998 at 308 ppm in razor clam at Clatsop 
Spit, near the Columbia River in northern Oregon.  
The highest PSP level (>4367 µg/100 g) was 
measured in mussels from the south jetty of the 
Columbia River in late September 1992 (Clatsop 
Beach, Fig. 34). 
 
Causative species 
 
The causative species of PSP in Oregon is A. 
catenella.  Detailed studies of Pseudo-nitzschia 
species present at the time of high domoic acid on 
the Oregon coast have not been done.  However, a 
research cruise in the summer of 1998, prior to the 
toxic bloom that fall, measured high numbers of 
toxic P. australis in Oregon coastal waters 
(Trainer et al. 2001).  Additionally P. australis, P. 
fraudulenta, P. heimii, P. multiseries, P. pungens, 
and P. pseudodelicatissima have all been reported 
from Oregon (Fryxell et al. 1997). 
 
Impacts 
 
The razor clam industry in both Washington and 
Oregon has been affected by domoic acid 
poisoning in recent years, most notably in 1991 



and 1998.  The economic impacts of these events 
were discussed in detail in the Washington State 
report (above).  The effects of domoic acid 
poisoning on human health in this area is 
unknown.  
 
Relying on commercial harvesters to provide 
specimens to monitor for PSP becomes difficult 
when commercial harvests are closed.  There have 
also been some years when the abundance of razor 
clam “set” on the beach was quite low, making 
sampling difficult.  Long closures have been 
necessary in recent years due to lack of extensive 
monitoring, resulting in the loss of consumer 
confidence in the shellfish product. 
 
California 
 
The first outbreak of PSP recorded in California 
involved 12 people who ate mussels from Timber 
Cove, Sonoma County, in 1903 (Meyer et al. 
1928).  Five of those people died.  The next 
reported cases of PSP were reported from Santa 
Cruz County (4 people) in 1915 and (12 people 
including 2 deaths) in 1917.  An additional case in 
San Diego County was reported in 1918 (Price et 
al. 1991). 
 
Health officials recognized PSP as a serious health 
risk in California in 1927.  Since then, there have 
been over 500 reported incidents, with more than 
30 deaths.  From the 1960s through the 1980s, 
there were toxic events most years along the 
California coast (Price et al. 1991).  The most 
recent recorded death was in 1980, and the last 
reported illness was in 1991 (RaLonde 1996).  
Today, most toxic events occur in the summer and 
fall, and the state imposes an annual mussel 
quarantine of sport-harvested mussels from May 1 
through October 31, along the entire California 
coastline (Price et al. 1991).  The California 
Marine Biotoxin Monitoring Program, managed 
by the California Department of Health Services 
(CDHS), is the oldest HAB monitoring program in 
the United States. 
 
Indians of the Pacific Coast, in the state now 
known as California, would not eat shellfish when 
bioluminescence was evident in ocean waters 
because they were apparently aware of the 
relationship between this event and toxicity in 











shellfish.  Meyer et al. (1928) wrote, “From time 
immemorial it has been the custom among coast 
tribes of Indians, particularly the Poma, to place 
sentries on watch for Kal ko-o (mussel poison).  
Luminescence of the waves, which appeared 
rarely and then only during very hot weather, 
caused shellfishing to be forbidden for two days; 
those eating shellfish caught at such times suffered 
sickness and death.  According to a report, a band 
of Indians died about fifty years ago from eating 
mussels gathered on the Mendocino coast during 
the month of August”. 
 
The first documented occurrence of domoic acid 
poisoning on the Pacific coast of the U.S. was in 
September and October 1991, near Santa Cruz, 
Monterey Bay, California.  Pelicans and Brandt’s 
cormorants fed on anchovies that had eaten toxic 
Pseudo-nitzschia (Buck et al. 1992;  Fritz et al. 
1992;  Work et al. 1993).  These birds were found 
dead and dying on the beach.  A bloom of P. 
australis, identified for the first time as a species 
producing high level of domoic acid (Garrison et 
al. 1992;  Villac et al. 1993), was observed in 
Monterey Bay during this event.  Mussels 
collected at this time had concentrations of domoic 
acid that exceeded the federal alert level.  Another 
domoic acid event in Monterey Bay that involved 
illness or death of over 70 California sea lions 
occurred in May 1998.  About one month later, sea 
otters were also sickened by domoic acid.  
Mussels tested for toxin content at the same time 
as this event showed only very low levels of 
domoic acid, indicating that this may not be an 
effective sentinel species for exposure of marine 
wildlife to toxins.  However, mussel testing may 
provide sufficient warning for the risk of toxin 
exposure in humans because no cases of human 
poisoning by domoic acid are known to have 
occurred in California.  
 
Testing 
 
The annual quarantine applies only to recreational 
harvesting of mussels.  Mussels and all other 
bivalves grown and harvested by licensed 
commercial operators in California are subject to a 
separate PSP testing program.  In 1981, the CDHS 
required that commercial shellfish growers submit 
samples from their shellfishing beds at weekly 
intervals, year-round, during all harvesting 



periods.  This requirement was imposed as a 
consequence of a PSP outbreak in 1980, during 
which 61 people became ill from eating 
commercially grown oysters.  All harvesters and 
growers of bivalve shellfish (e.g., oysters, clams, 
and mussels) must obtain a certificate from the 
CDHS prior to harvest.   
 
In addition, county environmental health 
departments submit sentinel mussel samples from 
their regions 1-2 times per month for testing.  This 
voluntary sampling protocol was formulated as an 
agreement between the CDHS and several coastal 
county health departments.  The program first 
involved the northern counties, and later grew to 
include southern counties.  The sampling protocol 
suggested that each county select two sampling 
locations, and submit a sample from each site at 
biweekly intervals during the quarantine period 
and at monthly intervals during the non-quarantine 
period.  However, some coastal county health 
departments have not been able to collect all 
samples as outlined in the sampling protocol.  
Monitoring by coastal counties is augmented in 
some areas by samples collected by the CDHS, the 
California Department of Fish and Game, and 
various other participants.  Domoic acid was 
measured in California mussels in spring 1991.  
Since that time, the CDHS has included testing of 
domoic acid in its biotoxin monitoring program. 
 
An extensive phytoplankton monitoring program 
in California that provides a valuable adjunct to 
shellfish monitoring for PSP toxicity and domoic 
acid was established in 1992.  The benefit of 
phytoplankton monitoring is that many of the 
observations are made in the field, so the lag time 
associated with mussel monitoring is eliminated.  
These plankton monitoring efforts have detected 
the early stages of several toxigenic blooms prior 
to the detection of toxicity in any species of fish or 
shellfish.  California’s phytoplankton monitoring 
sites, sampled at frequencies ranging from once a 
week to once a month, include all commercial 
shellfish growing areas and numerous coastal 
sites.  Over 45 volunteers collect samples for the 
program.  A core group of participants performs 
all the field identifications and communicates 
results with program manager.  Data from this 
program are qualitative because they are based on 
net tows and the assignment of a “relative 











abundance” index to each species present in a 
sample. 
 
Seasonality 
 
The two largest PSP outbreaks in California, in 
1927 and 1980, began during July.  The majority 
of PSP cases in other years have occurred during 
the 4-month period from June through September, 
with July being the peak month.  These peaks 
appear to correlate with relaxations of upwelling 
that result in the transport of toxic cells to the 
coast (Langlois 2002).  However, toxic 
dinoflagellate blooms are not limited to the 
warmer months of the year.  Toxic blooms have 
caused numerous extensions of the quarantine 
period beyond October 31, and early-season 
quarantines prior to May 1 have been common in 
recent years.  The geographic center for coastal 
PSP toxins appears to be Marin county in central 
California (highest intensity) with lower levels of 
toxin measured both north and south of this area.   
Domoic acid in shellfish has been monitored since 
it was first identified along the west coast of the 
U.S. in 1991, and no strong seasonality has been 
observed.  However, most domoic acid events 
occur in the spring, summer and fall months.   
 
Results of several years of volunteer monitoring 
by the DHS Phytoplankton Monitoring Program 
suggest that there may also be a northward 
progression of Pseudo-nitzschia from the Santa 
Barbara and San Luis Obispo areas that appear to 
have some of the first blooms of the season (G. 
Langlois, pers. comm). 
 
Highest toxin levels 
 
Mussels have been responsible for the majority of 
California PSP cases and deaths.  The highest PSP 
level recorded was 16,000 µg/100 g mussel in July 
1980, in Marin county.  The highest level of 
domoic acid (2300 µg/g) was measured in 
anchovy in May 1998, at the same time that sea 
lions were observed dead and dying on central 
California beaches (Fig. 34).  During this time, 
measurements of domoic acid in mussels did not 
exceed the regulatory level.  The highest level of 
domoic acid in mussels was measured at 49 ppm 
on the central California coast near Monterey Bay 
in the fall of 1991. 



Causative species 
 
The species known to cause PSP in California is A. 
catenella.  Domoic acid poisoning in California is 
primarily due to blooms of P. australis, although 
other potentially-toxic species, including P. 
multiseries, P. fraudulenta, P. heimii, P. pungens, 
and P. pseudodelicatissima have been observed in 
coastal waters. 
 
Impacts 
 
California has a relatively small commercial 
shellfish industry with about 12-16 companies 
statewide that could potentially be impacted by 
PSP and ASP.  Many of these industries are 
located in bays that are at least partially buffered 
from the immediate impact of toxins that affect the 
open coast.  The annual quarantine for recreational 
shellfish concerns only mussels, therefore clams 
can still be harvested.  Only rarely has toxin in 
mussels increased to levels that require closure of 
the entire recreational harvest on the California 
coast.  Therefore, impacts of toxins on the 
California fishery are relatively small compared to 
Oregon and Washington. 
 
Other organisms 
 
Strongly visible red water discolorations due to 
blooms of Lingulodinium polyedra (=Gonyaulax 
polyedra) are common off the coasts of southern 
California and Baja California.  Although they are 
usually harmless, there have been occasional 
reports of marine fauna mortalities due to 
excessive concentrations, decay, and high 
biological oxygen demand (B.O.D.) on beaches. 
These reports go back as far as Torrey (1902). 
 
Hawaii 
 
Ciguatera fish poisoning (CFP) is the most 
significant HAB problem in the tropical waters of 
Hawaii.  Incidences of CFP in the eastern Pacific 
appear to be very low, and represent a small risk to 
both human health and the economy.  However, 
ciguatera fish poisoning is an emerging human 
health risk outside the tropics because of 
importation of tropical seafood to areas such as the 
continental U.S and the visit of tourists to Hawaii. 
 











Unanswered questions and hopes for the future 
 
Due to the vastness of the western U.S. coastline, 
with its many bays, fjords, and estuaries, testing is 
expensive and difficult.  It can cost several 
hundred dollars to submit one sample for testing, 
because sampling areas are remote and distant 
from testing centers.  Ideally, a simple, reliable 
test for both PSP and ASP will be developed for 
use at remote sites of harvest.  Currently, an assay 
is being tested in Alaska by Jellet Biotek®, a 
Canadian company that specializes in the 
development of “test strip” immunoassays for 
toxin detection.  It shows some promise, but must 
pass the rigorous criterion to avoid false negatives.  
A monitoring tool that would give aquaculturists a 
“safe/not safe” result would greatly reduce the 
number of samples sent for expensive testing at 
state monitoring labs. 
 
Not only does the remoteness of sampling sites 
contribute to the expense of toxin testing, but 
lengthy and tedious extraction procedures add to 
the cost.  A more rapid or automated procedure for 
the extraction of toxins from shellfish would also 
greatly reduce the costs of monitoring.  If a single 
extraction procedure could be used for both 
domoic acid and PSP toxin testing, a greater 
saving of time and money would be realized. 
 
The biggest HAB-related question remaining in 
Alaska is, “which areas have little or no toxin and 
are safe for development of aquaculture 
facilities?”  An extensive study would be required 
to “map” clean sites in Alaska.  The identification 
of these specific sites of little or no toxicity then 
would reduce the amount of testing required, and 
would enable a sustainable resource to be more 
efficiently managed.  Only through large, 
collaborative studies of physical, biological and 
chemical processes that influence HAB initiation 
and development, will areas that are generally free 
from toxic episodes be identified. 
 
In all U.S. west coast regions, if not all regions in 
the world that suffer from HABs, the remaining 
unanswered questions include:  what are the 
environmental factors that initiate and drive  
 



HABs, what environmental factors cause algae to 
be toxigenic, end blooms, and result in no toxin 
production?  What role do cysts and vegetative 
cells play in promoting PSP toxicity?  Answers to 
these questions would assist in more efficient 
management of HABs in all U.S. west coast states. 
 
Hopes for the future include the possibility to 
predict blooms.  Only through large-scale 
collaborative studies, will the answers to the 
questions posed above be obtained.  HABs cross 
borders freely and international studies should 
therefore be encouraged.  For example, toxic 
Pseudo-nitzschia blooms that arrive on both the 
Washington State and British Columbia, Canada 
coasts, are thought to originate at the 
U.S./Canadian border, in an oceanographic feature 
known as the Juan de Fuca eddy.  Only through 
strong U.S. and Canadian collaboration will the 
precise environmental factors contributing to HAB 
initiation at this site be understood.  This 
collaboration must include representatives from 
management agencies, research groups, and 
commercial and subsistence marine farmers in 
order to gain complete insight on HABs that know 
no borders. 
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Appendix US 



Harmful algal blooms on the U.S. west coast 



Vera L. Trainer 
Northwest Fisheries Science Center, National Marine Fisheries Service, 2725 Montlake Boulevard East, 
Seattle, WA 98112, U.S.A.  E-mail:  Vera.L.Trainer@noaa.gov 
 
On the U.S. west coast, the toxin-producing algal 
species are the dinoflagellate in the genus 
Alexandrium that cause paralytic shellfish 
poisoning (PSP), the dinoflagellate in the genus 
Gambierdiscus that causes ciguatera fish 
poisoning, and diatoms in the genus Pseudo-
nitzschia that produce domoic acid and cause 
domoic acid poisoning (DAP), also known as 
amnesic shellfish poisoning (ASP).  Other harmful 
species, including the raphidophyte, Heterosigma 
akashiwo, and the diatoms from the genus  
 
 



Chaetocerus, kill fish at aquaculture sites, but are 
not harmful to humans.  Water discolorations (red 
tides) caused by noxious phytoplankton also occur 
throughout the area. 
 
Only about 25 of the more than 5000 known 
phytoplankton species produce toxins or directly 
cause fish mortalities, while another 20-30 species 
are responsible for other problems, including 
water discolorations, along the U.S. west coast 
(Table 19). 
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Fig. 35 ASP events in the U.S.A. 
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Fig. 37 Ciguatera fish poisoning Gambierdiscus 
toxicus in the U.S.A. 
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Fig. 36 PSP events in the U.S.A. 
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Fig. 38 Animal and plant mortalities in the 
U.S.A.  











Table 19 Toxic and nuisance algal species reported from the west coast of U.S. (from Horner et al. 
1997). 
 
1. Dinoflagellate species that produce saxitoxins that cause 



paralytic shellfish poisoning (PSP) 
Alexandrium acatenella 
Alexandrium catenella 
Alexandrium fundyense 
Alexandrium hiranoi 
Alexandrium ostenfeldii 
Alexandrium tamarense 



2. Dinoflagellate species that produce okadaic acid that 
causes diarrhetic shellfish poisoning (DSP).  DSP has not 
yet been measured in shellfish on the west coast, but the 
causative organisms are common 



Dinophysis acuminata 
Dinophysis acuta 
Dinophysis fortii 
Dinophysis norvegica 



3. Diatoms that produce domoic acid that causes domoic acid 
poisoning, also known as amnesic shellfish poisoning 
(ASP) 



Pseudo-nitzschia australis 
Pseudo-nitzschia multiseries 
Pseudo-nitzschia 
pseudodelicatissima 
Pseudo-nitzschia pungens 
Pseudo-nitzschia seriata 



4. Species associated with fish kills, but not know to be 
harmful to humans  



Diatoms 
Chaetoceros concavicornis 
Chaetoceros convolutes 
Chaetoceros danicus 
Raphidophyte 
Heterosigma akashiwo 



5. Species that cause water discolorations. Blooms of these 
species may kill kish or invertebrates due to oxygen 
depletion may change or disrupt food-web dynamics or 
produce noxious compound 



Dinoflagellates 
Ceratium dens 
Ceratium divaricatum 
Ceratium furca 
Ceratium fusus  
Gymnodinium sanguineum 
Gymnodinium flavum 
Lingulodinium poydrum 
Noctiluca scintillans 
Prorocentrum micans 
Protoneridium 



Maps of the United States show the frequency of 
occurrence of each type of toxic syndrome (from 
the WHOI web site, http://www.redtide.whoi. 
edu/hab/) common on the U.S. west coast (Figures 
35-38).  Although some ASP has been measured 
in shellfish along the U.S. east coast, it is primarily 
a west coast problem (detected in shellfish and 
Dungeness crab).  Record levels (297 ppm) of 
domoic acid were measured in razor clams in the 
fall of 1998. 
 
Paralytic shellfish poisoning is found on both the 
U.S. east and west coasts, however, the highest  
 



levels of PSP have been measured in shellfish on 
the U.S. west coast.  For example, levels of PSP 
measured at 13,700 µg/100g in mussels resulted in 
the hospitalization of 3 people and the illness of at 
least 9 people in Washington State during the 
summer of 2000.  The highest PSP concentration 
measured in Alaskan shellfish from 1982-1999 
was 20,606 µg/100 g in blue mussels off Kodiak 
Island.  Each year, the harvesting of shellfish from 
restricted areas results in the illness of people in 
Alaska.  During the years 1973-1995, 70 people 
were sickened due to PSP in Alaska; during 1995-
2000, at least 51 people became ill.  Due to under-











reporting of illnesses, or misdiagnosis, the 
numbers of people sickened in Alaska due to PSP 
are likely 10-30 times higher.  The first 
documented case of PSP in North America 
occurred in 1793 when five members of Captain 
George Vancouver’s crew became ill and one died 
after eating mussels (Quayle 1969). 
 
Ciguatera fish poisoning is the most significant 
HAB problem in Hawaii, Puerto Rico, and Florida.  
Incidences of ciguatera poisoning in the eastern 
Pacific appear to be very low, and represent a 
small risk to both human health and the economy.  
However, ciguatera poisoning is an emerging risk 
outside the tropics because of importation of 
tropical seafood to areas such as the continental 
United States. 
 
Animal mortalities due to toxic and harmful algae 
occur routinely on the U.S. west coast.  Domoic 
acid poisoning in Monterey Bay, California, in 
1991, resulted in the death of seabirds (pelicans 
and cormorants).  These birds fed on anchovies 
that had eaten toxic P. australis.  More recently, in 
1998 and again in 2000, sea lions and sea otters 
have suffered from seizures due to domoic acid 
poisoning.  Several of these mammals also died 
due to their ingestion of toxic sardines and 
anchovies.  Unexplained mortalities of marine 
mammals in the Monterey Bay region due to 
seizures and other neurological problems over the 
past decades, indicate that domoic acid poisoning 
of mammals may be a relatively common 
occurrence. 
 
Farmed fish have also been known to succumb due 
to injury caused by harmful algae.  The diatoms 
Chaetoceros convolutus and C. concavicornis 
have caused the death of finfish reared in net pens 
since at least 1961 (Bell 1961).  Fish death is 
likely due to suffocation from excess mucus 
production by the gills.  The death of pen-reared 
salmon has also been associated with the 
raphidophyte flagellate H. akashiwo since 1976.  It 
has been reported that Heterosigma produces 
superoxide and hydroxyl radicals (Yang et al. 
1995) resulting in fish deaths. 
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A B S T R A C T



Along the Pacific coast of North America, from Alaska to Mexico, harmful algal blooms (HABs) have



caused losses to natural resources and coastal economies, and have resulted in human sicknesses and



deaths for decades. Recent reports indicate a possible increase in their prevalence and impacts of these



events on living resources over the last 10–15 years. Two types of HABs pose the most significant threat



to coastal ecosystems in this ‘‘west coast’’ region: dinoflagellates of the genera Alexandrium,



Gymnodinium, and Pyrodinium that cause paralytic shellfish poisoning (PSP) and diatoms of the genus



Pseudo-nitzschia that produce domoic acid (DA), the cause of amnesic shellfish poisoning (ASP) in humans. These



species extend throughout the region, while problems from other HABs (e.g., fish kills linked to raphidophytes or



Cochlodinium, macroalgal blooms related to invasive species, sea bird deaths caused by surfactant-like proteins



produced by Akashiwo sanguinea, hepatotoxins from Microcystis, diarrhetic shellfish poisoning from Dinophysis,



and dinoflagellate-produced yessotoxins) are less prevalent but potentially expanding. This paper presents the state-



of-knowledge on HABs along the west coast as a step toward meeting the need for integration of HAB outreach,



research, and management efforts.
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1. Introduction



Harmful algal blooms (HABs) are a global threat to living marine
resources and human health. These events impact all coastal U.S.
states and large portions of coastal Canada and Mexico (Taylor,
1993; Horner et al., 1997; Mudie et al., 2002; Hernández-Becerril
et al., 2007; Anderson et al., 2008b; Band-Schmidt et al., 2010).
Harmful algal blooms have had significant ecological and
socioeconomic impacts on Pacific coastal communities of North
America for decades, and their prevalence and impacts on living
resources in this west coast region have increased markedly in
frequency and geographical distribution over the last 10–15 years
(Anderson et al., 2008b; Kudela et al., 2008a; Kahru et al., 2009;
Band-Schmidt et al., 2010; Rensel et al., 2010b; Garcia-Mendoza,
unpubl. data). The HABs that threaten west coast water quality, the
health of living resources, and the economies of its communities
are diverse and often extend beyond jurisdictional boundaries.
Comprehensive understanding of the causes and impacts of west



coast HABs will therefore require a regionally integrated approach,
and effective HAB management will depend on interstate and
international collaboration and coordination.



Several policy drivers call for a regional approach to addressing
marine problems (e.g., U.S. Commission on Ocean Policy, 2004;
NOAA Program Planning and Integration, 2007; NSTC Joint
Subcommittee on Ocean Science and Technology, 2007; Joint
Ocean Commission Initiative, 2009). The 2004 Reauthorization of
the Harmful Algal Bloom and Hypoxia Research Control Act also
acknowledged the need for a regional approach to HAB research
and response by establishing a procedure for requesting Regional
Assessments of HABs. The U.S. Commission on Ocean Policy (2004)
and the Pew Oceans Commission (2003) recommended regional
ocean governance efforts as an effective mechanism to facilitate
regional ecosystem assessment and management. Recognizing this
need, the West Coast Governors’ Agreement on Ocean Health
(WCGA) was established in 2006 as a proactive, regional
collaboration to protect and manage ocean and coastal resources



Table 1
Reported human illnesses and deaths due to paralytic shellfish poisonings. Additional illnesses are known from all areas, but only those associated with fatalities are reported



here. Dates vary depending on state, country and when monitoring began.



Year Cases Deaths Counties/areas involved Shellfish kind



AK



17991 150+ 100 Sitka, Peril Strait Blue mussels



19342 12 2 Douglas and Admiralty Islands Not known



19443 4 1 Likely Sitka Not known



19474 3 1 Peril Strait Butter clams



19545 8 1 False Pass Blue mussels



19626 27 1 Porpoise Island Littleneck clams



19626 1 1 Hawk Inlet Blue mussels



19626 1 1 Shelter Bay Butter clams



19656 4 1 Hawk Inlet Butter clams



19947 16 1 Kalsin Bay, Kodiak Blue mussels



19977,8 9 1 Sturgeon River, Kodiak Butter clams,



littleneck clams



19998 1 Kodiak Not known



20109 5 2 Juneau and Haines Cockles, Dungeness



crab viscera



BC



179310 4 1 Poison Cove Mussels, clams



194210 3 3 Barkley Sound Mussels, clams



196510 4 1 Theodosia Inlet Cockles



198010 7 1 Health Harbor, Gilford Island Butter clams



WA



194211 9 3 Sekiu, Strait of Juan de Fuca Clams, mussels



OR



193311 21 1



CA



190312 12 5 Sonoma County California mussels



192713 103 6 Sonoma, Marin, San Mateo Mussels



192913 60 4 Sonoma, Marin, San Mateo Mussels, clams



193613 3 2 Ventura Mussels



193913 76 8 Santa Cruz, Monterey Mussels, clams



194313 20 4 Del Norte, Humboldt Mussels



194413 12 2 San Mateo, Santa Cruz Mussels



194613 3 1 San Mateo Mussels



194813 3 1 San Mateo Mussels



198013 98 2 Sonoma, Marin Mussels, oysters,



scallops



MX



197614 7 2 Pacific Mexico



1979–200815 391 24 Pacific Mexico



197916 18 3 Mazatlan Bay, extensive fish kill Oysters, clams



198914,17 99 3 Gulf of Tehuantepec Rocky oysters



2001–200217 600 6 Michoacán and Guerrero coasts



2001–200217 101 6 Chiapas, Guerrero coasts



Sources: AK: 1Tikhmenev (1979), 2Sommer and Meyer (1937), 3Alaska’s Health (1945), 4Magnusson et al. (1951), 5Meyers and Hillian (1955), 6Orth et al. (1975), 7Ostasz



(2001), 8RaLonde (2001), 9State of Alaska Epidemiology Bulletin (2010); BC: 10Chiang (1988); WA: 11Nishitani and Chew (1988); OR: 11Nishitani and Chew (1988); CA:
12Sommer and Meyer (1937), 13Price et al. (1991); MX: 14Saldate-Castañeda et al. (1991), 15Cortés-Altamirano and Sierra-Beltrán (2008), 16Mee et al. (1986), 17Hernández-



Becerril et al. (2007).



A.J. Lewitus et al. / Harmful Algae 19 (2012) 133–159134











along the coasts of Washington (WA), Oregon (OR), and California
(CA). Harmful algal blooms were highlighted as needing immedi-
ate attention by all three states.



The WCGA called for ‘‘a HAB workshop . . . to reach consensus on
the present state-of-knowledge and prioritize the information
needed by decision makers to lessen the impacts of the HAB events
on humans and critical marine resources’’ as part of the strategy to
promote interstate coordination of HAB research and monitoring
efforts (Action Plan for the West Coast Governors’ Agreement on
Ocean Health, 2008). The National Oceanic and Atmospheric
Administration (NOAA) and the states of CA, OR, and WA convened
the West Coast Regional Harmful Algal Bloom Summit on 10–12
February 2009 in Portland, Oregon, to fulfill the WCGA charge. A
White Paper, Harmful Algal Blooms in the West Coast Region: History,



Trends, and Impacts in California, Oregon, and Washington, was
developed by the Summit Steering Committee to summarize the
scope of the HAB problem in this region, in order to provide
background on the state-of-knowledge for Summit attendees. Here,
we expand on that White Paper, incorporating Summit findings and
consensuses, and extending the geographical coverage of HAB
impacts on the west coast to include Alaska (AK), British Columbia
(BC), the U.S. Pacific coast states, and Mexico.



2. Paralytic shellfish poisoning



2.1. Overview of toxicity, history on the North American west coast



Paralytic shellfish poisoning is caused by a suite of biotoxins,
collectively called paralytic shellfish toxins (PSTs). Taxa known to
produce these toxins include species of the dinoflagellate genera
Alexandrium, Gymnodinium, and Pyrodinium. The genus typically
associated with toxic outbreaks along the U.S. and Canadian west
coasts is Alexandrium, while Gymnodinium and Pyrodinium species
are associated with outbreaks in Mexico (Ochoa et al., 1997).



Symptoms of PSP are neurological, onset is rapid and can result in
paralysis or death through respiratory arrest. Toxicity varies with
shellfish species, and some of the west coast species most likely to
be contaminated include mussel species, butter clams (Saxidomus



giganteus Deshayes), geoduck clams (Panopea generosa Gould),
razor clams (Siliqua patula Dixon), and Pacific oysters (Crassostrea



gigas Thunberg); see Section 2.2. Several other species reportedly
have also been contaminated, including northern quahogs
(Mercenaria mercenaria Linnaeus), horse clams (Tresus nuttallii



Conrad and Tresus capax Gould), Pacific littleneck clams (Protothaca



staminea Conrad), manila clams (Venerupis philippinarum Adams &
Reeves), varnish clams (Nuttallia obscurata Reeve), purple-hinge
rock scallops (Hinnites multirugosus Gale) and other scallop species,
cockle species, whelk species, moon snails (Lunatia heros Say),
gooseneck barnacles (Pollicipes polymerus Gmelin), Dungeness
crabs (Metacarcinus magister Dana), and spiny lobsters (Panulirus



spp.) (Shumway et al., 1990; Shumway and Cembella, 1993;
Matter, 1994; Shumway, 1995; Deeds et al., 2008).



Human deaths attributed to PSP date back to 1793 (Table 1),
when four members of Captain George Vancouver’s Royal Navy
crew became sick and one died after eating shellfish from a beach
in central BC now called Poison Cove (Quayle, 1969; Fig. 2). The
oldest documented apparent HAB incident in AK occurred in 1799
when the Aleut crew of the Russian fur trader, Alexander Baranof,
became ill after eating blue mussels (Mytilus edulis Linnaeus) in an
area near Sitka, AK, now called Peril Strait (Table 1 and Fig. 1). This
incident resulted in an estimated 100 deaths (Fortuine, 1975).
More recently, a June 2010 incident in southeast AK resulted in five
illnesses and two deaths, the first deaths in AK since 1997.
Elsewhere on the west coast, human poisonings from PSP were
apparently common in CA in the last half of the 1800s (Sommer
and Meyer, 1937), but the first recorded incident occurred in
Sonoma County, central CA, in 1903, when 12 people became ill
and five died after eating California mussels (Mytilus californianus



Fig. 1. Alaska coast line showing sites with highest concentrations of paralytic shellfish toxins (number with no units; units are mg/100 g shellfish meat) by shellfish species.



The regulatory limit for paralytic shellfish toxins is 80 mg/100 g.



Data sources: ADHHS-ES database, 1973–2008; http://www.epi.hss.state.ak.us/bulletins/catlist.jsp?cattype=Paralytic+Shellfish+Poisoning+(PSP)), Gessner et al. (1997),



RaLonde (2001).
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Conrad; Sommer and Meyer, 1937). Paralytic shellfish poisoning
has been recognized as a serious health risk in CA since 1927 when
a major outbreak in a multi-county region north and south of San
Francisco resulted in 102 illnesses and six deaths (Table 1). From
1927 through 1989, PSP related illnesses totaled 511 in CA,
including 32 deaths (Price et al., 1991). The earliest reported PSP
poisonings in WA and the only deaths in that state occurred in
1942 when one adult and two Native American children died after
eating butter clams and blue mussels collected along the Strait of
Juan de Fuca (Quayle, 1969; Table 1). Three deaths also occurred
further north in Barkley Sound on the West Coast of Vancouver
Island, BC (Fig. 2). Additional incidences in BC occurred in 1957
with 61 cases but no deaths, 1965 with four cases and one death,
and 1980 with two illnesses and one death. The 1965 incident is
especially significant because it was the first time that a human
death occurred at the same time that shellfish toxicity was
measured, and a bloom of the toxic species, Alexandrium acatenella



(Whedon et Kofoid) Balech was recognized as the causative
organism (Prakash and Taylor, 1966; Quayle, 1969). More recent
events in WA include 10 illnesses in 1978, five illnesses in 1998,
and nine illnesses in 2000, all in Puget Sound (Erickson and
Nishitani, 1985; Trainer et al., 2003; Moore et al., 2009). PSP
poisonings in OR caused 20 illnesses and one death in Coos Bay in
1933 (Sommer and Meyer, 1935; Halstead, 1965). In Pacific
Mexico, the first documented report of human shellfish poisoning
dates only to 1976, with seven cases and two deaths (Saldate-
Castañeda et al., 1991). Between 1979 and 2008, 391 poisoning
cases were recorded with 24 deaths along the Pacific coast of
Mexico. Of these, 34 cases with five deaths were attributed to
Gymnodinium catenatum Graham, and 357 cases with 19 deaths
were attributed to Pyrodinium bahamense var. compressum (Böhm)
Steidinger, Tester & Taylor (Cortés-Altamirano and Sierra-Beltrán,
2008).



2.2. Trends in prevalence and impacts



Outbreaks of Alexandrium spp., and associated shellfish toxicity
and human illnesses have been a persistent problem along the west
coast for decades. Outbreaks may be increasing in frequency and



distribution in some locations. For example, the frequency and
geographic distribution of associated shellfish closures in Puget
Sound have increased in WA since monitoring first began in
the 1940s and 1950s (Trainer et al., 2003) and PST-related
shellfish closures have increased on the OR coast from the 1980s
(Oregon Department of Fish and Wildlife, ODFW data, http://
public.health.oregon.gov/HealthyEnvironments/Recreation/
HarmfulAlgaeBlooms/Pages/index.aspx, Strutton and Tweddle,
unpubl. data). Outbreaks have decreased in other locations (e.g.,
high PSP levels in Drakes Bay, CA have declined since the 1980s,
California Department of Public Health, CDPH data, http://
www.cdph.ca.gov/HealthInfo/environhealth/water/Pages/
Shellfish.aspx).



2.2.1. Alaska



Paralytic shellfish toxins are a pervasive problem in AK (Figs. 1
and 7A). Personal use and subsistence shellfish harvests accounted
for 183 confirmed PST illnesses between 1973 and 2008 (Alaska
Department of Health and Human Services-Epidemiology Section,
ADHHS-ES database, 1973–2008; http://www.epi.hss.state.ak.us/
bulletins/catlist.jsp?cattype=Paralytic+Shellfish+Poisoning+(PSP)),
with more than half of the illnesses from consumption of butter
clams that can retain the toxins for more than two years
(Shumway, 1990). Blue mussels, cockles (Clinocardium sp. Keen),
razor clams, Pacific littleneck clams, and other unknown clams
caused the remaining illnesses. Numbers of reported illnesses may
be underestimated by a factor of �10–30, due to underreported
minor illnesses, inaccurate and incomplete incident recording, and
misdiagnosis (Gessner and Middaugh, 1995; Gessner and
McLaughlin, 2008). Rural harvesters are particularly at risk
because they underestimate the potential of illness based on trust
of traditional local knowledge to determine when to consume
shellfish, including use of unreliable environmental cues such as
water color. Furthermore, Alaskans continue to use the myth that
PSTs occur only in months that do not have an ‘‘r’’ in the spelling;
i.e., May through August, when the reality is that PSTs and illnesses
can occur year-round.



The impacts of PSTs on public health are unevenly distributed
across populations; e.g., compared to other Alaskans, AK Natives



Fig. 2. British Columbia coast line with sites of highest concentrations of paralytic shellfish toxins (number with no units; units are mg/100 g shellfish meat) and



domoic acid (ppm).



Data sources: Canadian Food Inspection Agency data, www.inspection.gc.ca, Chiang (1988).
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living in coastal communities are nearly 12 times more likely to
encounter PSTs by consuming untested, subsistence-harvested
shellfish (Gessner and Schloss, 1996). Sharing subsistence harvest
is common practice among AK Natives and this practice can
geographically expand the risk of illness far beyond a single
community. For example, King Cove, on the Aleutian Peninsula, has
a known history of PST illnesses and fatalities, and shellfish from
this region are often shared with Native Americans along the U.S.
west coast and interior AK (Wright et al., 2008).



The highest PST levels measured to date from various shellfish
species in AK are shown in Fig. 1. The highest level, 20,600 mg/
100 g shellfish meat, occurred in blue mussels from Kalsin Bay,
Kodiak Island, in late May 1994, and resulted in 16 illnesses
(Ostasz, 2001). Elevated PSTs in Prince William Sound are a rare
event because populations of butter clams, Pacific littleneck clams,
and soft shelf clams (Mya arenaria Linnaeus) are depressed due to
the 1964 earthquake, commercial fishery overharvesting of razor
clams, sea otter (Enhydra lutris Linnaeus) predation, and impacts
from the 1989 Exxon Valdez oil spill (Baxter, 1971; Rukuyama et al.,
2000; Thomas et al., 2002). High PST levels, up to 7750 mg/100 g,
exist along the southern shoreline of the Aleutian Peninsula, while
the northern shoreline and the Bering Sea have lower levels
ranging from 135 to 310 mg/100 g based on Stimpson’s surf clam
(Mactromeris polynyma Stimpson) viscera (Hughes and Nelson,
1979). Commercial fisheries exist for Pacific littleneck clams in
Kachemak Bay, razor clams in lower Cook Inlet, and geoduck clams
in southeastern AK, where monitoring occurs during the harvest
period. The following shellfish species have shown some record of
PSTs above the regulatory limit of 80 mg/100 g: blue mussel, butter
clam, Stimpson’s surf clam, razor clam, Pacific littleneck clam,
geoduck clam, scallop species, cockle species, Pacific oyster,
Dungeness crab, Tanner crab (Chionoecetes bairdi Rathbin), and
snow crab (Chionoecetes opilio Fabricius), particularly in the
Aleutian area, Kodiak Island, and in the Southeast Alaska region
at Juneau and Ketchikan (ADHHS-ES database). Historically, the
toxin appears to constitute a persistent threat to human health, in
particular because while commercially harvested and farmed
products are tested, recreationally harvested shellfish are not
tested.



Paralytic shellfish toxins also have been measured in a number of
crab species, including Dungeness, Tanner, snow, hair (Erimacrus



isenbeckii Brandt), and red king (Paralithodes camtschaticus Tilesius)
crabs (ADHHS-ES database, 1973–2008). Dungeness and Tanner
crabs harvested in the Kodiak and Aleutian/Bering Sea fisheries must
be killed, cleaned, and sectioned before being shipped to market.
Testing of Dungeness crabs in the southeast AK fishery was
suspended in 1996 after four years of negative PST tests.



2.2.2. British Columbia



In British Columbia, PSTs are the most prevalent biotoxins
affecting shellfish growing areas. The frequency and intensity of
Alexandrium blooms vary from year to year, but blooms are
expected each year. Monitoring for PSTs in BC began in 1942, as did
the first formal closures (Quayle, 1969). In 1982, a PST level of
30,000 mg/100 g was recorded in California mussels in Work
Channel on the northern BC mainland (Chiang, 1988; Fig. 2). The
highest level of PST recorded since 1994 was 10,000 mg/100 g in
mussels at Ellen Point on the northeast coast of Vancouver Island in
April 1994 (Fig. 2).



In the south coast of BC, PST events usually occur during the
months of April to October, but may occur throughout the year
(Taylor and Harrison, 2002; Canadian Food Inspection Agency data,
www.inspection.gc.ca). Bloom initiation rarely occurs in winter
months. The last widespread closure due to PSTs along the BC
coastline occurred in 2008 when most of the main commercial
growing areas were closed for a portion of the summer.



The intensity and frequency of blooms also vary among growing
areas. Baynes Sound on the east coast of Vancouver Island does not
often experience Alexandrium blooms, and the highest level of PST
recorded there between 1994 and 2008 was 430 mg/100 g in
California mussels (Canadian Food Inspection Agency data). Areas
such as Barkley Sound on the west coast of Vancouver Island have
PST events nearly every year. The north and central coasts can have
extensive Alexandrium spp. blooms, and at least one PST event has
been recorded along the mainland coast each year (Taylor and
Harrison, 2002). Paralytic shellfish toxin activity is less common in
the areas monitored on the Haida Gwaii (formerly named Queen
Charlotte Islands).



Illnesses due to PSP are relatively rare in BC, with none reported
since 2005 (Canadian Food Inspection Agency data). The low
number of PSP illnesses may be attributed to the biotoxin
monitoring program, prompt and effective closures of harvest
areas, and education of the public to the hazards of shellfish
poisoning. The majority of recorded illnesses have been attributed
to butter clams. As noted previously, these clams can retain toxins
for longer than two years (Quayle, 1969; Kvitek et al., 2008). Due to
the likelihood of high levels of PST in butter clams, this species
remains closed for harvest in most areas in BC. The impacts of PST
closures on the commercial shellfish industry are difficult to
quantify. Anecdotally, the impacts are considered extensive.
Harvest areas can be shut down for months at a time, resulting
in significant layoffs for staff and harvesters, and markets can be
lost. Butter clams are the preferred shellfish species for Food Social
Ceremonial harvesting for First Nations people on the north coast,
but it can be difficult to find areas that can be opened for their
harvest because these clams retain toxins for long periods of time.



2.2.3. Washington



In Washington (Fig. 3), PST-related closures of recreational
shellfish harvesting have been imposed since an incident
in 1942 that led to three Native American fatalities on the
Strait of Juan de Fuca (Trainer et al., 2003; Table 1). The
Washington Department of Health (WDOH; http://www.doh.
wa.gov/CommunityandEnvironment/Shellfish/BiotoxinsIllness
Prevention/Biotoxins.aspx) imposed a harvesting closure at that
time for all bivalve species except razor clams from Dungeness
Spit to the mouth of the Columbia River from 1 April to 31 October.
The coastal closure is reissued every year, but the Strait of Juan de
Fuca closures are now regulated by toxin monitoring (F. Cox, pers.
comm.). Routine monitoring for toxins in commercial shellfish in
waters north and west of Admiralty Inlet and in Willapa Bay and
Grays Harbor began in 1957 following a severe outbreak of PSP in
BC (Nishitani and Chew, 1988). Washington Department of Health
records indicate that PSP closures occur in these coastal bays on an
irregular (sporadic) basis.



In the 1950s and 1960s, PSTs occurred in the northern regions of
Puget Sound (e.g., Sequim and Discovery bays), extending
southward during the 1970s and 1980s to the inner Sound
(Quayle, 1969; Nishitani and Chew, 1988; Rensel, 1993; Trainer
et al., 2003; Trainer and Hickey, 2003; Cox et al., 2008). Prior to
1978, illnesses due to PSP were not reported in Puget Sound
including Hood Canal, and Whidbey, Central and South basins, but
widespread toxicity occurred in September 1978, beginning in
Whidbey Basin and spreading as far south as Des Moines (south of
Seattle) in the Central Basin (Nishitani and Chew, 1988; Fig. 7B).
Toxin levels in bay mussels (Mytilus trossulus Gould) were as high
as 30,360 mg/100 g shellfish meat (Fig. 3). Ten people reported PSP
symptoms after eating recreationally harvested mussels and pink
scallops (Chlamys rubida Hinds), but no deaths occurred. The first
shellfish harvest closures in the South Basin occurred in October
1988 when toxin levels in Pacific oysters reached 2000 mg (Trainer
et al., 2003). Since then, repeated closures have occurred in most
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years throughout the Puget Sound basins, except south Hood
Canal, but not always in the same time or place each year (Cox
et al., 2008).



Ceremonial, subsistence, and commercial harvests by WA tribal
communities have been greatly impacted by PST-associated
shellfish closures. The Puyallup, Suquamish, and Jamestown
S’Klallam tribes have experienced severe economic losses from
their commercial geoduck fisheries, based on frequent and lengthy
seasonal harvest closures (Wekell and Trainer, 2002). Recalls of
geoduck related to PST events have cost the tribes about $30,000.
Commercial harvesting of Pacific oysters and Dungeness crabs by
the Jamestown S’Klallam Tribe, and of manila clams, Pacific
oysters, and basket cockles (Clinocardium nuttallii Conrad) by the
Lummi Nation have also been significantly affected. Subsistence
and ceremonial harvesting by the Jamestown S’Klallam Tribe have
been impacted by PST toxicity of butter, Pacific littleneck, horse,
and manila clams. Beach closures have also impacted Puyallup
tribal culture by restricting the use of clams for ceremonial dinners
at weddings and funerals.



2.2.4. Oregon



Irregular monitoring of shellfish for saxitoxins began in OR in
1958 after high levels of PSTs were reported along the WA coast
(Nishitani and Chew, 1988). Changes in monitoring sites, shellfish
species monitored, and the possibility that blooms initiated
offshore make it difficult to compare the early data with later
values (Nishitani and Chew, 1988). More consistent monitoring
(conducted since 1979 by the Oregon Department of Agriculture,
ODA; http://oregon.gov/ODA/FSD/shellfish_status.shtml) at more
sites has improved the coverage and has led to frequent closures,
primarily of razor clam and mussel species shellfisheries. Paralytic
shellfish toxins have severely impacted shellfish harvests at
Clatsop Beach in northern OR (Fig. 4). The severity of a PST-
associated HAB outbreak varies annually between northern and
southern OR coastal areas. In 1992, a PST event affected the central
and northern coast, but not the southern beaches, while in 2001
PST affected only the southern beaches.



The frequency and duration of PST-related shellfish closures on
the OR coast increased from 1979 to 1996 (ODFW data, http://
public.health.oregon.gov/HealthyEnvironments/Recreation/
HarmfulAlgaeBlooms/Pages/index.aspx, Strutton and Tweddle,
unpubl. data, Fig. 7C). Twice as many closures occurred from
1990 to 1996 as in all previous years, and most of the recent
closures lasted more than 50 days. In the 2000s, the total number
of closures, considering the northern and southern coasts
separately, was 23, compared with 15 in the 1990s and 6 in the
1980s.



2.2.5. California



Paralytic shellfish poisoning events have occurred along the CA
coast (Fig. 5) since before written records were maintained, with
‘‘mussel poisoning’’ being recognized by coastal tribes (Meyer
et al., 1928). Paralytic shellfish toxin levels have been highly
variable and unpredictable during the decades that monitoring has
been conducted, as has the breadth of geographic range involved
(Price et al., 1991; Langlois, 2001). Despite the temporal and
geographic variability, in every year since 1999, PSP toxins have
been observed in Drakes Bay along the Marin County coast, north
of San Francisco (CDPH data).



In general, Alexandrium is absent or constitutes a minor
component of the marine phytoplankton community along the
CA coast. This dinoflagellate has been observed in approximately
3500 of the 24,000 phytoplankton samples collected by the CDPH
monitoring program since 1993. It has comprised less than 10% of
the phytoplankton assemblage in 93% of these samples and 55% of
the observations have been at <1% relative abundance (CDPH
data). Visible blooms of Alexandrium are rarely seen along the CA
coast, with only one documented visible event in the past 19 years.
A massive ‘red tide’ due to Alexandrium covered Drakes Bay for a
brief period in July 1991 (Langlois, 2001; G. Langlois, pers. comm.).



The greatest frequency of Alexandrium observations has been
recorded along the Marin County coast, consistent with the general
pattern of PST frequency, followed by sites along the San Luis
Obispo County coast (Langlois, 2001; CDPH data). Each of these



Fig. 3. Washington coast line with sites of highest concentrations of paralytic shellfish toxins (number with no units; units are mg/100 g shellfish meat) and domoic acid



(ppm). Other sites mentioned in the text are also shown.



Data sources: WDOH, http://www.doh.wa.gov/CommunityandEnvironment/Shellfish/BiotoxinsIllnessPrevention/Biotoxins.aspx, Trainer et al. (2003).
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regions experiences more than twice the frequency of Alexandrium



observations of any other coastal county. There was an apparent
increase in Alexandrium along the Santa Barbara coast beginning in
1999, with the greatest number of observations occurring in 2006;
15 of 52 phytoplankton samples (29%) collected at Goleta Pier



contained Alexandrium cells, coinciding with an increase in PSP
activity in the region (see below). Low abundances of A. catenella



were detected in all seasons from a weekly monitoring program
conducted in a small harbor of Santa Monica Bay from 2006 to
2009 using a quantitative PCR method (Garneau et al., 2011).



Fig. 4. Oregon coast line with sites of highest concentrations of paralytic shellfish toxins (number with no units; units are mg/100 g shellfish meat) and domoic acid (ppm).



Data sources: ODA data, http://oregon.gov/ODA/FSD/shellfish_status.shtml, ODFW data, http://public.health.oregon.gov/HealthyEnvironments/Recreation/



HarmfulAlgaeBlooms/Pages/index.aspx, M. Hunter (unpubl. data).



Fig. 5. California coast line with sites of highest concentrations of paralytic shellfish toxins (number with no units; units are mg/100 g shellfish meat) and domoic acid (ppm).



Data sources: CDPH data, http://www.cdph.ca.gov/HealthInfo/environhealth/water/Pages/Shellfish.aspx, Price et al. (1991).



A.J. Lewitus et al. / Harmful Algae 19 (2012) 133–159 139





http://www.cofepris.gob.mx/AZ/Paginas/Marea Roja/MareaRoja.aspx


http://public.health.oregon.gov/HealthyEnvironments/Recreation/HarmfulAlgaeBlooms/Pages/index.aspx


http://public.health.oregon.gov/HealthyEnvironments/Recreation/HarmfulAlgaeBlooms/Pages/index.aspx


http://www.cofepris.gob.mx/AZ/Paginas/Marea Roja/MareaRoja.aspx








Highest abundances of the dinoflagellate coincided with low but
measurable concentrations of PSTs in the plankton.



Data from the CDPH biotoxin monitoring program show that a
major period of PSP activity extended through the 1980s into 1991
(Fig. 7D). The highest toxin levels detected in shellfish during this
time were 26,000 mg/100 g in rock scallops from Sonoma County,
associated with the last documented fatality in August 1980,
16,000 mg/100 g in California mussels from Marin County (July
1980), 14,000 mg/100 g in California mussels from Humboldt
County (September 1989) and 10,000 mg/100 g in California mussels
from Marin County (July 1991) (Price et al., 1991; CDPH data, Fig. 5
and Table 1). Each of the subsequent 18 years has experienced
significant levels of PST in shellfish, but these have been well below
the 1980s maxima and have been restricted in geographic range and
duration (CDPH data, Fig. 7D). During this latter period, the
concentration of PSTs has exceeded 3000 mg/100 g only once in
California mussels from Marin County (in August 1998).



The majority of PSP activity has historically occurred in the
central and northern portions of CA (Price et al., 1991; CDPH data).
Despite this general pattern, over the years alert levels of PST have
been detected in shellfish from each of the coastal counties (CDPH
data). In recent years, an increase in PSP activity has been suggested
in some southern CA sites, most notably in commercial shellfish
growing areas in Santa Barbara and San Diego counties. Sampling
sites in Santa Barbara experienced alert levels of PST every year
between 2005 and 2008, peaking in 2006 (744 mg/100 g). Prior to
this recent activity and a moderate event in 1998, there had not
been alert levels for these toxins in this region since the 1980s. The
San Diego aquaculture site experienced PST concentrations in
excess of the federal alert level for the first time in 2008. The last
time the alert level was exceeded anywhere in San Diego County
was during 1985 in a mussel sample from Scripps Pier (La Jolla) and
2006 inside San Diego Bay (G. Langlois, pers. comm.).



2.2.6. Mexico



Paralytic shellfish poisoning is the most important toxic
syndrome related to HABs in Mexico, and PSTs are the only toxins
associated with human fatalities (Fig. 6 and Table 1). Paralytic



shellfish toxin accumulations are associated with blooms of G.



catenatum and P. bahamense var. compressum. The former species
has been observed from the upper Gulf of California in the north to
Guerrero in the south, while P. bahamense var. compressum is
responsible for PSP outbreaks in the southern states of Pacific
Mexico (Ochoa et al., 2002).



The dinoflagellate, G. catenatum, was first described from the
central Gulf of California coast at cell abundances up to 106/l
(Graham, 1943), but the first documented PSP event occurred near
the mouth of the Gulf in 1979 when three human deaths and an
extensive fish kill occurred (Mee et al., 1986, Table 1). Toxin levels
during that event ranged from <20 to 7640 mg/100 g in the tropical
rocky oyster (Ostrea iridescens Hanley), with cell densities up to
6.6 � 106 cells/l (Mee et al., 1986, Fig. 6). Additional blooms have
occurred in Bahia Mazatlán, Colima, Guerrero, and Oaxaca. Most
blooms occur between February and May when the water
temperature ranges between 17 and 25 8C (Manrique and Molina,
1997; Gárate-Lizárraga et al., 2004, 2006).



Blooms of Gymnodinium species have impacted public health.
The number of humans affected varies in different reports.
Hernández-Becerril et al. (2007) mentioned 561 intoxications and
38 fatalities from 1970 to 2004 related to PSTs of Gymnodinium. In
contrast, Cortés-Altamirano and Sierra-Beltrán (2008) recognized
only 34 intoxications and five deaths. No intoxications associated
with Gymnodinium have been reported recently, which may be
attributed to increased attention by Mexican health authorities.
Periodic bans on harvesting cultured or wild shellfish have been
imposed by health authorities in Mexico since 2004. The majority of
those closures were associated with the presence of Gymnodinium



species (Federal Commission for the Protection against Sanitary
Risks, COFEPRIS; http://www.cofepris.gob.mx/AZ/Paginas/Marea%
20Roja/MareaRoja.aspx).



Three major toxic outbreaks of P. bahamense var. compressum



involving human poisoning have been documented on the Pacific
coast of Mexico (Hernández-Becerril et al., 2007). In November
1989 in the Gulf of Tehuantepec region, three persons died and
99 persons were poisoned as a consequence of a bloom that
reached a maximum abundance of 1.7 � 106 cells/l (Fig. 6 and



Fig. 6. Mexican coast line with sites of highest concentrations of paralytic shellfish toxins (number with no units; units are mg/100 g shellfish meat) and domoic acid (ppm).



Data sources: COFEPRIS data, http://www.cofepris.gob.mx/AZ/Paginas/Marea%20Roja/MareaRoja.aspx, Garcia-Mendoza et al. (2009), Mee et al. (1986), Saldate-Castañeda



et al. (1991). Events described in Hernández-Becerril et al. (2007) and Cortés-Altamirano and Sierra-Beltrán (2008).
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Table 1). During this bloom, PST concentrations as high as 811 mg/
100 g were recorded in tropical rocky oyster (Saldate-Castañeda
et al., 1991). On the Michoacán and Guerrero coasts in central
Mexico, 600 people were affected and six died during a bloom from
November 2001 to February 2002. From November 2001 to August
2002 on the Chiapas (south) and Guerrero (central) coasts, 101
persons were poisoned and six died when patches of P. bahamense



var. compressum were present in this region. Thirteen other toxic
outbreaks associated with P. bahamense var. compressum were
documented from 1979 to 2006 but did not result in fatalities
(Cortés-Altamirano and Sierra-Beltrán, 2008).



Several species of Alexandrium have been reported from Pacific
waters off Mexico (Okolodkov and Garate-Lizárraga, 2006;



Hernández-Becerril et al., 2007), but none have been associated
with toxic events. One species, A. catenella, has been reported in the
phytoplankton assemblage of the Todos Santos Bay region
(northern part of the Baja California peninsula), and resting cysts
of this species exist in the sediments of the bay (Peña-Manjarrez
et al., 2005); however, high densities of A. catenella have not been
reported in this region or in other areas of Pacific Mexico.



Monitoring of phycotoxins related to HABs started in the 1980s
in high risk areas of the Pacific coasts of southern states of Mexico.
Unfortunately, data on the variation of microalgal phycotoxin
concentrations were not available until 2001 when a nationwide
program was implemented by the COFEPRIS (Fig. 7E). A consistent
monitoring of PSTs started in Baja California, Sonora, and southern



Fig. 7. Time series of paralytic shellfish toxins (mg/100 g shellfish meat) for (A) Alaska, (B) Washington, (C) Oregon, (D) California, and (E) Acapulco, Mexico. The regulatory



alert level of 80 mg/100 g is shown in each graph, and extreme values are annotated for bars exceeding the axis limits. Note that each data set has variable start and end dates.



Data sources are provided in the text and in previous figures.
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states of the Pacific coast of Mexico. Concentration of toxins in
shellfish from Baja California and Sonora were never above the
alert level (‘‘Proyecto Marea Roja’’ of the COFEPRIS). In contrast, the
presence of PSTs is a recurrent problem in Chiapas, Oaxaca, and
Guerrero. Concentrations above 80 mg/100 g are frequent in
coastal areas of these states and a maximum concentration of
7309 mg/100 g was detected in the Acapulco area in the winter of
2001. A trend for the presence of PSTs is difficult to assess in the
Acapulco area. However, toxin outbreaks seemed to diminish in
frequency (number of events above the alert level) but increase in
magnitude (maximum concentration measured in shellfish sam-
ples) from 2003 to 2011.



2.3. Factors promoting blooms



2.3.1. Overview: anthropogenic vs. natural factors



There is little evidence to support anthropogenic factors as
primary promoters of Alexandrium blooms and PSTs in most areas
along the Pacific west coast. In CA, blooms are strongest in the drier
seasons and it appears that blooms usually start offshore and move
onshore when upwelling winds relax (Langlois and Smith, 2001;
Anderson et al., 2008b). Although some blooms start nearshore in
BC and WA, in general blooms occur during periods of warmer
surface temperatures, which characterize periods of stratification
in upwelling regions. Thus, these PSP events appear related more to
large-scale oceanographic forcing, although there may be potential
influence from local nutrient inputs when cells reach the shore
(Anderson et al., 2008a). Presently, the extent and possible role of
local nutrient pulses in stimulating blooms of Alexandrium are not
known. In WA, little is known about the origin of coastal blooms of
Alexandrium, but it is possible that they may also be brought inshore
when upwelling winds relax or downwelling winds occur and enter
coastal bays; e.g., Grays Harbor and Willapa Bay (Roegner et al.,
2002), although this is not always the case (Cox, 2001). The
relaxation or reversal of upwelling-favorable winds is also likely an
important mechanism for bringing blooms into contact with the
Oregon coast, and Tweddle et al. (2010) showed that elevated toxin
levels were associated with late summer upwelling. Anthropogenic
nutrient sources are more likely to be relevant in inland waters
along the Strait of Juan de Fuca and in Puget Sound (Rensel, 2007),
although with the exception of some shallow bays, the nutrient
source is still more likely upwelled waters.



2.3.2. Alaska



Alaska has a long history of encounters with PSTs that occur
along much of the Gulf of Alaska coast from the BC border in the
southeast to the Aleutian chain and into the Bering Sea on the west
and more northerly coasts. Human health problems persist despite
better understanding of these events, as many coastal residents
continue to consume potentially toxic shellfish. There is no
evidence to support anthropogenic factors as promoters of
Alexandrium blooms or toxic events in this region. The shoreline
is long and complex, human populations are remote and widely
disbursed, and there are many streams, rivers, islands, and extreme
weather events that produce a complex marine ecosystem. The
nearshore Alaska Coastal Current, with a seaward boundary near
the edge of the continental shelf of the Gulf of Alaska, is greatly
affected by the local shoreline topography and by freshwater input
from fjords and estuaries (Royer, 1979, 1981; Schumacher and
Reed, 1980). The North Pacific High in summer allows intrusion of
deep, nutrient-rich water into coastal waters resulting in the
development of seasonal algal blooms (Horner et al., 1997);
however, there has been little historical phytoplankton monitoring
with only a few sparse reports of the presence of Alexandrium (as
Gonyaulax) (Horner et al., 1997). A new phytoplankton monitoring
program (Alaska HAB monitoring program or AHAB, sponsored by



the University of Alaska Southeast and Fairbanks, and NOAA) has
trained shellfish growers, tribal members and volunteers to sample
and identify HAB species in coastal areas near Ketchikan, Juneau,
and Kachemak Bay. This program, which began in 2008, will add to
the knowledge of HAB species in AK waters.



2.3.3. British Columbia



There does not appear to be a link between pollution (or other
anthropogenic effects) and promotion of Alexandrium blooms in
BC. Many fairly unpopulated, remote areas along the BC coast
experience significant Alexandrium blooms, while some areas that
are relatively heavily populated are not as affected by Alexandrium



blooms (Taylor, 1993). In BC, blooms often originate nearshore in
shallow areas and then spread to larger bodies of water (Taylor
et al., 1994). There is some evidence for increased Alexandrium



blooms during El Niño years; however, there have been significant
blooms also in non El Niño years (Erickson and Nishitani, 1985;
Taylor and Harrison, 2002). There may also be a link between
warmer water temperatures and increased bloom activity (Yan
et al., 2003).



2.3.4. Washington



Paralytic shellfish toxin events in Puget Sound are thought to
originate primarily from local shallow areas of the Sound and not
from offshore cyst or motile cell populations advected into the
Sound (Cox et al., 2008). Paralytic shellfish toxin occurrences
throughout Puget Sound have been documented since 1978, when
a bloom of A. catenella spread from the Whidbey Basin through
central Puget Sound and into the southern extremes of the Sound
(Nishitani and Chew, 1988). A survey in 1981 found motile cells,
cysts, or low levels of toxin in all areas of the southern Sound
(Nishitani and Chew, 1988). More recently, in a 2005 survey, cysts
were found throughout Puget Sound, with highest abundances in
the northern and central regions (Horner et al., 2008, 2011).
Abundance was highest in Quartermaster Harbor, considered a
possible ‘‘breeding bay’’ for Alexandrium (Nishitani and Chew,
1984), but little correlation of cyst abundance with physical or
chemical properties of the sediment was found.



Blooms of A. catenella in Puget Sound generally occur from late
spring through summer (Trainer et al., 2003; Dyhrman et al., 2010).
Like many other dinoflagellates, its growth is favored by a stable
water column and warm temperatures (Nishitani and Chew, 1984),
consistent with the hypothesis that blooms are stimulated by large
precipitation events followed by warm and calm weather (Erickson
and Nishitani, 1985; Determan, 1998). Moore et al. (2009), however,
did not find a correlation between precipitation-induced freshwater
runoff (i.e., elevated Skagit River streamflow) and PST events. They
hypothesized that long residence time in surface waters (i.e., low
streamflow) would favor PST events because toxin accumulation by
shellfish would be enhanced. These authors determined that warm
air and water temperatures as well as low streamflow conditions
preceded exceptional PST events in blue mussels from 1993 to 2007
at four Puget Sound ‘‘hot spots’’ (sites of high PST incidence),
Mystery, Discovery, and Sequim bays, and Kingston Marina, all in the
northern and central parts of Puget Sound.



Moore et al. (2008, 2009) also assessed the relationship of large-
scale and local climatic factors and PST occurrence in Puget Sound
shellfish. In contrast to previous hypotheses linking large-scale
climatic variations (e.g., ENSO) with PST events (e.g., Erickson and
Nishitani, 1985), they found no such correlation. Their statistical
analyses of a 15-year continuous dataset of mussel toxicity
indicated that local climatic variability was more important than
large-scale variation in explaining shellfish toxicity in Puget Sound.



The source(s) of Alexandrium blooms on the open WA coast has
not been identified, and little is currently known about its
occurrence and distribution offshore (F. Cox and R. Horner, pers.
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comm.). If such blooms develop in the Juan de Fuca eddy or any
other offshore region, they are likely to impact the coast only
during periods of downwelling winds (storms, which does not
appear to be the case). Blooms occur sporadically in coastal
embayments such as Grays Harbor and Willapa Bay, and impact
the local shellfish growing areas, but it is not known if these events
originate within the bays or are advected from offshore. Razor
clams and mussels on the coastal beaches are sometimes affected
when shellfish in the embayments are not.



2.3.5. Oregon



Observations of PSTs indicate a steady increase in frequency
and in both California mussels (M. californianus) and razor clams
(S. patula) since the inception of the Oregon shellfish toxin
sampling program in 1979. This increase was markedly so from
1992 to 1997 and from 2008 to 2010 (ODA data, http://
oregon.gov/ODA/FSD/shellfish_status.shtml, M. Hunter, unpubl.
data). Since 2007, Oregon has been monitoring surf zone
phytoplankton for the presence of HABs and Alexandrium is
commonly observed in samples, especially from the middle of
June through September when the water temperature is >12.5 8C
(ODFW data at http://bioweb.coas.oregonstate.edu/�mocha/
odfwdata.html). High levels of saxitoxin in shellfish tissues are
also often associated with late summer upwelling and higher
chlorophyll concentrations (Tweddle et al., 2010). Comparing the
tissue PST data with the surf zone Alexandrium data indicates that
a very low abundance of cells can result in elevated levels of tissue
toxins (ODA and ODFW data at http://bioweb.coas.oregonstate.
edu/�mocha/odadata.html).



2.3.6. California



There is no clear evidence to link the occurrence of PST events
off CA with El Niño or La Niña periods – in fact, the last two major
PST events in CA occurred during opposite conditions: 1989 during
a strong La Niña period and 1991 during a strong El Niño period
(Langlois, 2001).



The source of Alexandrium responsible for PST events along the
CA coast is in question, but two likely scenarios are possible
(Kudela et al., 2005; GEOHAB, 2011). First, this dinoflagellate may
be transported in offshore warm water masses that can move
onshore under calm conditions. This advection process could
potentially result in either a quick increase in PSP toxicity if the
number of transported cells is high, or it may simply provide the
cells necessary for a bloom to initiate. Second, resting cysts of
Alexandrium in local sediments can, under favorable conditions,
produce vegetative cells that have the ability to reproduce both
sexually and asexually, resulting in localized ‘‘hot spots’’ of PSP
toxicity in shellfish. Regardless of the origins of the toxin-
producing dinoflagellates, the general pattern has been for these
blooms to be detected first along the open coast and in bays (e.g.,
Drakes Bay), followed by transport into enclosed estuaries (e.g.,
Drakes Estero) (Price et al., 1991; Langlois and Smith, 2001;
Anderson et al., 2008b). The degree to which coastal phytoplankton
blooms are found in bays and estuaries depends on the source
waters for the bay/estuary (e.g., Banas et al., 2007; Kimbro et al.,
2009), consistent with the occurrence of HABs in Drakes Estero
following high levels observed in the open waters of Drakes Bay.
The depth of penetration into the bay/estuary is controlled by tidal
mixing and stratification inside the bay (Largier et al., 1997;
Kimbro et al., 2009).



The majority of historical PSP events along the CA coast have
occurred in central and northern regions (Price et al., 1991). The
most common occurrences were in Drakes Bay off the Marin coast
north of San Francisco (CDPH data), which is sheltered from
upwelling (Largier, 2004). High-PSP events are most likely to occur
either early or late in the upwelling season (i.e., early spring or



during the fall), and they typically occur during periods of weaker
winds following an upwelling event (unpubl. analysis of CDPH
data, S. Piedracoba and J. Largier, pers. comm.).



In general, dinoflagellate blooms in the central and northern CA
upwelling area are strongest in the fall (A. Paquin, K. Nielsen, and J.
Largier, pers. comm.), when winds are weaker and near-surface
thermal stratification can develop (Largier et al., 1993; Garcia-
Reyes and Largier, 2012). The highest chlorophyll a levels in waters
off Bodega Bay are observed in the fall (Garcia-Reyes and Largier,
2012), during periods of onshore flow (unpubl. mooring data, E.
Dever and J. Largier, pers. comm.). During calm periods or
southerly winds, warm, low-salinity water that flows out of San
Francisco Bay can enhance stratification and fronts along the Marin
and Sonoma coasts (Send et al., 1987; Wing et al., 1998; R. Fontana
and J. Largier, pers. comm.). In addition, southerly/westerly breezes
in fall lead to weak downwelling conditions, which can concen-
trate dinoflagellate and other upward-motile plankton near to the
coast (A. Paquin, K. Nielsen, and J. Largier, pers. comm.),
particularly along south-facing coasts like those in Drakes Bay
(unpubl. drifter data and High Frequency-Radar surface current
data, J. Largier and C. Halle, pers. comm.). The dinoflagellate, A.



catenella, is a strong swimmer, in part due to the formation of long
chains of cells (Fraga et al., 1988), and it can be expected to be
concentrated in buoyancy fronts and downwelling circulation near
the coast. From preliminary analysis of PST records, it appears that
these events indeed correlate with large-scale oceanographic
events, such as the upwelling-relaxation cycle (B. Keafer, D.
Anderson, and J. Largier, pers. comm.), and during onshore flow.
These results suggest that blooms are accumulated by interactions
with coastal flows during calm or downwelling periods, whether
initiated offshore or inshore.



In an embayment such as Drakes Bay, which is sheltered from
upwelling and receives low-salinity outflow from San Francisco
Bay, stratification is more persistent (Largier, 2004), presumably an
important factor in the frequent occurrence of high PST levels
there. High PST concentrations observed in contiguous estuarine
environments (Drakes Estero) occur some days after high
concentrations are detected on the open coast, consistent with
the scenario that PSP outbreaks initiate on the open coast and are
subsequently transported into estuaries (Langlois, 2001; Banas
et al., 2007; Kimbro et al., 2009). Central San Francisco Bay is not
well suited to the development of dinoflagellate blooms owing to
strong vertical mixing driven by tides (Cloern et al., 2005), but
coastal blooms could be imported to and spread in the Bay during
calm periods in the dry season.



The tendency for dinoflagellate bloom concentration and
nearshore distributions to occur during weak, southerly, or
westerly winds suggests a tendency for blooms to spread
northward – currents nearshore off northern and central CA are
typically northward and onshore at such times (Largier et al.,
2006). An apparent northward spread has been observed during
large-scale outbreaks of PST toxicity, with PST events often
initiating near San Francisco and extending north to Point Arena
(Rogers-Bennett et al., 2012) and beyond, as far north as the CA-OR
border (Langlois, 2001), consistent with northward transport of
warm waters and planktonic larvae from Drakes Bay (Send et al.,
1987; Wing et al., 1998). While bloom populations may find refuge
in bays during brief upwelling events, it appears that bloom
concentrations dissipate coast-wide during periods of persistent
upwelling, presumably due to the twin negative influences of
offshore Ekman transport and strong vertical mixing due to surface
wind stress (Botsford et al., 2003; Largier et al., 2006).



Although there is no evidence that nutrients due to land runoff
are a principal factor in triggering or promoting these blooms (Price
et al., 1991; Langlois and Smith, 2001; Anderson et al., 2008b), new
work on phytoplankton productivity in ammonium-rich outflow
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from San Francisco Bay re-opens this question; e.g., the idea that
elevated ammonium levels preclude nitrate uptake by diatoms,
allowing dinoflagellates to bloom (Wilkerson et al., 2006; Dugdale
et al., 2007; Glibert, 2010; Glibert et al., 2011). A recent summary of
nutrient use by harmful algae in upwelling systems, however,
suggests that while Alexandrium may prefer ammonium as a
nitrogen source, chain-forming HABs (including Alexandrium) also
are well adapted to use upwelling-derived nitrate (Kudela et al.,
2010). The relative influences of upwelled vs. anthropogenic
nutrients on Alexandrium bloom properties (e.g., initiation, magni-
tude, duration) in coastal areas receiving high nutrient loads (e.g.,
San Francisco Bay) is unresolved.



2.3.7. Mexico



The best studied toxic species present in Mexican coastal
waters is G. catenatum, but its ecology is still not well understood
(Band-Schmidt et al., 2010). There is general agreement that HABs
have increased in recent years (Hernández-Becerril et al., 2007;
Cortés-Altamirano and Sierra-Beltrán, 2008) and G. catenatum-
related blooms are no exception (Band-Schmidt et al., 2010);
however, the increase in G. catenatum blooms along the Mexican
Pacific coast does not appear to be related to anthropogenic
activities. For example, extensive aquaculture and agriculture
activities are present on the east coast of the Gulf of California, but
there is no clear evidence that PST-producing blooms have
increased due to pollution or nutrient runoff from these activities
(Flores-Trujillo et al., 2009). Blooms of G. catenatum in the Gulf of
California appear to be related to other environmental forcing
factors. It is recognized that blooms occur more frequently in late
winter and early spring when upwelling events are present in the
south part of the Gulf (reviewed by Band-Schmidt et al., 2010).
Moreover, the paleographic record of absolute and relative
abundances of the resting cyst of this species (as an indicator of
its abundance in the water column) is correlated to sea surface
temperatures (Flores-Trujillo et al., 2009). Therefore, in the
southern part of the Gulf of California this species seems to
respond to interdecadal forcing phenomena, being more abundant
in La Niña than in El Niño warm conditions (Flores-Trujillo et al.,
2009).



3. Pseudo-nitzschia spp. and domoic acid poisoning



3.1. Overview of toxicity, history on North American west coast



The genus Pseudo-nitzschia (mostly reported before �1990 as
Nitzschia seriata P.T. Cleve) has been present on the west coast
since at least the 1920s (Fryxell et al., 1997). Several species of the
diatom genus, Pseudo-nitzschia, produce domoic acid (DA), a toxin
causing amnesic shellfish poisoning (ASP). Of the 12 species of
Pseudo-nitzschia known to produce DA, 10 have been reported from
west coast waters (Horner et al., 1997; Anderson et al., 2008a). The
species, Pseudo-nitzschia australis Frenguelli and Pseudo-nitzschia



multiseries (Hasle) Hasle, are most commonly associated with toxic
events throughout this region, with Pseudo-nitzschia pseudodeli-



catissima (Hasle) Hasle, and Pseudo-nitzschia cuspidata (Hasle)
Hasle also implicated in toxic events in WA waters (Adams et al.,
2000; Trainer et al., 2009a). Amnesic shellfish poisoning results in
gastrointestinal and neurological disorders within 24–48 h of
consumption of toxic shellfish by humans, and can be life-
threatening (Perl et al., 1990; Teitelbaum et al., 1990; Jeffery et al.,
2004; Goldstein et al., 2008; Lefebvre and Robertson, 2010). The
disease can lead to short-term memory loss that may become
permanent. Some symptoms are similar to other diseases and thus
lead to misdiagnoses.



Shellfish toxicity due to DA was discovered in 1987 in Canada,
when three people died and 105 became ill from eating



contaminated cultivated blue mussels from Prince Edward Island
in the Gulf of St. Lawrence (Bates et al., 1989). Since then, however,
most of the reported DA events have occurred on the U.S. west
coast. The first documented outbreak on the west coast occurred in
1991, causing the deaths of dozens of brown pelicans (Pelecanus



occidentalis Linnaeus) and Brandt’s cormorants (Phalacrocorax



penicillatus Brandt) in Monterey Bay, CA (Fritz et al., 1992; Work
et al., 1993) and contaminating razor clams and Dungeness crabs in
WA, OR, and northern CA (Wekell et al., 1994). In southwest WA
alone, crab fishing losses were estimated at $7 million. It was
originally thought that 25 human illnesses in WA were attributable
to ASP in the 1991 event (Washington Department of Fish and
Wildlife, 2004). None of these illnesses were ever officially
confirmed and no mortalities occurred (Quick, 1992).



After these early ASP events, monitoring efforts and regulations
to prevent harvest of toxin-contaminated shellfish have succeeded
in preventing human incidents of ASP, but numerous cases of DA
toxicity of finfish, marine mammals, and birds have been
documented (Landsberg, 2002; Shumway et al., 2003; Goldstein
et al., 2008; Fire et al., 2010; Bargu et al., 2012). A number of
shellfish and finfish have been reported as potential vectors of the
disease, including razor clams, blue mussels, Pacific littleneck,
geoduck, and manila clams, Pacific oysters, Dungeness, rock, and
pelagic red king crab, spiny lobster viscera, Pacific sardines
(Sardinops sagax Jenyns), northern anchovies (Engraulis mordax



Girard), krill (Euphausia pacifica Hansen, Thysanoessa spinifera



Holmes), market squid (Loligo opalescens Berry), and benthic
invertebrates (Bargu et al., 2002, 2008, 2010, 2012; Landsberg,
2002; Lefebvre et al., 2002; Shumway et al., 2003; Schnetzer et al.,
2007; Kvitek et al., 2008; Mazzillo et al., 2010). In addition to
commercially harvested species, many other animals can accumu-
late DA, leading to widespread transfer through marine food webs
(e.g., Lefebvre et al., 2002; Bargu and Silver, 2003; Bargu et al.,
2008; Kvitek et al., 2008; Mazzillo et al., 2010). Death or strandings
have been reported in California sea lions (Zalophus californianus



Lesson), northern fur seals (Callorhinus ursinus Linnaeus), harbor
porpoises (Phocoena phocoena Linnaeus), common dolphins
(Delphinus delphis Linnaeus), sea otters, gray whales (Eschrichtius



robustus Lilljeborg), minke whales (Balaenoptera acutorostrata



Lacepede), brown pelicans, Brandt’s cormorants, ruddy ducks
(Oxyura jamaicensis Gmelin), and western grebes (Aechmophorus



occidentalis Lawrence) (Work et al., 1993; Scholin et al., 2000;
Landsberg, 2002; Shumway et al., 2003; Goldstein et al., 2008; Fire
et al., 2010; Bargu et al., 2012; D. Caron, pers. obs.).



3.2. Trends in prevalence and impacts



During the last 15 years, numerous blooms of Pseudo-nitzschia



spp. have been reported, and associations between DA and animal
deaths and illnesses frequently documented (Scholin et al., 2000;
Gulland et al., 2002; Trainer and Hickey, 2003; Goldstein et al.,
2008). The next exceptional and widespread event after 1991
occurred in 1998, when marine mammal deaths attributed to DA
were first reported (e.g., 81 California sea lions from San Luis
Obispo to Santa Cruz), and high levels of DA were measured in WA
and OR razor clams (Adams et al., 2000; Scholin et al., 2000). In CA,
DA outbreaks have occurred in almost every year over the last
decade (CDPH data, Fig. 8C) and increasingly south of Point
Conception. DA levels associated with Pseudo-nitzschia blooms
were exceptionally high in coastal OR and CA in 2010 (CDPH data,
ODA and ODFW data at http://bioweb.coas.oregonstate.edu/
�mocha/odadata.html). Off OR, Pseudo-nitzschia cell counts were
as high as 106 cells/l in June 2010, associated with elevated DA
levels in razor clams that led to harvesting closures. In CA, DA
levels in Monterey Bay during fall 2010 were exceptionally high in
water (dissolved and particulate) and California mussels.
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3.2.1. Alaska



The AHAB (Alaska HAB) program monitors the occurrence of
several HABs including Pseudo-nitzschia blooms in southeast AK
and the Homer region, and is beginning to work with the State of
Alaska to implement screening methods for the measurement of
DA in recreationally harvested shellfish. The Alaska Department of
Environmental Conservation (ADEC) is the only agency responsible
for marine biotoxin testing in shellfish, with sampling restricted to
commercially harvested and aquaculture products. The ADEC tests
between 600 and 700 samples annually; however, testing is
primarily conducted on Pacific oysters and geoduck clams, both
poor candidates for monitoring DA. An intensive ADEC study
between 1992 and 1996 tested for DA in 5123 individual molluscs
and found measureable levels (ADEC Database, unpubl. data, R.
RaLonde, pers. comm.). The study, however, was limited in scope to



locations and times where commercial mollusc harvest and
farming occurred, and the highest DA concentration measured
was 18.8 ppm. Testing for DA of 4262 commercially harvested
Dungeness crabs showed highest DA concentration of 1.37 ppm in
a snow crab harvested in the Aleutian/Bering Sea commercial
fishery. A monitoring program, funded by the North Pacific
Research Board to determine the occurrence and geographical
distribution of DA in shellfish, conducted intensive sampling at
Annette Island and Sea Otter Sound, both near Ketchikan, Sitka
Sound, eastern Prince William Sound, Kachemak Bay, and
Unalaska, with additional opportunistic sampling along the entire
coast (RaLonde and Wright, 2011). DA concentrations were near
the undetectable level.



Phytoplankton monitoring in AK has historically concentrated
on the spring bloom period, primarily to understand the influence



Fig. 8. Time series of domoic acid toxins (mg/g shellfish meat) for (A) Washington, (B) Oregon, and (C) California. The regulatory alert level of 20 mg/g is shown in each graph.



Note that each data set has variable start and end dates. Data sources are provided in the text and in previous figures.
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of ocean productivity on marine fish survival. Because Pseudo-



nitzschia is not a major component of the spring bloom, data on the
locations, timing, and intensity of Pseudo-nitzschia blooms are rare,
but see Schandelmeier and Alexander (1981) for early data from
the Bering Sea. Phytoplankton sampling as part of research
programs in AK waters (GLOBEC, Global Ocean Ecosystem
Dynamics; BEST, Bering Sea Ecosystem Study) has shown that
Pseudo-nitzschia is widespread on the Gulf of Alaska and Bering Sea
shelves and can reach high abundances. For example, in June 2010
near St. Lawrence Island, large-sized Pseudo-nitzschia spp. were
present at >104 cell/l (E. Lessard, unpubl. data). The ADHHS-ES
database has no record of illness from DA. Since AK has little data
from DA monitoring other than screening commercially harvested
product, and because toxin illness is generally underreported, the
actual impact of DA on human and marine ecosystem health is
unknown (Gessner and Middaugh, 1995).



3.2.2. British Columbia



British Columbia began monitoring for DA after the 1987
outbreak on the east coast of Canada and currently analyzes
approximately 3000 blue mussel and razor clam samples for DA
each year (Canadian Food Inspection Agency data). Domoic acid is
rarely detected in samples in BC and no confirmed illnesses due to
DA have been reported. The highest level of DA detected since 1994
was 106 ppm on the west coast of Vancouver Island in Port Eliza,
off Nootka Sound, during March 2002 (Fig. 2). Blooms of Pseudo-



nitzschia have been documented along the west coast of Vancouver
Island and on the north end of the Haida Gwaii (Forbes and
Denman, 1991).



On the south coast of BC, only 10 blue mussel samples, all
collected on the west coast of Vancouver Island, have had
measurable levels of DA above the action level of 20 ppm since
1994 (Canadian Food Inspection Agency data). Domoic acid is
rarely seen in samples collected in the Strait of Georgia and the
levels have not exceeded 6 ppm. There does not appear to be any
regularity to the seasonality of DA detection in monitoring samples
on the south coast (D. Kelly, pers. obs.).



The highest level of DA detected on the north coast of BC was
37 ppm found in razor clams in August 1995 (Canadian Food
Inspection Agency data). Detectable levels of DA are found most
years on the Haida Gwaii; however, only during the September
1995 to May 1996 period were the levels greater than the action
level of 20 ppm (Fig. 2). Blooms tend to start developing in the
spring/summer months on the north coast.



Populations of Pseudo-nitzschia spp. are usually a minor
component of the phytoplankton community off the southwest
coast of Vancouver Island in late summer, but there is substantial
variability and species may occur throughout the year (Forbes and
Denman, 1991). Species are also found in the Strait of Georgia and
north of Vancouver Island. They are generally found in water
temperatures between 8 and 14 8C and salinity between 30.0 and
32.5 with reduced concentrations of dissolved inorganic nutrients,
particularly silicate.



3.2.3. Washington



Toxic Pseudo-nitzschia blooms have caused severe economic
losses for coastal WA (including tribal) communities from beach
and shellfish harvest closures (Fig. 3). Impacted areas span the
coast, with a demonstrated ‘‘hot spot’’ in the Juan de Fuca eddy
area, where Pseudo-nitzschia blooms occur relatively frequently,
associated with high DA concentrations (Trainer et al., 2002;
MacFadyen et al., 2005). This area is a chronic upstream source of
toxic Pseudo-nitzschia for the WA coast (Trainer et al., 2002, 2009a;
Trainer and Hickey, 2003; Marchetti et al., 2004; MacFadyen et al.,
2005). Results from six cruises conducted over four years suggest
that toxin occurs in the eddy in any 21-d period, although razor



clam beaches have clamming closures due to toxin roughly every
two years (MacFadyen et al., 2005). For toxin to reach coastal
beaches, toxic patches must first develop, the patches must escape
the eddy and travel downcoast toward the clamming beaches, and
the patches must move onto coastal beaches, remaining long
enough to be ingested by the clams. Recent research shows that
concentration, as well as onshore transport, occurs during periods
of downwelling winds (storms), whereas escape from the eddy and
travel downcoast occurs during periods of upwelling winds
(MacFadyen and Hickey, 2010).



The relatively few toxic events on Washington’s coastal beaches
in comparison to the regular appearance of DA in the source
regions suggests that significant impediments to transport occur
between source regions and the beaches. One important impedi-
ment may be the buoyant plume from the Columbia River estuary
(Hickey et al., 2010). A plume from the Columbia is generated along
the WA coast north of the estuary mouth each time winds on the
WA coast switch to a northward direction (a storm period) (Hickey
et al., 2005). The plume has density fronts along its edges and such
fronts can be a barrier to onshore transport of toxic blooms (Hickey
and Banas, 2003). A new study led by the University of Washington
(PNWTOX, ‘‘Pacific Northwest Toxins’’) is using numerical models
of coastal circulation and also ecosystem variability in association
with previously collected data to determine the effects of the
Columbia on HABs for both OR and WA coasts.



Exceptional years of DA-associated beach, razor clam, and
Dungeness crab closures in WA include 1991, 1998–1999, 2002–
2003, and 2005 (see Fig. 1 in MacFadyen et al., 2005, Fig. 8A). In
1991, closure of beaches to recreational and commercial razor
clam and Dungeness crab harvesting resulted in a $15–20 million
revenue loss to fisheries (Anderson, 1995). During 1998–1999
(over a year and a half), fishery closures caused Washington’s
Quinault tribe to lose all of their razor clam income and a large
portion of their Dungeness crab income, and the Quileute tribe to
lose 50% of their Dungeness crab income (Wekell and Trainer,
2000). From 2002 to 2003, another prolonged closure period (>1.5
years) resulted in a $10.4 million loss in revenue (Wekell and
Trainer, 2002). In 2005, toxic blooms of P. pseudodelicatissima and
P. australis caused significant commercial, recreational, and tribal
shellfish harvest losses in Sequim Bay and Penn Cove areas of Puget
Sound, respectively (Trainer et al., 2007). Although DA producing
blooms of Pseudo-nitzschia species have been known previously in
Puget Sound (e.g., Hood Canal, Horner et al., 1996), blooms with
toxin levels above the regulatory limit of 20 ppm have been
reported only since 2003 (Bill et al., 2006), causing some concern
that continued escalation/expansion will impact the many
valuable fisheries there (Trainer et al., 2007). The total estimated
impacts of a hypothetical coast-wide seasonal closure of the
recreational razor clam fishery for 2008 was estimated to be
$21.9 million, and the income impact of the recreational razor clam
fishery in WA for 2008 was estimated at $13.5 million (Huppert
and Dyson, 2008, see Section 6).



3.2.4. Oregon



In addition to Washington’s Juan de Fuca area, other chronic
sources of toxigenic Pseudo-nitzschia (i.e., ‘‘hot spots’’) include
Heceta Bank (Trainer et al., 2001; B. Hickey, pers. comm.; P.
Strutton, unpubl. data) and south of the Columbia River estuary
(Clatsop) areas of OR (Tweddle et al., 2010). Like WA, the 1998 and
2003 events caused beach closures of razor clam harvesting that
lasted >1.5 years and led to a $4.8 million loss in estimated income
to coastal communities around Clatsop Beach alone in 2003
(Tweddle et al., 2010; ODFW data, http://public.health.oregon.gov/
HealthyEnvironments/Recreation/HarmfulAlgaeBlooms/Pages/
index.aspx, Fig. 8B). The impact of DA toxicity on razor clam,
mussel species, and Dungeness crab industries appears to be
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increasing in recent years, with exceptionally extensive and
prolonged razor clam and mussel closures occurring from 2002
to 2006 (Tweddle et al., 2010, Fig. 8B). The Dungeness crab industry
in OR has never had a closure due to biotoxins, but orders for
evisceration occurred in 1999 when levels of biotoxins in S. patula



warranted the precaution (ODA data, http://oregon.gov/ODA/FSD/
shellfish_status.shtml).



3.2.5. California



Since the 1998 event when DA was first linked to sea lion
deaths, toxic blooms and associated mammal and bird illnesses on
the CA coast have occurred in nearly every year (CDPH data,
Fig. 8C). For example, toxic Pseudo-nitzschia blooms have been
recorded in the Santa Barbara Channel in every year since 2002,
and off Los Angeles in every year since 2003 (Schnetzer et al., 2007;
Anderson et al., 2008a; CDPH data). Blooms of P. australis off
southern CA in 2006 and 2007 were characterized by some of the
highest planktonic DA concentrations measured; e.g., 14.39 mg
pDA/l on March 17, 2006 just inside and 26.97 mg/l on April 26,
2007 just outside the breakwater at Long Beach (A. Schnetzer et al.,
unpubl. data, Fig. 5). Since 2003, hundreds of marine mammal and
bird strandings or deaths from central to southern CA have been
attributed to DA, and there is evidence that these poisonings are
increasing. For example, Caron (2008) reported DA toxicity in
several bird species for the first time in 2006–2007. Spring 2007
was cited as the worst season for marine mammal and bird
mortality on the southern CA coast (International Bird Rescue
Research Center, http://www.ibrrc.org/pr_04_25_2007.html). The
link between upper water column blooms and potential exposure
of benthic organisms to DA through rapid downward flux has also
been demonstrated through toxin measurements in sediment
traps from as deep as 500 and 800 m in the Santa Barbara and San
Pedro Channels, respectively (Schnetzer et al., 2007; Sekula-Wood
et al., 2009).



Domoic acid has been detected in seafood species along the CA
coast (bivalve shellfish, sardines, anchovies) almost every year
since the 1991 episode (CDPH data). Concentrations of DA
exceeding the federal public health alert level (20 ppm) have
been detected in seafood species every year between 2000 and
2007, primarily between San Luis Obispo and Los Angeles counties.
In 2007, a DA concentration of 610 ppm was detected in California
mussels from Santa Barbara, the highest level ever recorded in CA
(Fig. 5). The most persistent problems with elevated DA
concentrations have been in the Santa Barbara-Ventura region,
extending offshore to the Channel Islands.



Based on examination of 715 sea lions with neurological
symptoms collected between 1998 and 2006, Goldstein et al.
(2008) identified two DA syndromes, an acute DA toxicosis and a
chronic epileptic syndrome. Clusters of strandings of acute
syndrome cases occurred in 1998 (centered in Monterey Bay),
2000, 2001, 2002, and 2005 (centered off San Luis Obispo and Santa
Barbara counties). While an increasing trend in acute cases from
1998 to 2006 was not found, chronic cases were found to increase
in every year, from four cases in 1999 to 45 cases in 2006. These
data indicate that chronic effects of DA on sea lions have
continually increased in recent years. Bargu et al. (2012) also
found evidence for increasing chronic cases over time in their
examination of 82 sea lions stranded in Monterey Bay from 2004 to
2007.



3.2.6. Mexico



Domoic acid detection and the presence of potentially toxic
Pseudo-nitzschia species have been documented in Pacific waters
off Mexico. Of the 12 species identified as potential producers of DA
(Moestrup and Lundholm, 2007), P. australis, Pseudo-nitzschia



delicatissima (Cleve) Heiden, Pseudo-nitzschia fraudulenta (Cleve)



Hasle, P. multiseries and Pseudo-nitzschia pungens (Grunow ex
Cleve) Hasle have been reported in Pacific Mexico (Hernández-
Becerril et al., 2007). Only two DA-associated blooms have been
documented (Fig. 6). Domoic acid was detected in net phytoplank-
ton samples and in chocolate clams (Megapitaria squalida Sowerby)
during a P. fraudulenta bloom in June-July 2006 at La Paz, in the Gulf
of California, but the concentration of DA in the clams (0.55 ppm)
was well below the action limit for shellfish (Gárate-Lizárraga
et al., 2007). Another toxic bloom occurred in the Todos Santos Bay
in 2007, in the northern part of the Baja California Peninsula
(Garcia-Mendoza et al., 2009). Here, the maximum DA concentra-
tion in particulate matter (0.86 ppm) was associated with the
presence of P. australis that reached a maximum abundance of
3.02 � 105 cells/l (Garcia-Mendoza et al., 2009). Adverse biological
effects related to DA in the environment were not detected during
these events.



There are only two incidents where DA toxicity of animals was
confirmed in Mexico, both occurring in the Gulf of California
(Fig. 6). The deaths of approximately 150 brown pelicans during
the winter of 1996 at the tip of the Baja California Peninsula were
associated with DA toxicity after the animals consumed contami-
nated mackerel (Scomber japonicus Houttuyn; Sierra-Beltrán et al.,
1997). Another massive mortality of sea birds and marine
mammals associated with DA poisoning occurred in the winter
of 1997 when 766 sea birds (common loon, Gavia immer Brunnich),
168 dolphins, nine sea lions, and four fin whales (Balaenoptera



physalus Linnaeus) died. This is the only such event described in an
official technical report issued by SEMARNAP (Former Mexican
Secretary of the Environment and Natural Resources) (SEMARNAP-
PROFEPA, 1997). The dead animals were dispersed in several
locations on the east coast of the Gulf of California. The responsible
species was not identified.



The limited number of DA field measurements or confirmed DA
poisonings does not necessarily indicate that blooms associated
with the toxin are unusual in Mexico. Other events consistent with
DA toxicity have been identified, for example, mass mortalities of
sea mammals and birds in 1995 and 2004 in the Gulf of California;
however, no hard data were provided to corroborate the cause of
mortality (Ochoa et al., 2002). Anecdotal evidence from the
northern part of the Baja California Peninsula also suggests that
some sea lion strandings might have been related to DA toxicity. In
2002, 87 sea lions were found stranded on beaches from Tijuana to
Ensenada, and it was assumed that DA toxicity was the cause of
this event (Hernández-Becerril et al., 2007). Also in 2006, nine
corpses and three sea lions with symptoms of DA toxicity were
found near Ensenada, Northern Baja California (media report
CP052-06 issued by SEMARNAT-PROFEPA; http://www.profepa.
gob.mx/). These findings indicate that DA toxicity might be a
recurrent phenomenon for the northern part of the Baja California
Peninsula. Further evidence suggests that DA occurrence in this
region may be on the rise. Domoic acid was not reported in the
northern region of the Baja California peninsula before 2007
(Garcia-Mendoza et al., 2009). Domoic acid content in Pacific
sardines (S. sagax caerulea Jenyns) collected every two weeks from
December 2007 to February 2009 was relatively high (>100 ppm
viscera) during winter of 2007–2008 and from July to August of
2008 (G. Cabrales-Talavera and E. Garcia-Mendoza, unpubl. data).
Also, some positive samples were detected in April 2008, but the
concentration was <20 ppm in viscera (G. Cabrales-Talavera and
E. Garcia-Mendoza, unpubl. data). Furthermore, during the last
week of August and through September of 2010, sardines
collected near the Todos Santos Bay region had DA concentrations
as high as 800 ppm in viscera (E. Garcia-Mendoza, unpubl. data)
and in September of 2011, the first ban in the region associated
with the presence of DA in shellfish was implemented by
COFEPRIS.
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3.3. Factors promoting blooms



3.3.1. Overview: anthropogenic vs. natural factors



At present, there appears to be little evidence to support
anthropogenic nutrient loading as the primary promoter of Pseudo-



nitzschia blooms along the west coast of North America. Blooms
often occur in offshore areas, e.g., the Juan de Fuca eddy off WA and
Heceta Bank off OR (Hickey and Banas, 2003; MacFadyen et al.,
2005), where anthropogenic influence is neither expected nor
found. Even in the Southern California Bight, the most highly
populated area along the U.S. west coast, Pseudo-nitzschia



abundances and DA concentrations were higher at offshore
stations and were not associated with higher nutrient concentra-
tions at coastal stations where toxin levels were inversely
correlated with nutrient levels (Schnetzer et al., 2007). Also, high
concentrations of the micronutrients Cu and Fe, generally linked to
anthropogenic activities (e.g., Johnson et al., 2001) were inversely
related to DA production in laboratory and field studies (Rue and
Bruland, 2001; Trainer et al., 2009b). Urea might also be a N source
for Pseudo-nitzschia and would have an anthropogenic source
(Cochlan et al., 2008). There is no direct evidence, however, that
Pseudo-nitzschia blooms are related to run-off or eutrophication.
Instead, they are more likely related to large scale physical forcing
such as upwelling that brings in high quantities of macronutrients
(Kudela et al., 2004; Anderson et al., 2008b; MacFadyen et al.,
2008).



Although anthropogenic sources of nutrients have not been
clearly linked to Pseudo-nitzschia blooms on the WA open coast, in
smaller, more enclosed areas and embayments in Puget Sound and
along the Strait of Juan de Fuca, anthropogenic factors might play a
role in promoting blooms. For example, a bloom of P. pseudode-



licatissima in Sequim Bay, WA, in September 2005 was attributed in
part to a pulse of ammonium from an outdated sewage system at a
state park (Trainer et al., 2007). A bloom of P. australis occurring at
roughly the same time at nearby Penn Cove, WA, was attributed to
water column stratification caused by high precipitation, high
stream flow, and strong local winds (Trainer et al., 2007), similar to
the causes of a bloom in the same area in 1997 (Trainer et al., 1998).



Laboratory studies have demonstrated that several Pseudo-



nitzschia species are able to use both organic and inorganic
nitrogen sources for growth, and there is often an uptake
preference for ammonium that can be derived from both natural
and anthropogenic sources (Howard et al., 2007; Cochlan et al.,
2008; Kudela et al., 2008a, 2010). Cochlan et al. (2008) suggest that
anthropogenic sources such as ammonium and urea may sustain
non-bloom concentrations of Pseudo-nitzschia during periods of
relaxed upwelling when low nitrate concentrations can be
expected within 10–20 km of the coastline (MacFadyen et al.,
2008). The potential remains for anthropogenic sources to promote
or sustain blooms for inland waters such as Puget Sound and along
the Strait of Juan de Fuca, or may be linked to the possible spread of
toxic HAB species into new areas although proof is still lacking
(Anderson et al., 2008b).



3.3.2. Alaska



Species of Pseudo-nitzschia occur along the whole AK coast from
at least Point Barrow in the north (Bursa, 1963; R. Horner, pers. obs.
as N. seriata), throughout the Bering Sea (Schandelmeier and
Alexander, 1981 as Nitzschia spp., section Pseudo-nitzschia), and
into the Gulf of Alaska, including along the Aleutian chain (Cupp,
1943) and into south central AK at Port Valdez (Horner et al., 1973),
all as Nitzschia spp. Note that species identifications may not
always be correct because they were made well before the need to
use electron microscopy for this purpose was recognized. The same
oceanographic factors discussed above for PSTs (Section 2.3.2)
probably also affect the distribution of Pseudo-nitzschia species.



The sparse and widespread population areas preclude the
possibility of much anthropogenic influence.



3.3.3. British Columbia



Species of Pseudo-nitzschia are present and often abundant in all
BC marine waters in summer and fall, with the largest blooms
occurring on the outer continental shelf (Forbes and Denman,
1991; Taylor and Harrison, 2002). These may be advected into
coastal inlets such as Barkley Sound (Taylor and Haigh, 1996).
Further, blooms of Pseudo-nitzschia spp. in BC usually occur first in
more southerly regions before more northerly ones (Taylor and
Harrison, 2002).



3.3.4. Washington



Blooms of toxic Pseudo-nitzschia on the WA coast in summer
and fall are generally associated with a recent history in the Juan de
Fuca eddy and a retentive region just offshore of the Strait of Juan
de Fuca (Trainer et al., 2009a), and are more related to physical
forcings than to anthropogenic factors. This region is known for its
high concentration of chlorophyll in summer (Hickey and Banas,
2008); i.e., the region is favorable to phytoplankton blooms in
general, but Pseudo-nitzschia is typically less than 20% of the
phytoplankton community by biomass (Trainer et al., 2009a). The
factors contributing to phytoplankton blooms in this region
include a steady source of high nutrient waters, a circulation
pattern that favors retention rather than loss, and low grazing
relative to growth rates (MacFadyen et al., 2005, 2008; Foreman
et al., 2008; Olson et al., 2008; MacFadyen and Hickey, 2010). As in
other portions of the California Current System, the high nutrient
waters are derived from large-scale seasonal upwelling of deep
coastal waters. In the Juan de Fuca eddy region however, the
upwelled waters travel up the coastal canyon system into the Strait
of Juan de Fuca, where they mix and then exit back out as surface
waters into the eddy region, providing as much nitrate as that due
to traditional upwelling along the entire WA coast (see Table 1 in
Hickey and Banas, 2008). In addition, water is upwelled directly
into the eddy as the season progresses (MacFadyen et al., 2008).
Thus, in contrast to the open WA coast, the nutrient source does
not disappear during periods of wind relaxation or wind direction
reversal to downwelling-favorable. Moreover, nutrients passing
through the Strait are transported much farther offshore than
occurs via traditional coastal upwelling (�50 km vs. 10 km)
(Hickey and Banas, 2008). Although the high nutrient concentra-
tions favor phytoplankton growth in general, no significant
relationship was found between toxin production and macronu-
trient supply (Trainer et al., 2009a). Significant DA concentrations
were observed on six 21-d surveys over four years, but the factors
that determine the transition from toxigenic to toxic have not been
determined to date (Trainer et al., 2009a; B. Hickey, unpubl. data).



The timing, frequency, and magnitude of toxic Pseudo-nitzschia



blooms impacting the WA coast in summer/fall is therefore largely
a function of the dynamics of the Juan de Fuca eddy. The eddy
forms in the spring transition period, increases in spatial extent
throughout the summer, and decreases in the fall. Under the
typical northerly wind conditions, the eddy is ‘‘leaky’’ to the south,
but under weak wind conditions or when southerly wind reversals
occur, the eddy is more retentive. These conditions promote
maintenance of high abundances of Pseudo-nitzschia and also their
shoreward advection.



The influence of wind conditions (timing, speed, direction,
magnitude) on the Juan de Fuca eddy circulatory patterns is a
critical determinant of toxic Pseudo-nitzschia bloom impact, and
thus is a focus of bloom forecasting models, including the long-
term effects of climate change (e.g., storminess). In spring, high
concentrations of pDA in razor clams are more likely to originate
from southern sources, such as Heceta Bank, OR (Hickey et al.,
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2010; see below). This is because regional coastal currents are
toward the south in summer/fall, but toward the north in early
spring.



3.3.5. Oregon



Analogous to the Juan de Fuca eddy off WA, Oregon’s Heceta
Bank is a ‘‘hot spot’’ for DA. It is the dominant bathymetric feature
off the mid-OR coast that enhances retention of highly productive
waters, and may provide a source of toxic Pseudo-nitzschia blooms
to the OR nearshore coastal zone and to the southern WA coast in
spring (B. Hickey, pers. comm.). Like the Juan de Fuca eddy,
southerly winds result in more retention and also shoreward
advection of nutrients and phytoplankton (Barth, 2003; Barth et al.,
2005). The northern OR coast, in particular the Clatsop Beach
region, experiences higher cell counts of Pseudo-nitzschia and
greater instances of increased DA levels in shellfish, compared to
southern regions of OR (Tweddle et al., 2010). Upwelling effects,
however, are not greatly different between Clatsop and the
Tillamook region immediately to the south. This suggests that the
increased toxins at Clatsop may be related to the presence of the
Columbia River plume, possibly a result of enhanced retention in
this region. High concentrations in summer and fall could also be a
result of southward advection from the Juan de Fuca eddy. Domoic
acid contamination of shellfish along the OR coast most closely
corresponds to periods of transition from upwelling to down-
welling (Tweddle et al., 2010) and not to any anthropogenic input.



3.3.6. California



Pseudo-nitzschia spp. are common in CA waters, but major toxin
events occur only at specific times, although they often occur over
large spatial scales (e.g., Southern California Bight to Monterey Bay,
Trainer et al., 2000) and may persist for weeks. Of interest here are
not only the factors that control the population bloom, but also the
factors that control the large-scale production of DA. Following
Section 3.2.5, the present-day widespread and annually occurring
DA problem in CA appears to have only emerged in the last decade.
Specifically in southern CA, Lange et al. (1994) considered
toxigenic blooms both rare and unusual, but in recent years ASP
has become increasingly important (e.g., Trainer et al., 2000;
Anderson et al., 2006; Busse et al., 2006; Schnetzer et al., 2007).
While DA outbreaks are most common in the sheltered waters in
the Southern California Bight (including the Santa Barbara
Channel) and Monterey Bay, they also occur along the open coast
of central CA (south of Monterey Bay) but are not regularly found in
the sheltered waters of Drakes Bay (or on the open coast north of
Monterey Bay). Given the retentive and stratified nature of
Monterey Bay and the Santa Barbara Channel, these regions may
act as source regions comparable with the Juan de Fuca Eddy and
Heceta Bank regions described for WA and OR.



The marked shift to DA events in recent years in southern CA
may be related to changes in the oceanographic climate. For
example, there was a significant change in ocean climate in the
eastern Pacific in 1999 as both the PDO and North Pacific Gyre
Oscillation (NPGO) reversed sign in a manner that would enhance
upwelling effects off central and southern CA. Just as +PDO may
correspond with higher DA off cooler OR (see Section 3.3.5), so
�PDO and +NPGO may correspond with higher DA off warmer
southern CA (Sekula-Wood et al., 2011). Although this �PDO/
+NPGO period was interrupted by anomalous years in 2005 and
2006, the tendency for cooler conditions has continued to the
present. The possibility of large-scale ecosystem change since 1999
is supported by recent studies that document a dramatic and
persistent response in demersal fish, crab, and shrimp populations
in San Francisco Bay (Cloern et al., 2010).



As noted in Section 3.3.1, Pseudo-nitzschia blooms are most
likely related to large-scale physical forcing that brings in excess



quantities of macronutrients (Kudela et al., 2004; Anderson et al.,
2008b; MacFadyen et al., 2008), with outbreaks typically occurring
following upwelling events as nutrients become less available to a
well-developed multi-species phytoplankton bloom (Kudela et al.,
2004). The argument for DA events being controlled by large-scale
oceanic forcing is based on the apparent synchrony of ASP events
observed in CA. Multiple factors have been shown to trigger the
production of DA by Pseudo-nitzschia (cf. reviews by Bates et al.,
1989; Bates, 1998, 2000; Bates and Trainer, 2006; Trainer et al.,
2008), but the most thoroughly characterized is macronutrient
limitation by either phosphate or silicate in cultures (Pan et al.,
1996a,b,c). More recently, Anderson et al. (2006) reported a
correspondence between limiting Si concentrations indexed by the
ratios of Si(OH)4:NO3 and Si(OH)4:PO4



3� and the concentrations of
Pseudo-nitzschia and particulate DA; however, they concluded that
the relationship is complex, with added variability caused by
mesoscale circulation (see also review by Kudela, 2008).



A link between ASP events and land runoff has been postulated
(e.g., that the massive DA event in Monterey Bay in 1998 was
triggered by post-El Niño runoff; Scholin et al., 2000), but the
evidence remains circumstantial and the relationship between ASP
and coastal runoff and/or eutrophication remains unclear. In
addition to the possible importance of land-derived macro-
nutrients, the micro-nutrients in land runoff may be critical.
Recent laboratory and field data suggest that Pseudo-nitzschia may
increase toxicity when growing on urea as a nitrogen source
(Howard et al., 2007; Kudela et al., 2008a), a source of N without a
concomitant source of Si. Urea is primarily from anthropogenic
sources and thus cultural eutrophication may have the unantici-
pated consequence of both selecting for Pseudo-nitzschia spp. and
promoting toxin production in this organism. In addition, DA
production by Pseudo-nitzschia spp. has also been linked to Fe and
Cu stress. Iron limitation directly modulates Si:N ratios in diatoms,
and DA may serve as an Fe-acquisition mechanism either directly
(Rue and Bruland, 2001; Maldonado et al., 2002) or through the
stimulation of a Cu-mediated high affinity transport system (Wells
et al., 2005). Anthropogenic changes in runoff amounts and timing,
and Fe or Cu loading (e.g., Johnson et al., 2001; Ladizinsky, 2003)
thus may have amplified effects on coastal waters by triggering or
suppressing DA outbreaks.



3.3.7. Mexico



Water properties associated with wind-driven upwelling were
related to the accumulation of P. australis cells in the Todos Santos
Bay region (Garcia-Mendoza et al., 2009). As in more northern
locations (Trainer et al., 2000; Taylor and Trainer, 2002; Anderson
et al., 2006), the injection of nutrients to upper layers associated
with upwelling events appears to promote the formation of toxic
Pseudo-nitzschia blooms in the Baja California northern region
(Garcia-Mendoza et al., 2009). Specifically, it was documented that
a high Si(OH)4:N ratio instead of the absolute concentration of each
nutrient was an important factor for the accumulation of P.



australis (Garcia-Mendoza et al., 2009). Toxic blooms of Pseudo-



nitzschia have been related to prominent oceanographic features
such as eddies, fronts, and upwelling events (GEOHAB, 2005). The
west coast of Baja California has a number of these mesoscale
oceanographic features that could offer the conditions that
encourage the growth of toxigenic diatom species; e.g., upwelling
conditions that occur in late spring and in summer in the Mexican
part of the California Current System (Hickey, 1998; Pérez-Brunius
et al., 2006).



In summary, the generality emerging from observations of
Pseudo-nitzschia blooms and outbreaks of DA along the North
American west coast indicates that these diatom species bloom in
response to classical upwelling conditions, potentially along with
numerous other species of diatoms and non-diatom taxa. The
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specific conditions leading to dominance of Pseudo-nitzschia during
these blooms, the factors leading to production of DA, and the
oceanographic/meteorological conditions leading to exposure of
coastal communities to toxic blooms once they have developed are
less clear, possibly complex, and clearly in need of further study.



4. Heterosigma, Chattonella, and fish kills



Blooms of the raphidophyte, Heterosigma akashiwo (Hada)
Sournia, have been associated with massive finfish kills in
temperate waters worldwide and are known for their antagonistic
effects on organisms with sizes ranging from bacteria to fish
(Smayda, 2006). In WA and BC, losses to commercial fisheries,
particularly aquaculture, have been substantial since the late
1980s, and concurrently wild fish have been affected (Horner et al.,
1997; Taylor and Haigh, 1993; Taylor et al., 1994; Rensel and
Whyte, 2003; Rensel et al., 2010b). The mechanism for Heterosigma



toxicity is not well established. Several modes of toxicity have been
proposed and investigated in laboratory settings, including
production of brevetoxin-like compounds (Khan et al., 1997;
Keppler et al., 2006), mucus or lectin-like polysaccharides (Pratt,
1966; Chang et al., 1990), reactive oxygen species such as
superoxide and hydrogen peroxide (Yang et al., 1995; Twiner
and Trick, 2000) and hemaglutinating and hemolysing compounds
(Onoue and Nozouwa, 1989).



In coastal marine waters of WA and BC, finfish aquaculture kills
due to Heterosigma began in 1976 near Lummi Island but did not
become substantial until the late 1980s (Taylor et al., 1994; Horner
et al., 1997; Rensel, 2007; Rensel et al., 2010a,b). A major kill of
coho salmon (Oncorhynchus kisutch Walbaum) and chinook salmon
(Oncorhynchus tshawytscha Walbaum) occurred in Sechelt Inlet,
BC, in 1986 resulting in a loss of approximately 1/3 of the salmon
population and $2.5 million in revenue. In 1989, another massive
bloom led to a $4 million loss of caged chinook salmon in BC and
another $4 million of the same species at Cypress Island, WA.
Aquaculture fish losses were also severe in central Puget Sound in
1990, when 1.3 million fish and $5 million revenue were lost (85–
100% population losses per pen of Atlantic salmon, Salmo salar



Linnaeus), including an endangered species, wild White River
spring chinook (O. tshawytscha Walbaum) brood stock. Wide-
spread blooms in 2006 ($2 million loss) and 2007 also caused
substantial losses of farmed Atlantic salmon (S. salar Linnaeus)
(Rensel, 2007; Rensel et al., 2010b).



Mortalities of wild salmon and marine fish species associated
with Heterosigma blooms have been documented since 1994 in
Puget Sound (Hershberger et al., 1997; Horner et al., 1997; Rensel,
2007; Rensel et al., 2010b), particularly in shallow, warm bays
where the dead fish are more visible and likely to float and
accumulate on beaches than in the colder main basins (Rensel et al.,
2010a). More recently, evidence has been found linking Heterosigma



blooms in the Strait of Georgia and North Puget Sound to a 2-decade
decline of a key stock of Fraser River sockeye salmon (Oncorhynchus



nerka Walbaum), historically the most valuable west coast
Canadian and U.S. salmon fishery (Rensel et al., 2010a,b). Since
1989, marine survival of Chilko sockeye salmon stock averaged 2.7%
in years when juvenile sockeye salmon seawater migration in the
Strait coincided with major Heterosigma blooms vs. 10.9% in years
with no or minor blooms. Strong correlations were also seen
between major Heterosigma bloom years and young-of-the-year
Pacific herring (Clupea pallasii Valenciennes) abundance a few
months later. A panel of U.S. and BC fisheries experts assembled by
the Pacific Salmon Commission reviewed the evidence (i.e., Rensel
et al., 2010a,b) and concluded that at least some years of very poor
Fraser River sockeye salmon returns, such as 2009, were likely due
to Heterosigma blooms and that future risk necessitates the need to
further study the issue (Peterman et al., 2010).



Although Heterosigma blooms have been reported on the
CA coast, impacts to fisheries have only been documented in
WA and northward. This may be related to the relative lack of
year-round marine finfish aquaculture facilities in affected CA
regions (e.g., San Francisco Bay, Monterey Bay, and Southern
California).



The presence of Heterosigma has been reported from the
Gulf of California (Band-Schmidt et al., 2004), but noxious effects
have not been associated with this genus off Mexico; however,
blooms of other raphidophyceans have caused massive fish
mortalities in the Gulf of California. Specifically, in April 2003, a
bloom of Chattonella marina (Subrahmanyan) Hara & Chihara and
Chattonella cf. ovata Y. Hara & M. Chihara was associated with
massive mortalities of fish, although it was not possible to
evaluate the magnitude of the impact (Núñez-Vázquez et al.,
2011 and references therein). Benthic fauna were killed in Kun
Kan Bay, Sonora, located on the east coast of the Gulf of
California. Another bloom of C. marina during April and May of
2006 in a southern location (Sinaloa coast) on the east coast of
the Gulf of California was also associated with mortality of
approximately 48–60 tons of fish (Núñez-Vázquez et al., 2011
and references therein).



Blooms of Heterosigma in inland coastal marine waters of WA
are typically associated with summertime warm weather and
high river discharge, resulting in brackish salinities and a stable
surface layer (Taylor and Haigh, 1993; Rensel, 1995, 2007; Rensel
et al., 2010b). Blooms in WA and BC may be expanding in range
and magnitude, and contribution of anthropogenic factors is
possible (Anderson et al., 2008b). The role of aquaculture effluent
in promoting Heterosigma increases has been proposed in other
countries (e.g., Scotland; Smayda, 2006), but all commercial
finfish aquaculture sites in WA are sited in non-nutrient sensitive
areas where naturally occurring background concentrations
and flux of dissolved inorganic nitrogen from the Pacific Ocean
is very high compared to the half saturation constants for growth
of this species, implicating other factors, such as light and
advection, in controlling algal bloom dynamics (Rensel, 1991,
2007; Anderson et al., 2008b). Rensel et al. (2010a,b) showed that
the most frequent and intense blooms of Heterosigma in the
region occur in the southern Strait of Georgia, where there are no
commercial fish farms but pronounced influence of the spring/
early summer Fraser River peak discharge that creates ideal
growth conditions for the alga. Other anthropogenic activities are
potential stimulatory factors; for example, sewage effluent spills
were correlated with several Heterosigma blooms in poorly
flushed and nutrient-sensitive central Puget Sound backwaters
(Rensel, 2007; Anderson et al., 2008b). The raphidophyte’s high
capacity for NH4



+ uptake, that may originate from many sources,
has been highlighted as an important factor (Anderson et al.,
2008b) but the alga is equally adept at using other forms of
dissolved inorganic nitrogen such as nitrate (Herndon and
Cochlan, 2007).



The ecophysiology of Heterosigma is complex, and numerous
behavioral and nutritional adaptive characteristics can contribute
to bloom initiation. Niche-defining criteria proposed for Hetero-



sigma include: temperature-regulated excystment, trace-metal
(e.g., Fe) stimulation of growth, stimulation by organic compounds,
allelopathic deterrence of competitor growth or predator activity,
nutrient retrieval via vertical migration, halotolerance, shade
adaptation, and occurrence of different ecotypes within a given
region (Smayda, 1997, 1998; Hallegraeff, 1998; Anderson et al.,
2002; Zhang et al., 2006; Fredrickson et al., 2011). Understanding
Heterosigma toxic bloom ecology is further complicated by the
uncertain knowledge of the species’ mechanism for toxicity (see
above), hindering management capabilities to predict, prepare for,
and respond to these toxic events.
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5. Other HABs



Other HAB species are widespread along the North American
west coast, but historically, bloom formation, toxin production,
and ecosystem or human health impacts by these species have
been rarely reported. Recent observations suggest possible future
impacts (discussed below), and west coast regional monitoring
programs should include emphasis on their detection. Such HAB
species include the dinoflagellates, Dinophysis spp. (diarrhetic
shellfish poisoning), Cochlodinium spp. (fish kills, toxic mechanism
unclear), Protoceratium reticulatum (Claparède et Lachmann)
Bütschli, Lingulodinium polyedrum (Stein) Dodge, and Gonyaulax



spinifera (Claparède et Lachmann) Diesing (yessotoxin producers),
and Akashiwo sanguinea (K. Hirasaka) G. Hansen & Ø. Moestrup (sea
bird kills due to surfactant-like proteins that coat feathers and
neutralize water repellency and insulation). Also, in the upper
reaches of some CA estuaries, the cyanobacterium, Microcystis



aeruginosa (Kützing) Kützing, has emerged as a major bloom-
former recently and Trichodesmium spp. are listed as potential
harmful species in Mexico (Hernández-Becerril et al., 2007). Also
on the Mexican west coast, problems associated with potentially
toxic benthic dinoflagellates should be considered. There are two
descriptions of ‘ciguatera-like’ intoxications caused by the
consumption of fish captured at Alijos Rocks located 300 miles
from the East coast of Southern Baja California (Lechuga-Deveze
and Sierra-Beltrán, 1995) and from El Pardito Island in the Gulf of
California (Heredia-Tapia et al., 2002).



Several species of Dinophysis (e.g., D. acuminata Claparède et
Lachmann, D. acuta Ehrenberg, D. fortii Pavillard, D. norvegica



Claparède et Lachmann, and D. rotundata Claparède and Lachmann)
that have been shown to produce okadaic acid and cause diarrhetic
shellfish poisoning (DSP) in other parts of the world are commonly
found in west coast waters (Hernández-Becerril, 1988; Horner et al.,
1997; Jester et al., 2009; Trainer et al., 2010). Symptoms of DSP
include mild to severe gastrointestinal illnesses and, while deaths
have not been documented, okadaic acid is known to be a strong
tumor promoter (Suganuma et al., 1988; Dominguez et al., 2010).
Okadaic acid was first detected in BC shellfish in 2003 in manila
clams at low levels (Canadian Food Inspection Agency data), and in
Monterey Bay, CA water samples and phytoplankton extracts in
1999, where Dinophysis – primarily D. acuminata – abundance
correlated with inhibition of protein phosphatase activity in an assay
for okadaic acid (Weber, 2000). Later, Southerland (2008) showed
that DSP toxins occurred in sentinel California mussels collected
from Monterey Bay in 2004–2005. One DSP toxin, okadaic acid, was
positively associated with D. fortii and a second DSP toxin,
dinophysistoxin-1 (DTX-1), also appeared to be produced by
that species. Recently, okadaic acid was linked to three cases
of human DSP illness from Sequim Bay, WA blue mussels (June
2011) and 62 illnesses from Gorge Harbour, BC blue mussels (August
2011; V. Trainer, pers. comm.). In Mexico, several species of
Dinophysis are also present along the Pacific littoral but no cases of
DSP have been officially recognized (Hernández-Becerril et al., 2007;
Cortés-Altamirano and Sierra-Beltrán, 2008). Diarrhetic shellfish
poisoning toxins have been measured since 2009 in Mexico, but they
were officially regulated in 2011 with an action level of 160 mg eq
okadaic acid per kg of shellfish (NORMA Oficial Mexicana, 2011). In
2010, two sanitary bans associated with the presence of DSP toxins
in cultured oysters (C. gigas Thunberg) were implemented in Baja
California (COFEPRIS data). The toxins were detected by the mouse
bioassay method but the presence of DSP toxins was not confirmed
by an analytical approach. Toxic effects from these species had not
been demonstrated on the west coast until very recently, and toxic
effects can be mild and misdiagnosed. British Columbia and WA are
developing more comprehensive DSP monitoring programs (D. Kelly
and J. Borchert, pers. comm.).



Two species of Cochlodinium have widespread distribution on
the west coast but only recently have they been linked to fish kills.
Blooms of Cochlodinium polykrikoides Margelef have been a major
cause of fish kills off Japan, China, and Korea, while C. sp., recently
identified as Cochlodinium fulvescens Iwataki, Kawami et Matsuoka
using LSU rDNA sequences (Iwataki et al., 2008), was linked to a kill
of aquacultured Atlantic salmon (S. salar Linnaeus) in BC in 1999–
2000 (Whyte et al., 2001). More recently, a bloom of Cochlodinium



(species not determined, but possibly C. fulvescens, see Iwataki
et al., 2008) that extended over 800 km of CA coastline was linked
to a 2004–2005 California mussel mortality event in Monterey Bay
(Curtiss et al., 2008). Genetic characterization confirmed the
presence of C. fulvescens in southern and central CA during this
period (Howard et al., 2012). Since the 2004–2005 bloom event,
Cochlodinium has emerged as a common bloom-forming organism
along the CA coastline (Curtiss et al., 2008; Jester et al., 2009;
Kudela et al., 2010; Howard et al., 2012; Kudela and Gobler, 2012;
CDPH data). Based on nutrient uptake kinetic analyses conducted
on samples from a 2006 Monterey Bay Cochlodinium bloom, Kudela
et al. (2008b) estimated that from 55% (August) to 62% (September)
of N uptake was derived from urea, suggesting a role of cultural
eutrophication in the recent increase in bloom prevalence. In
September 2007, a Cochlodinium bloom cost the Monterey Abalone
Company almost $60,000 worth of abalone (D. Caron, pers. comm.).
Along the Pacific coast of Mexico, Cochlodinium spp. are important
ichthyotoxic species. Two recent reviews mention that since the
beginning of the present decade, fish mortalities associated with C.



polykrikoides and Cochlodinium cf. catenatum Okamura are
common phenomena in the central Mexico coastal areas of
Colima, Jalisco, and Nayarit, and in the southern Gulf of California,
specifically in Sinaloa and Baja California Sur coasts (Hernández-
Becerril et al., 2007; Cortés-Altamirano and Sierra-Beltrán, 2008).



Yessotoxins (YTX) are a new class of lipophilic biotoxins shown
to be tumor promoters in mice but with unknown effects on
humans. They are produced by three cosmopolitan, bloom-forming
dinoflagellates, P. reticulatum, L. polyedrum, and G. spinifera, all
common and sometimes abundant at various times and locations
along the Pacific coast. Yessotoxins were detected in west coast
waters, near Grays Harbor, WA, in summer 2004 when P.



reticulatum was abundant (Howard et al., 2008), in isolates of L.



polyedrum and G. spinifera from coastal CA (Armstrong and Kudela,
2006; Howard et al., 2008), and in California mussels from Scripps
Pier during a bloom of L. polyedrum and from Monterey Bay in 2005
(Howard et al., 2008). One species, P. reticulatum, which is known
to have significant impacts on the shellfish industry in BC because
it reduces the ability of oyster seed to feed (Cassis, 2007), was
documented in bloom abundance in north Puget Sound in 2006
and 2008 (Horner et al., 2010; R. Horner, unpubl. obs.). In the Todos
Santos Bay region (northern Baja California), L. polyedrum blooms
are recurrent phenomena that can cover the whole bay area (Peña-
Manjarrez et al., 2005). Production of YTX was not measured
during these events; however, due to the magnitude and
recurrence of potentially toxic blooms, a phycotoxins monitoring
program started in the region (project FICOTOX funded by the
CONACYT-FORDECYT program; P.I. Garcia-Mendoza) will monitor
for YTX and other microalgal toxins. An extensive bloom of G.



spinifera occurred off the WA/BC coasts extending into inland
waters of WA and BC in August to September 1990 with shellfish
deaths reported in Barkley Sound, BC due to low oxygen (Taylor
and Horner, 1994). Another bloom occurred in northern Puget
Sound in August 2011, but with no reports of impacts (R. Horner,
pers. comm.). At the same time, August and September 2011, a
bloom occurred on the Sonoma County, CA coast causing massive
mortalities of abalone and sea urchins. The cause of the mortalities
is not known, but low dissolved oxygen was not thought to be a
factor (Rogers-Bennett et al., 2012).
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The death of thousands of seabirds (e.g., surf scoters – Melanitta



perspicillata Linnaeus, white wing scoters – Melanitta deglandi



Bonaparte, common murre – Uria aalge Pontoppidan, Pacific loon –
Gavia pacifica Lawrence, northern fulmar – Fulmarus glacialis



Linnaeus, and western grebes) during September and October
2009 off WA, OR, and CA was attributed to surfactant-like
substances produced by a bloom of A. sanguinea (Jessup et al.,
2009; Du et al., 2011; Phillips et al., 2011). The dinoflagellate-
produced foam destroys the waterproof layer of feathers that keeps
seabirds dry, restricting flight and leading to hypothermia. This
bloom extended into Oregon in October to November 2009 and
was possibly related to a combination of a prior diatom bloom, a
stratified water column with low nutrient concentrations, and an
active upwelling event in October. The source of the bloom was
thought to be the WA coast (Du et al., 2011).



Starting in the late 1990s, massive blooms of the cyanobacteri-
um M. aeruginosa have recurred in the upper San Francisco
(Lehman and Waller, 2003; Lehman et al., 2005, 2008; Moisander
et al., 2009) and Klamath River estuaries, CA (Fetcho, 2007). These
are not restricted to very low salinities; e.g., M. aeruginosa colonies
were found in salinities as high as 18 during an October 2003
bloom in San Francisco Estuary (Lehman et al., 2005) and M.



aeruginosa was detected in salinities up to 9.1 in San Francisco Bay
Delta waters during August and September 2007 (Moisander et al.,
2009). A 2004 San Francisco Estuary bloom was associated with
microcystin detection in the water, zooplankton (mesozooplank-
ton including Eurytemora affinis Poppe and Pseudodiaptomus



forbesii Poppe & Richard, amphipods, jellyfish, and worms), and
clam tissue (Lehman et al., 2008). A massive bloom occurred along
the entire length of the Klamath River in 2005 (Fetcho, 2006, 2007).
The cyanobacterium is a major concern for the Yurok Tribe because
the timing of the bloom coincides with the adult Chinook salmon
run, which has subsistence and commercial value for this tribal
fishery. Microcystins were not detected in Chinook salmon livers or
fillets, but trace amounts were detected in one adult steelhead
(Oncorhynchus mykiss Walbaum) liver in 2005, the only year
salmon and steelhead were tested (K. Fetcho, pers. comm.).
Recently, Miller et al. (2010) presented the results of investigations
into the 2007 death of 21 southern sea otters recovered along the
shore of Monterey Bay. The authors confirmed the cause of death
as microcystin intoxication, and provided strong evidence that the
toxin was derived from freshwater cyanobacteria transported from
eutrophic rivers and accumulated by marine shellfish (i.e.,
hepatotoxic shellfish poisoning).



An increase in Microcystis abundance and bloom frequency in
the San Francisco Estuary starting in the late 1990s and escalating
over the last decade (Lehman et al., 2005, 2008, 2010) has been
linked to the influence of anthropogenic activities on alterations in
food web structure and trophodynamics (Glibert et al., 2011). The
authors used a 30-year data set to examine the relationship
between nutrient dynamics and ecosystem properties. They found
that changes in nutrient loading were linked to a cascade of
changes in biogeochemical processes and other ecosystem
properties. Both N and P loading increased from the mid-1980s
to mid-1990s, but after that, P load reductions (i.e., through
removal of P from laundry detergents and loss of canneries using P
in their processing; Van Nieuwenhuyse, 2007; Glibert, 2010)
without concomitant N reductions led to changes in nutrient
stoichiometry (increased N:P). The authors concluded that
increased nutrient loads (eutrophication) together with changes
in nutrient ratios (stoichiometry) has led to changes in biogeo-
chemical conditions (e.g., high N, high N:P) and trophic cascades
(e.g., abundance of the invasive macrophyte, Egeria densa (Planch.)
that increases pH, and the invasive clam, Corbula amurensis



Schrenck that removes macrozooplankton and regenerates nutri-
ents) favoring proliferation of Microcystis.



In addition to nutrient supply, Microcystis has several physio-
logical characteristics that make it a superior competitor in the Bay
Delta. It is a superior algal competitor under elevated pH; like
Egeria, it has highly effective carbon concentrating mechanisms,
allowing it to sustain photosynthesis when other algae may
become C-limited (Jähnichen et al., 2007, and references therein,
Glibert et al., 2011). Like many cyanobacteria HAB formers, it also
preferentially uses chemically reduced over oxidized nitrogen
forms (e.g., Glibert et al., 2004). With loads in the Sacramento River
of effluent NH4



+ exceeding 14 tons day�1 (Jassby, 2008; Glibert,
2010; Glibert et al., 2011), ambient concentrations of NH4



+ in the
upper Bay Delta (where Microcystis occurs) exceed several mM-N,
the threshold for inhibition of NO3



� uptake, throughout much of
the year (e.g., Dugdale et al., 2007). It has also been suggested that
Microcystis may also have the capability to reduce its P require-
ment by lipid substitution, as shown for other cyanobacteria (Van
Mooy et al., 2009; Glibert et al., 2011). Thus, it can tolerate elevated
N:P ratios, and its dominance under high N:P ratios may also reflect
the decline in other species that lack such tolerance. As noted by
Glibert (2010), cyanobacteria do not have to grow faster at elevated
N:P than at lower N:P values to become abundant; they merely
have to grow faster than competing species groups.



Macroalgal blooms have been documented in a number of
Pacific coast estuaries, but data are lacking for many areas (Bricker
et al., 2007). These blooms develop high biomass in shallow water
and sea grass habitats, shading other vegetation and negatively
impacting animals through hypoxia formation or possibly by
production of toxic secondary metabolites. Examples of macroalgal
blooms from invasive species have been documented recently in
the San Juan Archipelago of WA (Sargassum muticum (Yendo)
Fensholt; Britton-Simmons, 2004; Klinger et al., 2006), lagoons in
southern CA (Caulerpa taxifolia (Vahl) C. Ag.; Jousson et al., 2000;
Walters et al., 2006), and Baja California (Ulva spp.; Jorgensen et al.,
2010; Zertuche-González et al., 2009) that have displaced native
algal species and modified habitat, leading to losses in living
resources and economic costs for eradication.



6. Economics and harmful algal blooms



Economists have focused on at least three aspects of HABs: (1)
the negative regional economic impacts due to HABs; (2) the
economic costs of human illness caused by HABs; and (3) human
perceptions of risks associated with seafood due to HABs. Each
research area applies specific methodologies and concepts, and
careful utilization of these economic studies requires a basic
understanding of the economic concepts. This section reviews the
concepts and findings of some published studies.



The economic impacts are usually driven by reduced commer-
cial fishery harvest, reduced aquaculture harvest, and/or reduced
participation in and expenditures on marine recreation. As
explained by Radtke et al. (1987), a simple estimate of economic
impact can be calculated using a regional economic model
(typically an Input–Output model) to calculate the ‘‘direct impact’’
of reduced fishing or recreational activity, the ‘‘indirect impacts’’
caused by reduced purchases of supplies and inputs by the directly
impacted sectors, and the ‘‘induced impact’’ resulting from
decreased purchases of consumer goods and services due to the
combined direct and indirect reductions in regional incomes. The
Input–Output (I–O) model is a simple linear model of regional
economy that documents the aggregate outputs of each economic
sector, the inter-sectoral transactions, and the resulting regional
incomes (Miernyk, 1966). The I–O model is used to estimate
changes in regional income, regional employment, and overall
gross expenditures in the region. The income and employment
impacts may be relevant to policy, but the gross expenditure does
not coincide with the usual economic indicators. Further, the
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income and employment impacts are not valid measures of
economic benefits or costs. So, the impact analysis is an
informative but largely a descriptive measure.



A recent study by Dyson and Huppert (2010) estimated that the
regional impact of a year-long closure of all four WA coast razor
clam beaches due to Pseudo-nitzschia blooms would cause an
$11.36 million/year reduction in coastal county incomes due to
reduced recreational activity, and nearly $2 million/year reduction
in incomes due to lack of tribal and non-tribal commercial harvest
of razor clams. Much lower impacts are estimated for single beach
or shorter lasting closures. For example, an annual closure of the
popular Long Beach peninsula razor clam fishery would have a
regional income impact of negative $4.4 million. If the closure were
for but one clam fishery opening (typically 2–5 days) the negative
income impact would be just $1.4 million (Dyson and Huppert,
2010). These are hypothetical impacts that could be used in
assessing the effects of avoiding beach closures through better
monitoring of HABs.



Other economic studies use a simpler approach to assess effects
of HABs on commercial landings and value (direct effects). Jin et al.
(2008) estimated a negative relationship between red tides and
landings of soft shell clams in Maine. They compared annual
landings of northern quahogs, soft shell clams, blue mussels, and
oysters in New England over the period 1990–2005 (with some
years missing) to detect whether the extensive red tide bloom in
2005 was associated with a decline in the fishery. Overall, they
estimated total direct impacts of up to �$18 million. They also
showed that imports of shellfish to New England increased during
2005, partly compensating for the loss of local harvests and
reducing the indirect and direct impacts of lost harvest.



In their broad survey of economic effects of HABs, Hoagland et al.
(2002) include estimates of the cost of human sickness and death
caused by shellfish poisoning and ciguatera fish poisoning in the U.S.
during 1987–1992. These are rough approximations based on a
range of values estimated by others, including $1400 per reported
illness, $1100 per unreported illness (estimated to be 90% of total
illnesses), and $1 million per death. The estimates represent direct
medical expenses and lost work time. Overall, they estimate that the
human health costs of shellfish poisoning varied between $11
thousand and $1.1 million, averaging $400 thousand per year, over
the 1987–1992 period. The human health costs of ciguatera fish
poisoning were estimated for Florida, Hawaii, Puerto Rico, the Virgin
Islands, Guam, American Samoa, and the Northern Mariana Islands
using rough estimates of $1000 per reported case and $700 per
unreported case to come up with an overall estimate of $15–
$22 million per year, averaging $19 million annually over 1987–
1992. These are rough, first-cut estimates which give some
indication of the negative economic effects due to illness.



Whitehead et al. (2003) used a telephone and mail survey to
investigate the effects of public information about Pfiesteria



blooms in the mid-Atlantic states on seafood consumer’s percep-
tions and decisions. They found that survey respondents who
received a brochure about the dangers of Pfiesteria expressed
significantly increased perception of the health risks; however,
more than 50% of respondents said that they would not alter their
seafood consumption even when fish kills due to Pfiesteria were
reported. If there were a seafood inspection program to identify
health risks, the percentage of respondents who would maintain
their usual seafood consumption level jumped to about 80%. This
shows that HABs cause reduced demand for seafood. The authors
also estimated that the average seafood consumer would be
willing to pay $7/year for a seafood inspection program, and that
the expressed value of seafood consumption increased by $3 per
meal on average if a seafood inspection program is implemented.



These examples illustrate the wide range of possible economic
aspects of HABs and ciguatera fish poisoning. The number of



economic studies on HABs is very few, but this summary suggests
the types of studies that might contribute to decisions regarding
monitoring, information dissemination, and control of HABs.



7. Conclusions



By virtue of jurisdictional delineation, our summary knowledge
of HAB distribution, causes, and impacts along the Pacific coasts of
AK through Mexico is based on a collection of disparate sources of
information, with diverse histories of HAB problem recognition
and response. Despite this disparity, coastal HAB monitoring and
mitigation has become a management priority throughout the
region, reflecting a common recognition in each jurisdiction that
HABs and their impacts are increasing and can have a profound
effect on the health and economies of their coastal communities. It
is tempting to lump HAB trends in this region with worldwide
trends of increasing HABs related to eutrophication, but the two
primary types of HABs (dinoflagellates causing PSP and Pseudo-



nitzschia spp. producing DA) apparently do not follow this rule
along the North American west coast. They are primarily derived
from offshore waters and carried inshore, where it is possible that
anthropogenic nutrient sources affect their dynamics, including
increasing magnitude and prolonging duration. The primary
nutrient drivers for bloom initiation are more consistent with
an upwelling source.



Systematic economic assessments of HAB impacts and cost-
benefit analyses for management strategic planning purposes
remain important needs for the west coast region. Impacts to the
shellfish industry in the Pacific Northwest region are significant,
annually persistent, and well-documented. The effect of Hetero-



sigma on the salmon aquaculture industry is another well-
recognized economic threat (Rensel et al., 2010b); however, much
of the impact of west coast HABs on coastal communities may not
translate as well to economic losses. The threat to human health is
always present, and the June 2010 death of two Alaskans attributed
to PSP is a tragic reminder. The August 2011 discovery of DSP with
human illnesses for the first time in BC and WA indicates that
continued vigilance is necessary. Also, DA poisoning has led to
thousands of sick or dead seals, sea lions, sea otters, dolphins, birds,
and whales along the west coast in the last decade.



Pacific west coast districts of AK, BC, WA, OR, CA, and Mexico
each has increased HAB monitoring infrastructure and improved
detection and response capabilities in recent years; however,
coastal HABs and their impacts frequently traverse state and
federal boundaries, emphasizing the need for effective exchange of
information on HAB ecology and impacts across districts. This
paper presents the state of the knowledge of HAB research along
the west coast of North America, as a step toward meeting the need
for integration of HAB outreach, research, and management efforts.
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Health Authorities Warn Against Eating
Toxic Dungeness Crab
Contaminated crab: Just one of the "new normals" that might be linked to
climate change.
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Fans of sweet, meaty Dungeness crab are going to have to settle for the smaller
Chesapeake blue crabs for now. California health authorities are warning everyone
to stop eating Dungeness and rock crab for now after finding unsafe levels of a
naturally-occurring neurotoxin in crabs caught along the Pacific coast between
Santa Barbara and the Oregon border.



A type of microscopic marine algae called pseudo-nitzschia is responsible for
producing the neurotoxin domoic acid. The toxin accumulates in the bodies of
bigger sea creatures like shellfish and small types of fish, and once the poison
reaches a certain threshold, those shellfish and fish can become poisonous to
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people and other animals that eat them. 



The conditions that encourage the growth of pseudo-nitzchia are “impossible” to
predict, said California authorities, and thus they don’t know when the crab will be
safe to eat again. Commercial fishing season for the mighty crab was set to start
Nov. 15 before the warning was issued, the San Francisco Chronicle reports.



Domoic acid poisoning can cause symptoms a mere 30 minutes after toxic seafood
is eaten. Those symptoms include vomiting, diarrhea, cramps, headaches and
dizziness. While they generally subside in a few days, more serious cases of
domoic acid poisoning have resulted in a condition of permanent short-term
memory loss known as amnesiac shellfish poisoning. Other serious symptoms of
domoic poisoning include confusion, seizures, trouble breathing, coma and death. 



As early as May of this year, researchers monitoring the toxic algae in the Pacific
Ocean began sounding the alarm about domoic acid levels in Monterey Bay and
elsewhere along the coast.



Raphael Kudela, an ocean sciences professor and algae expert at University of
California, Santa Cruz, said in a June statement that the algae blooms he observed
“will be one of the most toxic and spatially largest events we’ve had in at least a
decade" and that the event could be linked to the unusually warm water the coast is
experiencing.



Kudela was on his way to Washington, D.C., to provide more information about the
West Coast algae bloom in a special House hearing when he spoke to HuffPost. He
suspects the summer blooms he measured could certainly be related to the higher
levels of domoic acid in crab, and that, due to certain changes in the atmosphere
and water, the situation could unfortunately be the “new normal.” 



"It’s part of the warm blob phenomenon -- what meteorologists have termed the
'ridiculously resilient ridge,'" he explained. This ridiculously resilient ridge, an area
of high atmospheric pressure that hovered over the Pacific Northwest from 2013 to
2014, is responsible for creating a “warm blob” of ocean water that encourages
algae bloom. Californians can also blame the RRR for exacerbating the state-wide
drought, as the high atmospheric pressure, warm water and hot soil created a
feedback loop that made the hot weather even hotter. 



While Kudela hesitated to directly attribute the dangerous Dungeness crabs to
climate change, he did say the unusually high levels of domoic acid in crabs,
caused by huge blooms of algae in warm water, looks exactly like what he'd expect
climate change to look like in this situation. “You could definitely say this could be
the new normal,” he said. 



No one has reported sickness related to the current rise in domoic acid in crab,
according to California health authorities. Past outbreaks linked to the toxin include
a 1987 flare-up traced to mussels harvested from Prince Edward Island, Canada,
that struck 107 people with amnesiac shellfish poisoning. And domoic acid in razor
clams and crabs from Washington and Oregon is suspected of sickening people in
1991, too. 
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To keep updated on when Dungeness crabs will be safe to eat again, check back
with the California Department of Public Health.
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Hannah  Hill · North Bend, Oregon
My thoughts exactly. Good news for the crabs.
Like · Reply · Nov 5, 2015 5:52pm



Ramona Jackson
Ty Moi, Hannah Hill- The crabs will contain more toxins next year.
They're cumulative.
Like · Reply · Nov 12, 2015 8:00pm



Show 1 more reply  in this  thread



Robert Vukovic · Salton City, California
Thanks for the warning, I was just about to run out and get me a mess of
toxic crab for dinner.



Like · Reply ·  1 · Nov 4, 2015 3:23pm



Giovanni DeGarimore · Janitor at STAX Wine Bar & Bistro
You can buy Washington Dungeness crab delivered to your door tomorrow
Click Here: https://www.giovannisfishmarket.com/.../dungeness-crabs.aspx
Like · Reply · Nov 7, 2015 7:48am



David  Bonfiglio
1) Those are blue crabs in the picture, which are delicious.
2) Dungenss crab is awful. 



I moved from the east cost to CA. a number of years ago, someone gave
some Dungeness, saying I would forget all about east cost seafood. Are
you kidding me?
Like · Reply · Nov 7, 2015 5:01pm



Jeff Richardson  · Noodle slinger at The Noodle Factory
Ummmm those are Dungeness Crab (Metacarcinus magister) in
the photo
Like · Reply · Nov 8, 2015 12:13am · Edited



David  Bonfiglio
Jeff Richardson Hmmm. I guess you're right. But they're pretty
blue. Anyway, they still have nothing on a Chesapeake Bay crab.
Like · Reply · Nov 8, 2015 12:09am



Ramona Jackson
Jeff Richardson - The image was edited.
Like · Reply · Nov 12, 2015 8:01pm



Hamish  McTavish  · Sheep Husbandry at Pastures
It may or may not. The earth may be warming, well, OR NOT.



Like · Reply ·  1 · Nov 5, 2015 2:57am



Amor DelDeseo  · Simón Bolívar University
u mean all the crap that we throw in the ocean is taking a side effect? huh



Like · Reply ·  1 · Nov 5, 2015 6:20am



Kevin  Bilbro
My absolute favorite food.
Like · Reply · Nov 5, 2015 4:02pm



Ty Moi · Bartender at Arlington Park
It's sad but everything is changing.........



Like · Reply ·  1 · Nov 4, 2015 7:41pm



Joseph  Washington  · University of Illinois Springfield
President Obama's fault for implementing a liberal plot?



Like · Reply ·  1 · Nov 4, 2015 8:44pm



Geeter Tron  · CLOUDBLOWER JEDI at I VAPE ALL DAY
Joseph Washington OH ! good one! You managed to slip a flaccid
Liberal joke in there! Kind of like the flaccid thing you slip your wife
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Liberal joke in there! Kind of like the flaccid thing you slip your wife
every night !!



Like · Reply ·  1 · Nov 5, 2015 12:05am



John  Wesson  · LSU
Algal blooms are common in most every coastal region in the world if
nutrients and favorable conditions develop that trigger and support rapid
growth. There were algal blooms well before man ever came on the scene
as evidenced in the fossil records. That is the primary way diatomites are
formed and it has been happening off California for several million years.
There are those that want to attribute almost every natural marine cycle to
global warming or man induced climate change. Learn a little more about
nature and you will not appear so ignorant.
Like · Reply · Nov 5, 2015 2:15pm



Mike Yeager · Franklin County Vo-Tech School
Is this the same area that has seen high radiation levels in the water from
the Jap nuclar plant?



Like · Reply ·  1 · Nov 5, 2015 6:17am
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Intensive fish farming and the evolution
of pathogen virulence: the case of



columnaris disease in Finland
K. Pulkkinen1,*, L.-R. Suomalainen1, A. F. Read2, D. Ebert3,



P. Rintamäki4 and E. T. Valtonen1



1Department of Biological and Environmental Science, University of Jyväskylä, PO Box 35,



FI-40014 Jyväskylä, Finland
2Center for Infectious Disease Dynamics, The Pennsylvania State University, 208 Mueller Lab,



University Park, PA 16802, USA
3Evolutionary Biology, Zoological Institute, University of Basel, Vesalgasse 1, CH-4051 Basel, Switzerland



4Department of Biology, University of Oulu, PO Box 3000, FI-90014 Oulu, Finland



Ecological changes affect pathogen epidemiology and evolution and may trigger the emergence of novel



diseases. Aquaculture radically alters the ecology of fish and their pathogens. Here we show an increase in



the occurrence of the bacterial fish disease Flavobacterium columnare in salmon fingerlings at a fish farm in



northern Finland over 23 years. We hypothesize that this emergence was owing to evolutionary changes in



bacterial virulence. We base this argument on several observations. First, the emergence was associated



with increased severity of symptoms. Second, F. columnare strains vary in virulence, with more lethal



strains inducing more severe symptoms prior to death. Third, more virulent strains have greater infectiv-



ity, higher tissue-degrading capacity and higher growth rates. Fourth, pathogen strains co-occur, so that



strains compete. Fifth, F. columnare can transmit efficiently from dead fish, and maintain infectivity in



sterilized water for months, strongly reducing the fitness cost of host death likely experienced by the



pathogen in nature. Moreover, this saprophytic infectiousness means that chemotherapy strongly select



for strains that rapidly kill their hosts: dead fish remain infectious; treated fish do not. Finally, high stock-



ing densities of homogeneous subsets of fish greatly enhance transmission opportunities. We suggest that



fish farms provide an environment that promotes the circulation of more virulent strains of F. columnare.



This effect is intensified by the recent increases in summer water temperature. More generally, we predict



that intensive fish farming will lead to the evolution of more virulent pathogens.



Keywords: Flavobacterium columnare; evolution of virulence; fish farming; salmon


1. INTRODUCTION
The emergence of infectious diseases are usually triggered



by ecological changes, often associated with human



interventions, such as transfer of organisms, environ-



mental degradation, agricultural practices or technology



(Schrag & Wiener 1995; Patz et al. 2000; Dobson &



Foufopoulos 2001; Murray & Peeler 2005; Jones et al.



2008). The agents of most emerging diseases in aqua-



culture have been shown to originate from another



geographical area or from another host species. Introduc-



tion of parasites into naive populations can cause mass



mortalities, as happened for example in the sturgeon



population of the Aral Sea after introduction of Nitzschia



sturionis (Bauer 1961) and in salmon populations in



Norwegian rivers after the introduction of Gyrodactylus



salaris (Jansen et al. 2007). However, native diseases may



also cause unexpected outbreaks if there are changes in



the environment (Rintamäki & Valtonen 1991; Schrag &



Wiener 1995; Dobson & Foufopoulos 2001). In aqua-



culture, circumstantial evidence suggests an increase in



pathogenity of furunculosis (Bakke & Harris 1998), viral



haemorrhagic septicaemia virus (Einer-Jensen et al.
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2004; Raja-Halli et al. 2006) and infectious salmon



anaemia virus (Cunningham & Snow 2000; Nylund et al.



2003). Whether pathogen evolution or an alteration in



the epidemiology caused these changes is not entirely clear.



Flavobacterium columnare is a bacterial pathogen of



freshwater fish causing skin lesions, fin erosion and gill



necrosis known as columnaris disease. During the last



two decades it has become the most serious threat



to salmon (Salmo salar) and trout (Salmo trutta) smolt



and rainbow trout (Oncorhynchus mykiss) production in



Fennoscandia (Anon. 2009). In the US, columnaris dis-



ease causes annual losses of millions of dollars for the



channel catfish (Ictalurus punctatus) industry (Wagner



et al. 2002; Olivares-Fuster et al. 2007). The reasons



why this freshwater bacterium has become such a



problem for industry is unclear.



Epidemiological models can be used to examine how



different ecological factors affect the population dynamics



of the pathogens and thus contribute to disease outbreak



(Anderson & May 1991). When considering fish farms as



epidemiological units, changes that increase the lifespan



of an infection and/or daily infectiousness can enhance



the spread of parasites. Owing to the cost-effective



nature of fish farming industry, fish may be cultured in



densities more than 1000 times higher than under natural


This journal is q 2009 The Royal Society
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conditions. This means an increase in the number of sus-



ceptible hosts available and the probability of a contact



between infected and susceptible hosts once a pathogen



is introduced in the rearing unit. The probability of trans-



mission per contact might increase in homogeneous



subsets of fish (Ebert 1998), and also in fish stressed by



crowding or other environmental factors (Sniezko



1974). Exchange of contaminated material among rearing



units may increase the number of available hosts further.



Recently, we discovered that F. columnare may survive for



months in sterilized lake water and can colonize fish car-



casses (Kunttu et al. 2009). These abilities increase the



potential for the pathogen to persist in fish tanks when



suitable live hosts are temporarily removed, for instance



at the end of a rearing cycle or during antibiotic



treatments.



Fish farms could also be settings where the evolution



of pathogen virulence is affected. A number of factors,



some of which are frequently encountered in aquaculture,



may cause selection towards increased virulence at eco-



logical time scales (Altizer et al. 2003; Galvani 2003).



Our recent experiments revealed that F. columnare was



not only able to colonize dead fish, but it had higher emis-



sion rates and more efficient transmission from dead fish



to a living fish than from living fish to another living



fish (Kunttu et al. 2009). Thus, contrary to the trade-off



often assumed in the theory of evolution of virulence



(Anderson & May 1982; Ebert & Mangin 1997;



Mackinnon & Read 1999), death of the host on fish



farms might entail little cost to F. columnare, and indeed



might actually enhance transmission. In contrast, in



natural populations, susceptible fish are far less likely to



encounter dead fish or pathogen-contaminated water.



Virulence is expected to evolve to higher levels when



host death has little impact on pathogen reproductive



success (Day 2002). In addition, the ability of these bac-



teria to persist in the environment could lead to enhanced



transmission, and thus to increased virulence (Ewald



1994).



Treatment against disease may select more virulent



forms, depending on the timing of treatment in relation



to parasite transmission (Porco et al. 2005). Furthermore,



the coexistence of several genetically distinct parasite



strains in the same population may favour virulence if



more virulent strains have a competitive advantage



(Nowak & May 1994; Frank 1996; Gandon et al. 2001;



Read & Taylor 2001), as they do in several systems



(Ebert & Mangin 1997; de Roode et al. 2005a,b; Bell



et al. 2006; Ben-Ami et al. 2008). Coexistence of geneti-



cally different strains of F. columnare has been detected



during a disease outbreak at a fish farm (Suomalainen



et al. 2006a).



In this paper we describe the emergence of columnaris



disease caused by F. columnare in salmon fingerlings at a



fish farm in northern Finland in mid-1980s and its occur-



rence, pathogenity and prevention during the subsequent



23 years. In addition, we summarize our published exper-



imental data on virulence-related factors and transmission



of this bacterium. We suggest that fish farms provide an



environment where farming practices and dense popu-



lations of susceptible hosts have provided a setting



for the emergence of this freshwater bacterium as the



most serious contemporary threat to salmonid smolt



production (Anon. 2008).
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(a) Host–pathogen system



In Finland, fish farming started to increase by the end



of 1960s. Currently, 13 000 tons of rainbow trout



(O. mykiss) and 6 million salmon (S. salar) and trout



(S. trutta) smolt are produced every year (Anon. 2009).



At farms producing fish for stocking purposes, first



summer fingerlings are mainly reared in indoor tanks,



from which they are transferred into larger outdoor



tanks in the beginning of their second summer. All



tanks receive their inflow water individually from a lake



or a river above the farm. At the age of 2 years, fish are



stocked to the Baltic Sea or lakes.



Members of the genus Flavobacterium can be found



ubiquitously in aqueous environments and most of the



species are adapted to cold water (Bernardet &



Bowman 2006). Flavobacterium columnare is commonly



found in freshwaters (Rickard et al. 2003; Revetta et al.



2005), but it is mainly known as a fish pathogen occurring



at freshwater farms worldwide. The pathogen is trans-



mitted by contact or by propagules shed into the water.



Outbreaks occur throughout the warmest summer



months. Among untreated fish the disease spreads rapidly



and can cause 100 per cent mortality (Suomalainen et al.



2005a). Antimicrobial drugs are usually administered



when diseased fish are discovered in a tank.


2. MATERIAL AND METHODS
(a) Data collection from the fish farm



Fish diseases were intensively monitored at a farm in



Northern Finland annually from the early 1980s as a part of



a disease prevention monitoring programme. Flavobacterium



columnare first appeared in 1984. Occurrence and mortality



caused by the columnaris disease was monitored during



1984–2006. The farm studied produces Atlantic salmon



(S. salar L.) and sea trout (S. trutta m. trutta L.) smolt for



stocking. It is situated by the River Iijoki flowing into the



Bothnian Bay, the northern part of the Baltic Sea (658200 N



258240 E). The salmon fingerlings are received from another



farm which maintains the broodstock of River Iijoki. River



Iijoki is closed by power plants since 1961, and the stock is



maintained by captive breeding and releasing programme



(Säisä et al. 2003). The broodstock is replenished regularly



with roe and sperm from salmon at the river mouth from



the Baltic Sea. By 2003 there had been five generations



since the founding of the broodstock in 1965–1969 (Säisä



et al. 2003). Population genetic data indicate no decline in



allele numbers in association with the breeding programme



in the last 33 years and the mean heterozygosity remained



unchanged in the Iijoki broodstock (Säisä et al. 2003). The



data presented here were collected from first summer Atlan-



tic salmon fingerlings at a rearing density of 800–1200 fish



per square metre. Water temperature data during the



study period is presented here as a sum of day degrees



from the period when water temperature exceeded 188C.



At the latitude of the salmon farm, high temperature peaks



in water are rare, so that this measure reflects the length of



the favourable growth period for F. columnare. Monitoring



and sampling was conducted by one of us (P.R.) two to



four times per month from May to September for 23 years.



Over this time, there were no marked changes in the farming



practices, other than the introduction of antibiotics



(oxytetracyclin) which, from 1993, were used against all



columnaris outbreaks. The average number of treatments
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per tank per year was recorded. Fish were observed for clini-



cal signs of columnaris disease, and symptoms were



recorded. Bacteria were isolated from infected tissues (fins,



gills, skin and from 2004 onwards also from kidney) on



Anacker and Ordal agar (Anacker & Ordal 1955). Tissue



scrapings from infected tissue were also taken on microscopic



slides. The slides were air-dried, Gram-stained and inspected



for the presence of long rod-shaped bacteria using a



microscope at 1000-fold magnification.



The symptoms of columnaris disease were divided into



five categories according to their severity. The categories



were in decreasing order of severity: necrosis, erosion or



inflammation of tissue in (i) gills; (ii) jaws; (iii) saddleback



area; (iv) tail; or (v) skin. Moribund or freshly deceased



fish were collected for examination. All fish were studied



before possible antibiotic treatment. The occurrence of



columnaris disease was counted as proportion of tanks



(n ¼ ca 51, area 8 m2) infected each year. Yearly mortality



owing to columnaris was counted as an average from all



tanks exhibiting fish mortality.



(b) Experimental data



In order to present a thorough overview of factors affecting



the transmission and virulence of F. columnare, we present



here pooled and re-analysed data from our previously pub-



lished papers, which detail the experimental methods



(Suomalainen et al. 2006a,b). In brief, six genetically differ-



ent F. columnare strains isolated from disease outbreaks



from salmon, rainbow trout and arctic char at Finnish fish



farms situated at four watershed areas and the F. columnare



Type Strain NCIMB 2248T (National collection of Indus-



trial, Marine and Food Bacteria) were used to study



virulence and occurrence of disease symptoms in experimen-



tal challenge of rainbow trout fingerlings (Suomalainen et al.



2006b). Fish were exposed to each bacterial strain inoculated



in Shieh broth (Shieh 1980) in a bath challenge containing



3.3 � 105 CFU ml21 in 6 l of water for 20 min. Fish were



observed for signs of infection, clinical symptoms and mor-



tality at 12 h intervals for 4 days and once a day thereafter



for 3 days (Suomalainen et al. 2006b). The same strains



were studied for their tissue-degrading enzyme activity



(chondroitin AC lyase) at two temperatures. The degra-



dation rate of chondroitin sulphate (ChS) extracted from



shark cartilage (Sigma, St Louis, MO, USA) was determined



as the change of ChS concentration in relation to total



protein concentration of the culture (Suomalainen et al.



2006b). The strains were also studied for their population



growth characteristics at different temperatures (Suomalainen



et al. 2006a). A standard volume of bacterial culture



cultivated in AO-broth at constant temperature and constant



agitation until it reached 50 per cent of the maximum optical



density value measured at 595 wavelength (50% saturation)



were further cultured at different temperatures on microtitre



plates. Population density measurements were continued



until cultures reached 30–50% saturation (Suomalainen



et al. 2006a).


3. RESULTS
Between 1984, when columnaris disease was first



observed, and 1992, the proportion of rearing units infected



with columnaris disease never exceeded 10 per cent



(figure 1a). During the years when columnaris was



present in this period, and before the use of antibiotics
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began, the columnaris-caused fish mortality increased



significantly (figure 1b; r ¼ 0.87, p ¼ 0.02, n ¼ 6). Fish



suffered mainly from skin and saddleback symptoms



and ulcers on the tail. In only 1 year jaw erosions were



also found, but gill symptoms were not detected



(figure 1c). In 1993 oxytetracyclin was introduced and



from thereon used increasingly to treat columnaris out-



breaks (figure 1d; r ¼ 0.57, p ¼ 0.03, n ¼ 14). By the



end of the study period, several rearing units had to



receive antibiotic treatments several times within one



season, indicating repeated outbreaks within the same



tank. Repeated outbreaks may have become possible by



the longer period of water temperature above 188C
(figure 1a), which is necessary for columnaris to develop.



The sum of day degrees above 188C increased during



1993–2006 (figure 1a; r ¼ 0.76, p ¼ 0.002, n ¼ 14)



indicating longer warm water periods. The number of



antibiotic treatments per tank increased with the sum of



day degrees above 188C (r ¼ 0.78, p ¼ 0.001, n ¼ 14).



Thus, longer warm water period coincided with longer



disease outbreak period. Even though antibiotics were



administered whenever diseased fish were detected in



any tank, medication did not prevent outbreaks from



occurring and the proportion of infected tanks rose up



to even 60 per cent (figure 1a). The disease-induced



mortality could be controlled in most years below the



level of the last years of the pre-treatment period. A tran-



sition towards more serious disease symptoms was



observed. Necrosis of gills started to appear in 1993



(figure 1c) and were seen in most of the subsequent



years (logistic regression for the presence of gill symptoms



during the whole study period; Wald x2 ¼ 6.7, d.f. ¼ 1,



p ¼ 0.010).



In experimental infections with seven genetically



characterized strains, some F. columnare strains caused



100 per cent mortality within 4 days post-infection



(called highly virulent H1–H4) in rainbow trout finger-



lings (figure 2a), while others did not exceed 25 per cent



mortality within 7 days (called low virulence strains



L1–L3; figure 2a). High mortality is not an artefact of



experimental challenge: mortality from naturally occur-



ring, non-treated columnaris infections in an outbreak



at a rainbow trout farm in Central Finland reached 100



per cent mortality within 8 days (Suomalainen et al.



2005a). In experimental infections, necrosis of the gills



was induced only by the virulent strains (figure 2b). Infec-



tivity of high-virulence strains was higher than the



infectivity of the low-virulence strains (figure 2c; x2 ¼



338, n ¼ 467, p , 0.001). The chondroitin AC lyase



activity, which measures the ability of the bacterium to



degrade fish connective tissue, varied among strains



(figure 2d; analysis of variance (ANOVA), strain nested



within virulence F5,33 ¼ 4.0, p ¼ 0.006) with more viru-



lent strains having higher lyase activity (ANOVA F1,33 ¼



14.4, p ¼ 0.001), particularly at higher temperatures



(figure 2d; ANOVA, temp � virulence F1,33 ¼ 6.6,



p ¼ 0.015). Bacterial growth measured in vitro increased



with temperature (figure 2e, analysis of covariance



(ANCOVA), F1,27 ¼ 99.6, p , 0.001). There were strain



differences in growth rate (ANCOVA, strain nested



within virulence F6,27 ¼ 6.9, p , 0.001), with virulent



strains growing faster than two of the three non-virulent



strains; one non-virulent strain, had a growth rate



comparable to that of the virulent ones (figure 2e).
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Figure 1. Columnaris disease in salmon (Salmo salar) fingerlings at a fish farm located in Northern Finland by River Iijoki.
(a) Bars represent the proportion of infected rearing units in a given year and the line represents the sum of day degrees
when the water temperature exceeded 188C. (b) Mortality of fish owing to columnaris disease given as an average value
(+s.e.) among those tanks per year where infection by Flavobacterium columnare caused mortality. Data for 1986 have been



removed because the mortality could not be separated from that of furunculosis outbreaks. In 1992, 1998 and 2000 there
was no mortality owing to columnaris disease. White bars indicate the years when oxytetracyclin treatment against columnaris
disease was not used. (c) Diversity of symptoms related to columnaris disease of moribund 0þ -aged salmon. The symptoms
(necrosis, erosion or inflammation of tissue) in skin, tail, saddleback area, jaws or gills. Number of fish studied is presented
above each bar. (d) Use of oxytetracyclin treatments per infected tank owing to columnaris disease.
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Figure 2. Virulence, disease symptoms and growth characteristics at different temperatures in seven genetically characterized



Flavobacterium columnare strains collected from disease outbreaks at fish farms. (a) Cumulative mortality in rainbow trout fin-
gerlings infected experimentally with the F. columnare strains at 258C. Redrawn from Suomalainen et al. 2006a. (b) Diversity of
disease symptoms in rainbow trout infected with the F. columnare strains at 258C. Redrawn from Suomalainen et al. 2006a. (c)
The relationship between virulence and infectivity of the seven studied strains. Virulence is expressed as the slope parameter
from a logistic regression model including mortality as dependent and strain and time as explanatory variables, with deviation



contrast where strain H2 was the reference category. Infectivity is expressed as the proportion of infected individuals.
(d ) Chondroitin (chon) AC lyase activity (mean+ s.e.) of low (L1–L3) and high (H1–H3) virulence strains of F. columnare
at 20 or 258C. Chondroitin AC lyase activities are calculated as a change during a 5 min assay in the concentration of chon-
droitin sulphate micrograms per milligram of total protein in the bacterial culture. Redrawn from Suomalainen et al. 2006b. (e)
In vitro growth of F. columnare strains of low (L1–L3) and high (H1–H4) virulence in five different temperatures. Redrawn



from Suomalainen et al. 2006a.
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4. DISCUSSION
Here we report the emergence and increase in incidence,



disease severity and mortality of F. columnare at a fish farm



during a 23-year study period (figure 1). In the years



before antibiotics were used, F. columnare-associated mor-



tality increased. After 1992, antibiotics treatments began,



but these failed to control mortality, even when the



number of treatments administered per tank was



increased. Moreover, fish began to suffer increasingly



severe symptoms, particularly necrosis of gill tissue.



Strains of F. columnare vary in lethality (figure 2a) and



the severity of symptoms they induce (figure 2b). We



suggest that ecological conditions associated with aqua-



culture have created the epidemiological conditions



enabling virulent strains of F. columnare to spread and
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cause outbreaks, particularly during the warm water



periods that have extended in length during the study



period.



In addition to the rearing conditions at the fish farm



increasing the potential for pathogen spread, the ability



of F. columnare to propagate and transmit from dead



fish, enhances greatly the transmission of this pathogen



(Kunttu et al. 2009). Decaying fish tissue released from



diseased or dead fish is commonly present in the tanks



even though farm workers attempt to remove dead



and moribund fish daily (Rintamäki & Valtonen 1991;



Rintamäki-Kinnunen & Valtonen 1997). In addition,



F. columnare is able to survive and maintain its infectivity



in lake and distilled water for at least six months (Kunttu



et al. 2009) and it is thus likely to persist in tanks even
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during periods when tanks are emptied during the yearly



rearing cycle.



During the 23-year study period, water temper-



atures increased (figure 1a), part of a general summer



warming trend in Finland (Altermatt et al. 2008).



Longer warm water periods lengthen the period of



growth for F. columnare and can thus extend the period



for columnaris outbreaks. Higher temperatures cause



physiological stress for cold-adapted salmonid fish,



reducing their capacity to mount effect immune responses



(Ilmari Jokinen 2009, unpublished data). In addition,



F. columnare degrades tissue more rapidly at higher temp-



eratures, an effect that is particularly marked for virulent



strains (figure 2d; Kunttu et al. 2009, unpublished data).



Increased water temperatures cannot completely



explain the increase of disease incidence and symptom



severity. During 1984–1992 there were some summers



when the sum of degree days was high (e.g. 1986,



1988), but the prevalence of columnaris disease was low



and the gill symptoms were not observed (figure 1).



This implies that during the early part of our study



period, the strains then present had lower virulence



than strains present later in the study period. Our exper-



iments showed that low-virulence strains do not produce



severe gill symptoms even at 258C (figure 2b), a tempera-



ture higher than ambient conditions at Finnish fish farms



(Suomalainen et al. 2005b).



Thus, we hypothesize that the ecological changes



associated with fish production, together with the ecologi-



cal features typical to F. columnare (degradation of host



tissues, ability to transmit from dead fish and to survive



in water), have also resulted in the evolution of more viru-



lent F. columnare. There are several reasons to expect that



virulent F. columnare strains have greater fitness in fish



farms than they would in natural fish populations. First,



our experimental data show that virulent strains are



more efficient in producing tissue-degrading enzymes



than non-virulent strains (figure 2d ) and that they have



a higher growth rate (figure 2e), particularly at warmer



temperatures. Thus with more frequent warmer and



longer summers virulent strains are able to invade and



transmit in a dense fish population better than the non-



virulent strains. High growth rates have been previously



shown to correlate with virulence in malaria parasites



(de Roode et al. 2005a,b; Bell et al. 2006) and in micro-



sporidian parasites of Daphnia (Ebert & Mangin 1997;



Vizoso & Ebert 2005).



Second, there is a positive relationship between viru-



lence and infectivity for F. columnare (figure 2c). For a



given level of exposure, highly virulent strains infect



more fish than low-virulent strains and kill them rapidly



because of their higher capacity of producing tissue-



degrading enzymes and causing more severe symptoms.



Flavobacterium columnare is able to propagate and trans-



mit better from dead than from living fish and it is able



to persist in water for long periods without fish host



(Kunttu et al. 2009). Thus, the parasite has a strongly



reduced cost when killing the host, when compared



with a disease in which the pathogen dies with the host.



As a consequence, virulence may evolve to high levels



(Ebert & Herre 1996). However, in natural populations,



the fitness advantage that the virulent strains achieve



from rapid killing, growth and emission from dead hosts



is likely to be much smaller. The lower density of natural
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populations goes hand-in-hand with a reduced contact



rate. Under such conditions, long-living infected hosts



(chronic infections) may be favoured. Infected animals



are more prone to succumb to predation (Hudson et al.



1992; Seppälä et al. 2003). This effect is likely to be stron-



ger with more severe symptoms. Thus in nature predation



increases the costs of high virulence. Moribund fish are



removed before transmission of the bacterium occurs.



Third, antibiotic treatments are used at farms to con-



trol for mortality caused by bacterial diseases.



Antibiotics are administered into a tank whenever fish



with columnaris disease are detected. Treatment is effec-



tive only when the antibiotic is consumed by fish (with



fish food). Diseased and moribund fish cease feeding,



so that the treatment neither affects the bacteria in



them, nor can it affect the bacteria present in the water



or in the fish already dead. Therefore, strains that infect



and kill their hosts rapidly are most likely to survive the



treatment. Also quick degradation of tissue might be



favoured: fish tissue detached from host is not affected



by antibiotics, either. The antibiotic treatment was only



started after 1992 and usage increased since then



(figure 1d). So far, F. columnare strains resistant to oxyte-



tracyclin have not been found (P. Koski, Finnish Food



Safety Authority, Oulu 2009, personal communication).



Selection by oxytetracyclin may have favoured



F. columnare strains with most severe symptoms (gill



necrosis, killing quickly), that by the time the outbreak



was noticed and the antibiotic treatment applied, the bac-



terium had already escaped into an antibiotic-free niche.



Fourth, within-host competition of co-occurring



genetically different pathogen strains in F. columnare



(Suomalainen et al. 2006a) can be a potent selective



force of virulence (Nowak & May 1994; Gandon et al.



2001; Read & Taylor 2001; de Roode et al. 2005a; Bell



et al. 2006). Preliminary results from a competition exper-



iment between a virulent and a non-virulent F. columnare



strain propagated in fish carcasses indicated a competitive



advantage and increase in virulence for the virulent strain



in only a few days (Suomalainen et al. 2009, unpublished



data), as would be expected from relative growth rates



(figure 2e). Our data to date suggest that competition



could be a major force driving the evolution of virulence



of F. columnare.



We consider that the arguments above make a strong



case that the evolution of F. columnare towards higher



virulence is one reason why columnaris disease has



become such a problem for the industry. But our argu-



ments are correlational or from first principles. Direct



evidence that genetic change has occurred and is respon-



sible for the increased incidence and disease severity



would of course be more definitive. Unfortunately,



attempts to culture F. columnare were not successful



during the early years of the survey. This failure may in



fact be a function of virulence evolution: even now, the



isolation of non-virulent strains from fish caught in natu-



ral populations or even from experimentally infected fish



does often fail, which prevented us from conducting



cross-infection studies between F. columnare strains from



farmed and wild fish. In the absence of such direct evi-



dence other explanations for the increase F. columnare



incidence are possible. It could be for example, that



domestication has led to increased disease susceptibility



in farmed fish (Naish et al. 2008). However, we note
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that in spite of the long-term captive breeding of the Iijoki



salmon broodstock, no strong changes in genetic diversity



have been detected (Säisä et al. 2003). In addition,



increased susceptibility owing to domestication could be



expected to increase the vulnerability of the fish towards



other diseases as well. The incidence of four other



bacterial diseases in salmon (Aeromonas salmonicida



(furunculosis), atypical A. salmonicida, Yersinia ruckeri



and Serratia sp.), followed during the disease-monitoring



programme in 1984–2006 at the farm, have not increased



(P. Rintamäki 2009, unpublished data). These bacteria



are treated at the onset of the disease with disease-specific



drugs as is F. columnare, but to our knowledge they do not



have the biological features that we have pointed to above.



In particular, they do not transmit from dead fish, and



there is no evidence for these diseases that virulence



and infectivity are linked.



In summary, fish-farming creates a large number of



epidemiological opportunities for virulent pathogen



strains (see also Ganusov & Antia 2003). Our data show



an increase in frequency and severity of outbreaks of



F. columnare over 23 years at our study farm. We suggest



that the ability of F. columnare to act as saprophyte



increased the persistence of virulent strains, and the con-



ditions and farming practices at the farm may have then



further selected for virulence. More generally, aqua-



culture radically changes the ecology of pathogen



transmission among fish by altering the epidemiology of



the pathogen and by introducing a specific form of patho-



gen mortality (chemotherapy). These changes affect not



only the disease dynamics, but also selection on virulence.



We hypothesize that fish farming will in some cases lead



to the evolution of more virulent pathogens, and



an important challenge will be to identify which patho-



gens these will be, and whether farm practices can be



developed, which usefully manage this evolution.


The study was supported by a grant from Academy of
Finland (Project no. 110754). We thank two anonymous
reviewers for their invaluable comments.


REFERENCES
Altermatt, F., Pajunen, I. V. & Ebert, D. 2008 Climate



change affects colonization dynamics in a metacommu-
nity of three Daphnia species. Glob. Change Biol. 14,
1209–1220. (doi:10.1111/j.1365-24862008.01588.x)



Altizer, S., Harvell, D. & Friedle, E. 2003 Rapid evolutionary



dynamics and disease threats to biodiversity. Tree 18,
589–596.



Anacker, R. & Ordal, E. 1955 Study of bacteriophage infect-
ing the myxobacterium Chondrococcus columnaris.
J. Bacteriol. 70, 738–741.



Anderson, R. M. & May, R. M. 1982 Coevolution of hosts
and parasites. Parasitology 85, 411–426. (doi:10.1017/
S0031182000055360)



Anderson, R. M. & May, R. M. 1991 Infectious diseases of
humans. Oxford, UK: Oxford University Press.



Anon. 2008 Animal diseases in Finland 2007. Evira
publications 10/2008, pp. 30. Helsinki, Finland: Finnish
Food Safety Authority Evira.



Anon. 2009 Aquaculture 2008. In Official statistics 4/2009.



Helsinki, Finland: Finnish Game and Fisheries Research
Institute.



Bakke, T. & Harris, P. 1998 Diseases and parasites in wild
Atlantic salmon (Salmo salar) populations. Can. J. Fish.
Aquat. Sci. 55, 247–266. (doi:10.1139/cjfas-55-S1-247)


Proc. R. Soc. B (2010)


Bauer, O. N. 1961 Relationships between host fishes and
their parasites. In Parasitology of fishes (eds V. A. Dogiel,
G. K. Petrushevski & Y. I. Polyanski), pp. 84–103.



Edinburgh, UK: Oliver and Boyd, Leningrad University
Press. (English translation by Z. Kabata).



Bell, A. S., de Roode, J. C., Sim, D. & Read, A. F. 2006
Within-host competition in genetically diverse malaria
infections: parasite virulence and competitive success.



Evolution 60, 1358–1371. (doi:10.1554/05-611.1)
Ben-Ami, F., Mouton, L. & Ebert, D. 2008 The



effects of multiple infections on the expression and evol-
ution of virulence in a Daphnia-endoparasite system.



Evolution 62, 1700–1711. (doi:10.1111/j.1558-5646.
2008.00391.x)



Bernardet, J. F. & Bowman, J. P. 2006 The genus
Flavobacterium. Prokaryotes 7, 481–531.



Cunningham, C. O. & Snow, M. 2000 Genetic analysis of



infectious salmon anaemia virus (ISAV) from Scotland.
DAO 41, 1–8. (doi:10.3354/dao041001)



Day, T. 2002 Virulence evolution via host exploitation and
toxin production in spore-producing pathogens. Ecol.
Lett. 5, 471–476. (doi:10.1046/j.1461-0248.2002.



00342.x)
de Roode, J. C., Helinski, M. E. H., Anwar, M. A. &



Read, A. F. 2005a Dynamics of multiple infection
and within-host competition in genetically diverse
malaria infections. Am. Nat. 166, 531–542. (doi:10.



1086/491659)
de Roode, J. C. et al. 2005b Virulence and competitive ability



in genetically diverse malaria infections. Proc. Natl
Acad. Sci. USA 102, 7624–7628. (doi:10.1073/pnas.



0500078102)
Dobson, A. & Foufopoulos, J. 2001 Emerging infectious



pathogens of wildlife. Phil. Trans. R. Soc. Lond. B 356,
1001–1012. (doi:10.1098/rstb.2001.0900)



Ebert, D. 1998 Experimental evolution of parasites. Science
282, 1432–1435. (doi:10.1126/science.282.5393.1432)



Ebert, D. & Herre, E. A. 1996 The evolution of parasitic
diseases. Parasitol. Today 12, 96–101. (doi:10.1016/
0169-4758(96)80668-5)



Ebert, D. & Mangin, K. L. 1997 The influence of host



demography on the evolution of virulence of a microspor-
idian gut parasite. Evolution 51, 1828–1837. (doi:10.
2307/2411005)



Einer-Jensen, K., Ahrens, P., Forsberg, R. & Lorenzen, N.
2004 Evolution of the fish rhabdoviral haemorragic septi-



cemia virus. J. Gen. Virol. 85, 1167–1179. (doi:10.1099/
vir.0.79820-0)



Ewald, P. W. 1994 Evolution of infectious disease. Oxford, UK:
Oxford University Press.



Frank, S. 1996 Models of parasite virulence. Q. Rev. Biol. 71,
37–78. (doi:10.1086/419267)



Galvani, A. P. 2003 Epidemiology meets evolutionary
ecology. Tree 18, 132–139. (doi:10.1016/S0169-
5347(02)00050-2)



Gandon, S., Jansen, V. A. A. & Van Baalen, M. 2001 Host
life history and the evolution of parasite virulence.
Evolution 55, 1056–1062. (doi:10.1554/0014-
3820(2001)055[1056:HLHATE]2.0.CO;2)



Ganusov, V. V. & Antia, R. 2003 Trade-offs and the evolution



of virulence of microparasites: do details matter? Theoret.
Popul. Biol. 64, 211–220. (doi:10.1016/S0040-5809(03)
00063-7)



Hudson, P. J., Dobson, A. P. & Newborn, D. 1992 Do para-
sites make prey vulnerable to predation? Red grouse and
parasites. J. Anim. Ecol. 61, 681–692.



Jansen, P. A., Matthews, L. & Toft, N. 2007 Geographic risk
factors for inter-river dispersal of Gyrodactylus salaris in
Fjord systems in Norway. DAO 74, 139–149. (doi:10.
3354/dao074139)





http://dx.doi.org/doi:10.1111/j.1365-24862008.01588.x


http://dx.doi.org/doi:10.1017/S0031182000055360


http://dx.doi.org/doi:10.1017/S0031182000055360


http://dx.doi.org/doi:10.1139/cjfas-55-S1-247


http://dx.doi.org/doi:10.1554/05-611.1


http://dx.doi.org/doi:10.1111/j.1558-5646.2008.00391.x


http://dx.doi.org/doi:10.1111/j.1558-5646.2008.00391.x


http://dx.doi.org/doi:10.3354/dao041001


http://dx.doi.org/doi:10.1046/j.1461-0248.2002.00342.x


http://dx.doi.org/doi:10.1046/j.1461-0248.2002.00342.x


http://dx.doi.org/doi:10.1086/491659


http://dx.doi.org/doi:10.1086/491659


http://dx.doi.org/doi:10.1073/pnas.0500078102


http://dx.doi.org/doi:10.1073/pnas.0500078102


http://dx.doi.org/doi:10.1098/rstb.2001.0900


http://dx.doi.org/doi:10.1126/science.282.5393.1432


http://dx.doi.org/doi:10.1016/0169-4758(96)80668-5


http://dx.doi.org/doi:10.1016/0169-4758(96)80668-5


http://dx.doi.org/doi:10.2307/2411005


http://dx.doi.org/doi:10.2307/2411005


http://dx.doi.org/doi:10.1099/vir.0.79820-0


http://dx.doi.org/doi:10.1099/vir.0.79820-0


http://dx.doi.org/doi:10.1086/419267


http://dx.doi.org/doi:10.1016/S0169-5347(02)00050-2


http://dx.doi.org/doi:10.1016/S0169-5347(02)00050-2


http://dx.doi.org/doi:10.1554/0014-3820(2001)055[1056:HLHATE]2.0.CO;2


http://dx.doi.org/doi:10.1554/0014-3820(2001)055[1056:HLHATE]2.0.CO;2


http://dx.doi.org/doi:10.1016/S0040-5809(03)00063-7


http://dx.doi.org/doi:10.1016/S0040-5809(03)00063-7


http://dx.doi.org/doi:10.3354/dao074139


http://dx.doi.org/doi:10.3354/dao074139


http://rspb.royalsocietypublishing.org/








600 K. Pulkkinen et al. Evolution of virulence in fish farming



 on January 13, 2016http://rspb.royalsocietypublishing.org/Downloaded from 


Jones, K. E., Patel, N. G., Levy, M. A., Storeygard, A., Balk,
D., Gittleman, J. L. & Daszak, P. 2008 Global trends in
emerging infectious diseases. Nature 451, 990–993.



(doi:10.1038/nature06536)
Kunttu, H. M. T., Valtonen, E. T., Jokinen, E. I. &



Suomalainen, R. 2009 Saprophytism of a fish pathogen
as a transmission strategy. Epidemiology 1, 96–100.
(doi:10.1016/j.epidem.2009.04.003)



Mackinnon, M. J. & Read, A. F. 1999 Genetic relationships
between parasite virulence and transmission in the rodent
malaria Plasmodium chabaudi. Evolution 53, 689–703.
(doi:10.2307/2640710)



Murray, A. & Peeler, E. 2005 A framework for understanding
the potential for emerging diseases in aquaculture. Prev.
Vet. Med. 67, 223–235. (doi:10.1016/j.prevetmed.2004.
10.012)



Naish, K. A., Taylor, J. E., Levin, P. S., Quinn, T. P., Winton,



J. R., Huppert, D. & Hilborn, R. 2008 An evaluation of
the effects of conservation and fishery enhancement
hatcheries on wild populations of salmon. Adv.
Mar. Biol. 53, 61–194. (doi:10.1016/S0065-2881(07)
53002-6)



Nowak, M. A. & May, R. M. 1994 Superinfection and the
evolution of parasite virulence. Proc. R. Soc. Lond. B
255, 81–89. (doi:10.1098/rspb.1994.0012)



Nylund, A., Devold, M., Plarre, H., Isdal, E. & Aarseth, M.
2003 Emergence and maintenance of infectious salmon



anaemia virus (ISAV) in Europe: a new hypothesis. DAO
56, 11–24. (doi:10.3354/dao056011)



Olivares-Fuster, O., Baker, J. L., Terhune, J. S., Shoemaker,
C. A., Klesius, P. H. & Arias, C. R. 2007 Host-specific



association between Flavobacterium columnare genomovars
and fish species. Syst. Appl. Microbiol. 30, 624–633.
(doi:10.1016/j.syapm.2007.07.003)



Patz, J. A., Graczyk, T. K., Geller, N. & Vittor, A. Y. 2000
Effects of environmental change on emerging parasitic



diseases. Int. J. Parasitol. 30, 1395–1405. (doi:10.1016/
S0020-7519(00)00141-7)



Porco, T., Lloyd-Smith, J., Gross, K. & Galvani, A.
2005 The effect of treatment on pathogen virulence.
J. Theor. Biol. 233, 91–102. (doi:10.1016/j.jtbi.2004.09.



009)
Raja-Halli, M., Vehmas, T. K., Rimaila-Pärnänen, E.,



Sainmaa, S., Skall, H. F., Olesen, N. J. & Tapiovaara,
H. 2006 Viral haemorragic septicaemia (VHS) outbreaks
in Finnish rainbow trout farms. DAO 72, 201–211.



(doi:10.3354/dao072201)
Read, A. F. & Taylor, L. H. 2001 The ecology of genetically



diverse infections. Science 292, 1099–1102. (doi:10.1126/
science.1059410)



Revetta, R., Rodgers, M. & Kinkle, B. 2005 Isolation
and identification of freshwater bacteria antagonistic
to Giardia intestinalis cysts. J. Water Health 3, 83–88.


Proc. R. Soc. B (2010)


Rickard, A. H., McBain, A. J., Ledder, R. G., Handley, P. S. &
Gilbert, P. 2003 Coaggregation between freshwater bac-
teria within biofilm and planktonic communities. FEMS
Microbiol. Lett. 220, 133–140. (doi:10.1016/S0378-
1097(03)00094-6)
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Summary



The accelerated growth of finfish aquaculture has resulted in a series of developments detrimental
to the environment and human health. The latter is illustrated by the widespread and unrestricted
use of prophylactic antibiotics in this industry, especially in developing countries, to forestall
bacterial infections resulting from sanitary shortcomings in fish rearing. The use of a wide variety of
antibiotics in large amounts, including nonbiodegradable antibiotics useful in human medicine,
ensures that they remain in the aquatic environment, exerting their selective pressure for long
periods of time. This process has resulted in the emergence of antibioticresistant bacteria in
aquaculture environments, in the increase of antibiotic resistance in fish pathogens, in the transfer
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of these resistance determinants to bacteria of land animals and to human pathogens, and in
alterations of the bacterial flora both in sediments and in the water column. The use of large
amounts of antibiotics that have to be mixed with fish food also creates problems for industrial
health and increases the opportunities for the presence of residual antibiotics in fish meat and fish
products. Thus, it appears that global efforts are needed to promote more judicious use of
prophylactic antibiotics in aquaculture as accumulating evidence indicates that unrestricted use is
detrimental to fish, terrestrial animals, and human health and the environment.



Introduction



Industrial aquaculture is a rapidly growing industry in many developed and developing countries. It is
expected that this growth will increase at an even faster rate in the future, stimulated by the depletion
of fisheries and the market forces that globalize the sources of food supply ( Goldburg  et al ., 2001 ; 
Goldburg and Naylor, 2005 ). The last 20 years have seen a fourfold growth in industrial
aquaculture worldwide ( Naylor  et al ., 2000 ;  2003 ;  Naylor and Burke, 2005 ). This impressive
industrial development has been accompanied by some practices potentially damaging to human and
animal health ( Goldburg and Naylor, 2005 ;  Naylor and Burke, 2005 ) that include passing large
amounts of veterinary drugs into the environment ( Haya  et al ., 2000 ;  Boxall  et al ., 2004 ). For
example, the aquaculture of shrimp and salmon has been accompanied by an important use of
prophylactic antibiotics in the aquatic environment of rivers, lakes and oceans ( Grave  et al ., 1999 ; 
Le and Munekage, 2004 ;  Le  et al ., 2005 ). As expected, and as has occurred in other industrial
settings of animal husbandry ( Angulo and Griffin, 2000 ;  Witte, 2000 ;  Anderson  et al ., 2003 ; 
Angulo  et al ., 2004 ;  Nandi  et al ., 2004 ), this use has resulted in an increased antibiotic
resistance of bacteria in the environment ( Rhodes  et al ., 2000a ; 
Miranda and Zemelman, 2002a,b ;  Petersen  et al ., 2002 ;  Alcaide  et al ., 2005 ). Moreover,
this development has been accompanied by an increase of antibiotic resistance in fish pathogens (
Davies  et al ., 1999 ;  Rhodes  et al ., 2000a,b ;  Schmidt  et al ., 2000 ;  2001a,b ; 
Sørum, 2000 ;  2006 ;  L’AbeeLund and Sørum, 2001 ). The emergence of antibiotic resistance
among fish pathogens undermines the effectiveness of the prophylactic use of antibiotics in
aquaculture ( L’AbeeLund and Sørum, 2001 ;  Sørum, 2006 ) and increases the possibilities for
passage not only of these antibioticresistant bacteria but also of their antibiotic resistance
determinants to bacteria of terrestrial animals and human beings, including pathogens.



Antibiotic use in aquaculture



In the aquaculture of fish, especially that of salmon and trout, nearly all manipulations undergone by
the fish as they are being raised are stressors ( Barton and Iwama, 1991 ). Because these
manipulations decrease the effectiveness of the fishes’s immune system to clear up bacterial
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colonization and infection ( Barton and Iwama, 1991 ;  Cabello, 2003 ;  Naylor and Burke, 2005 ),
it has become common to increase the use of prophylactic antibiotics. Moreover, hygienic
shortcomings in fish raising methods, including increased fish population densities, crowding of farming
sites in coastal waters, lack of sanitary barriers and failure to isolate fish farming units with infected
animals ( Naylor  et al ., 2000 ;  Naylor and Burke, 2005 ), have increased the possibility of rapid
spread of infections. This scenario also results in an augmented use of prophylactic antibiotics, often
with the misplaced goal of forestalling these sanitary shortcomings ( Grave  et al ., 1996 ; 
Cabello, 2003 ;  Sørum, 2006 ). Fish are given antibiotics as a component of their food, and
occasionally in baths and injections ( Markestad and Grave, 1997 ;  Sørum, 2006 ). The
unconsumed food, and fish faeces, containing antibiotics reach the sediment at the bottom of the
raising pens; antibiotics are leached from the food and faeces and diffuse into the sediment and they
can be washed by currents to distant sites ( Hektoen  et al ., 1995 ;  Kerry  et al ., 1996 ; 
Coyne  et al ., 1997 ;  Holten  et al ., 1999 ;  Guardabassi  et al ., 2000 ;  Sørum, 2000 ; 
Sørum and L’AbéeLund, 2002 ;  Boxall  et al ., 2004 ;  Sørum, 2006 ). Once in the environment,
these antibiotics can be ingested by wild fish and other organisms including shellfish (
Hektoen  et al ., 1995 ;  Kerry  et al ., 1996 ;  Coyne  et al ., 1997 ;  Holten  et al ., 1999 ; 
Sørum, 2000 ;  Sørum and L’AbéeLund, 2002 ;  Boxall  et al ., 2004 ;  Sørum, 2006 ). These
residual antibiotics will remain in the sediment, exerting selective pressure, thereby altering the
composition of the microflora of the sediment and selecting for antibioticresistant bacteria (
Kruse and Sørum, 1994 ;  Hektoen  et al ., 1995 ;  Davison, 1999 ; 
Miranda and Zemelman, 2002a,b ;  Burrus and Waldor, 2003 ;  Balaban  et al ., 2004 ; 
Beaber  et al ., 2004 ;  Hasting  et al ., 2004 ;  Kim  et al ., 2004 ;  Sørum, 2006 ). There are a
number of important studies that indicate that the bacterial flora in the environment surrounding
aquaculture sites contain an increased number of antibioticresistant bacteria ( Huys  et al ., 2000 ; 
Schmidt  et al ., 2000 ;  2001a,b ;  Sørum, 2000 ;  Miranda and Zemelman, 2002a,b ; 
Furushita  et al ., 2005 ;  Sørum, 2006 ), and that these bacteria harbour new and previously
uncharacterized resistance determinants ( Miranda  et al ., 2003 ;  Furushita  et al ., 2005 ; 
Poirel  et al ., 2005a,b ;  Roberts, 2005 ;  Saga  et al ., 2005 ). The determinants of antibiotic
resistance that have emerged and selected in this aquatic environment have the potential of being
transmitted by horizontal gene transfer to bacteria of the terrestrial environment, including human and
animal pathogens ( Kruse and Sorum, 1994 ;  Sandaa and Enger, 1994 ; 
Rhodes  et al ., 2000a,b ;  L’AbeeLund and Sørum, 2001 ;  Sørum, 2006 ). The exchange of
resistance determinants between the aquatic and terrestrial environment can also stem from the
movement of antibioticresistant bacteria between these two environments, a result of transporting fish
between bodies of freshwater and the ocean, a step that is needed to fulfil the developmental
requirements of salmonids ( Cabello, 2003 ;  Goldburg and Naylor, 2005 ; 
Naylor and Burke, 2005 ). Horizontal gene transfer mechanisms involved in exchanging resistance
determinants between aquatic and terrestrial bacteria include conjugation and conjugative
transposition ( Bushman, 2002a,b ;  Agerso and Guardabassi, 2005 ;  Casas  et al ., 2005 ).
However, transduction also has the potential to play an important role in these processes because of
the high concentrations of viruses in seawater and the marine sediment ( Fuhrman, 1999 ; 
Bushman, 2002a ). In many aquaculture settings in developing countries, the possibilities of these
exchanges have been amplified by the high level of contamination of seawater and freshwater with











untreated sewage and agricultural and industrial wastewater containing normal intestinal flora and
pathogens of animals and humans usually resistant to antibiotics ( Miranda and Zemelman, 2001 ; 
Cabello, 2003 ;  Sørum, 2006 ). This is also the case in settings in which aquaculture is integrated
with agriculture ( Petersen  et al ., 2002 ), and such practices such as the use of manure and other
agricultural residues as fish feed are widespread ( Petersen  et al ., 2002 ).



Aquaculture as a source of antibiotic resistance in
human pathogens



Not unexpectedly, exchange of genes for resistance to antibiotics between bacteria in the aquaculture
environment and bacteria in the terrestrial environment, including bacteria of animals and human
pathogens has recently been shown ( Sørum, 1998 ;  Rhodes  et al ., 2000a,b ; 
Schmidt  et al ., 2001a,b ;  Sørum, 2006 ). For example, strong epidemiological and molecular
evidence exists indicating that fish pathogens such as  Aeromonas  can transmit and share
determinants for resistance to antibiotics with pathogens such as  Escherichia coli  isolated from
humans ( Rhodes  et al ., 2000a,b ;  Sørum, 2000 ;  L’AbeeLund and Sørum, 2001 ; 
Sørum and L’AbéeLund, 2002 ;  Sørum, 2006 ). Incompatibility IncU plasmids containing
determinants for resistance to tetracycline encoded by Tn 1721 , have been disseminated between
Aeromonas salmonicida , a fish pathogen, and the human pathogens  Aeromonas hydrophila ,
Aeromonas caviae  and  E. coli  obtained from different geographical locations in Europe (
Rhodes  et al ., 2000a ). Similar molecular epidemiology studies in  A. salmonicida  have shown that
plasmids that contain class 1 integrons found in human pathogenic bacteria, and are able to transfer
with high frequency to  E. coli  and  Salmonella , are responsible for the resistance to trimethoprim,
sulfonamide and streptomycin in this bacterium ( Sørum and L’AbéeLund, 2002 ;  Sørum, 2006 ).
The sulfonamideresistant determinant  SulI  has also been found in plasmids present in
A. salmonicida  and bacteria of other niches including  Erwinia  (a plant pathogen),  Vibrio cholerae
and  E. coli , thereby suggesting the transfer of genetic information between all these bacteria of the
terrestrial and aquatic environment ( L’AbeeLund and Sørum, 2001 ;  Sørum, 2006 ).



Molecular and epidemiological evidence has demonstrated that antibiotic resistance determinants of
resistant  Salmonella enterica  serotype Typhimurium DT104, an emergent pathogen and the cause of
several outbreaks of salmonellosis in humans and animals in Europe and the USA, probably originated
in aquaculture settings of the Far East ( Angulo, 2000 ;  Angulo and Griffin, 2000 ; 
Angulo  et al ., 2004 ). The antibiotic resistance determinants of  S.  Typhimurium DT104 are
encoded by a transmissible genetic element in the chromosome that contains a resistance gene for
florfenicol, an antibiotic extensively used in aquaculture in the Far East (
Briggs and Fratamico, 1999 ;  Angulo, 2000 ). This florfenicol determinant,  floR , was detected for
the first time in the fish pathogen  Vibrio damsela  ( Bolton  et al ., 1999 ). The tetracycline resistance
determinant carried by this  Salmonella  genetic element belongs to the class G that was also, for the
first time, detected in the fish pathogen  Vibrio anguillarum  ( Briggs and Fratamico, 1999 ; 
Angulo, 2000 ;  Angulo and Griffin, 2000 ). Moreover, the DNA sequence of the transmissible
element harbouring these antibiotic resistance determinants has an important DNA sequence similarity











to a plasmid of  Pasteurella piscicida , which is also a fish pathogen ( Kim and Aoki, 1993 ; 
Angulo, 2000 ;  Angulo and Griffin, 2000 ). This molecular evidence strongly suggests that there
was horizontal transmission of antibiotic resistance determinants from bacteria in the aquaculture
environment to a human and terrestrial veterinary pathogen ( Angulo, 2000 ; 
Angulo and Griffin, 2000 ). The epidemiology of the dissemination of  S.  Typhimurium DT104 also
suggests this pathogen could have been spread by fish meal as has happened with the  Salmonella
Agona that originated in Peru several years ago ( Clark  et al ., 1973 ;  Angulo, 2000 ; 
Boyd  et al ., 2001 ). This process illustrates the potential role of transport of antibioticresistant
bacteria as an alternative mechanism responsible for the spread of antibiotic resistance determinants
from the aquatic environment to the terrestrial environment ( Clark  et al ., 1973 ; 
Angulo and Griffin, 2000 ).



The presence of antibiotics in the aquatic environment can result in the appearance of resistance
among human pathogens forming part of its microbiota ( Angulo, 2000 ). For example,  V. cholerae
of the Latin American epidemic of cholera that started in 1992 appeared to have acquired antibiotic
resistance as a result of coming into contact with antibioticresistant bacteria selected through the
heavy use of antibiotics in the Ecuadorian shrimp industry ( Weber  et al ., 1994 ;  Angulo, 2000 ).
The widespread transmission of antibiotic resistance determinants between bacteria of the aquatic and
terrestrial environment has been recently demonstrated by the emergence of plasmidmediated
quinolone resistance among human Gramnegative pathogens ( Jacoby, 2005 ;  Li, 2005 ; 
Nordmann and Poirel, 2005 ;  Robicsek  et al ., 2005 ;  2006 ), and the potential tracing of the
origin of these resistant determinants to the aquatic bacteria  Shewanella algeae  and  Vibrio  (
Poirel  et al ., 2005a, b ). Interestingly, one of these quinoloneresistant determinants has been
recently detected in Japan and in Chile in the emergent human pathogen  Vibrio parahaemolyticus  (
GonzalezEscalona  et al ., 2005 ;  Poirel  et al ., 2005a ;  Saga  et al ., 2005 ; F.C. Cabello and L.
Dubytska, unpublished), a marine bacterium transmitted to humans by the ingestion of raw shellfish
and that is most likely able to exchange genetic information with other bacteria of the marine
environment ( Sørum, 2006 ). Thus, the commonality of antibiotic resistance determinants and of
genetic elements between aquatic bacteria, fish pathogens and bacteria from the terrestrial
environment strongly supports the concept that antibiotic usage in aquaculture will influence the
appearance of resistance in bacteria of other niches, including resistance in pathogens able to produce
a variety of human and animal diseases ( Wegener, 1999 ;  Angulo, 2000 ;  Rhodes  et al ., 2000a ;
L’AbeeLund and Sørum, 2001 ;  Cabello, 2003 ;  Poirel  et al ., 2005a,b ;  Sørum, 2006 ).



Additional effects of the excessive use of antibiotics
in aquaculture



Another problem created by the excessive use of antibiotics in industrial aquaculture is the presence of
residual antibiotics in commercialized fish and shellfish products ( Grave  et al ., 1996 ;  1999 ; 
Goldburg  et al ., 2001 ;  Cabello, 2003 ;  2004 ;  Angulo  et al ., 2004 ;  Sørum, 2006 ). This
problem has led to undetected consumption of antibiotics by consumers of fish with the added potential
alteration of their normal flora that increases their susceptibility to bacterial infections and also selects
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for antibioticresistant bacteria ( Grave  et al ., 1996 ;  1999 ;  Alderman and Hastings, 1998 ; 
McDermot  et al ., 2002 ;  Greenlees, 2003 ;  Cabello, 2004 ;  Salyers  et al ., 2004 ). Moreover,
undetected consumption of antibiotics in food can generate problems of allergy and toxicity, which are
difficult to diagnose because of a lack of previous information on antibiotic ingestion (
Alderman and Hastings, 1998 ;  Cabello, 2004 ). Allergy to antibiotics and problems of toxicity can
also be created for the unprotected workers in the aquaculture industry through the use of large
amounts of antibiotics that come in contact with the skin, and intestinal and bronchial tracts as workers
medicate the food in food mills, distributing it, and administer it to fish ( Grave  et al ., 1996 ;  1999 ; 
Lillehaug  et al ., 2003 ). In aquaculture, the passage into and permanent existence of large
amounts of antibiotics in the environment of water and sediments also have the potential to affect the
presence of the normal flora and plankton in those niches, resulting in shifts in the diversity of the
microbiota ( Davies  et al ., 1999 ;  Miranda and Zemelman, 2001 ;  Cabello, 2003 ; 
HunterCevera  et al ., 2005 ;  Sørum, 2006 ). These shifts can be amplified by the eutrophication
produced in the aquaculture environment by the increased input of N, C and P generated by the non
ingested food and fish faeces ( Goldburg  et al ., 2001 ;  Cabello, 2003 ; 
HunterCevera  et al ., 2005 ). As the microbiota carries important trophic and metabolic functions in
aquatic and sediment niches, this heavy use antibiotics also has the potential to alter the ecological
equilibria at those levels, thus creating situations that may impact fish and human health by promoting,
for example, algal blooms and anoxic environments ( Valiela, 1995 ;  Sellner  et al ., 2003 ; 
Hernandez  et al ., 2005 ;  HunterCevera  et al ., 2005 ).



Policies of antibiotic use in aquaculture



Evidence indicating that antibioticresistant bacteria and antibiotic resistance determinants pass from
the aquatic to the terrestrial environment has resulted in a drastic restriction of the use of antibiotics in
aquaculture in many countries ( Markestad and Grave, 1997 ;  Lillehaug  et al ., 2003 ; 
Angulo  et al ., 2004 ;  Cabello, 2004 ;  Goldburg and Naylor, 2005 ;  Sørum, 2006 ). Restrictions
have included, increased control of the prescription of therapeutic antibiotics ( Grave  et al ., 1996 ; 
1999 ;  Markestad and Grave, 1997 ;  Lillehaug  et al ., 2003 ;  Sørum, 2006 ), almost total
elimination of the use of antibiotic prophylaxis in this setting ( Grave  et al ., 1996, 1999 ; 
Sørum, 2006 ) and proscription of the use of antibiotics in therapeutics that are still very useful in the
therapy of human infections ( Grave  et al ., 1996 ;  1999 ;  Markestad and Grave, 1997 ; 
Goldburg  et al ., 2001 ;  Lillehaug  et al ., 2003 ). In this way, the use of quinolones has been
totally restricted in aquaculture in industrialized countries, not only because they are a highly effective
group of antibiotics for human infections but also because of their ability to generate crossresistance
among all the members of this group ( Grave  et al ., 1996 ;  1999 ;  Gorbach, 2001 ; 
Cabello, 2004 ;  Moellering, 2005 ;  Sørum, 2006 ). Quinolones also remain active in sediments for
prolonged periods of time as they are not readily biodegradable ( Hansen  et al ., 1992 ; 
Samuelsen  et al ., 1992 ;  1994 ;  Jacoby, 2005 ). This increased control of antibiotic use,
accompanied by sanitary measures that include the use of vaccines, have drastically reduced the use
of antibiotics in the aquaculture industry of developed countries, therefore indicating that it is
economically feasible to develop a productive aquaculture industry without excessive prophylactic use











of antibiotics ( Grave  et al ., 1996 ;  1999 ;  Markestad and Grave, 1997 ;  Lillehaug  et al ., 2003 ;
Sørum, 2006 ). However, the use of quinolones and many other antibiotics remains totally
unrestricted in aquaculture in countries with growing aquaculture industries such as China and Chile (
Cabello, 2004 ;  Jacoby, 2005 ). For example, in Chile, statistics indicate that annually 10–12 metric
tons of quinolones are used in human medicine and approximately 100–110 metric tons of these
antibiotics are used in veterinary medicine per year, most of them in aquaculture ( Cabello, 2004 ; 
Bravo  et al ., 2005 ). In this country the use of flumequine, a fluoroquinolone used exclusively in
aquaculture, has increased from approximately 30 metrics tons in 1998 to close to 100 metric tons in
2002 ( Bravo  et al ., 2005 ). This increase in the use of this broadspectrum fluoroquinolone parallels
the increase in the production of salmon from 258 000 metric tons in 1998 to 494 000 metric tons in
2002 ( Bravo  et al ., 2005 ). This suggests that in Chile, aquaculture use of quinolones and not
human use will probably be the most important selective pressure to generate the emergence of
quinoloneresistant bacteria ( Bakken, 2004 ;  Cabello, 2004 ;  Bravo  et al ., 2005 ; 
Hernandez  et al ., 2005 ). Similarly in China, quinolone resistance has emerged as an important
public health problem as result of the unrestricted use of this group of antibiotics in aquaculture and in
industrial animal husbandry ( Wang  et al ., 2001 ;  Jacoby, 2005 ). The potential of these events to
precipitate the emergence of antibioticresistant bacteria across the globe is already illustrated in the
appearance and global distribution of  S.  Typhimurium DT104 described above ( Angulo, 2000 ; 
Angulo  et al ., 2004 ).



Conclusions



This brief review suggests that the unrestricted use of antibiotics in aquaculture in any country has the
potential to affect human and animal health on a global scale, and further suggests that this problem
should be dealt through unified local and global preventive approaches ( Grave  et al ., 1996 ;  1999 ;
Cabello, 2004 ;  Bravo  et al ., 2005 ). The use of antibiotics in aquaculture shares characteristics
with a heavy use of antibiotics in alternative industrial processes of animal husbandry. It, nonetheless,
has specific characteristics ( Cabello, 2004 ;  Sørum, 2006 ). It would appear that the transfer of
antibiotic resistance determinants among bacteria of the aquatic and terrestrial environment would be
readily attained, simply as a result of the high concentrations of bacteria in seawater and aquatic
sediments and the abundant presence of bacteriophages to facilitate such a transfer (
Fuhrman, 1999 ;  Bushman, 2002a ). Contamination of the bodies of water where aquaculture is
practised with bacteria of the normal flora and pathogens of the intestine of humans and animals will
also accelerate this transfer ( Miranda and Zemelman, 2001 ;  Cabello, 2003 ;  Sørum, 2006 ).
Approximately 20 years after industrial aquaculture had begun, evidence emerged of the transfer of
antibiotic resistance determinants between aquatic bacteria, including fish pathogens and human
pathogens ( Sørum, 2006 ). Historical evidence appears to indicate that in terrestrial animal
husbandry this process took a longer time ( Sørum, 2006 ). The acceleration of this process strongly
suggests that heavy antibiotic use in aquaculture needs to be reduced drastically and replaced with
improved sanitation in fish husbandry to avoid the emergence of antibiotic resistance in fish pathogens
and environmental bacteria and the passing of this resistance to human pathogens, thus endangering
effective therapy to treat human bacterial infections ( Angulo, 2000 ;  Sørum, 2006 ). Experience
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with alternative processes of animal husbandry and aquaculture itself ( Sørum, 2006 ) indicates that
these muchneeded changes to protect human and animal health can be achieved without detrimental
effects, in financial terms, to the industry ( Grave  et al ., 1996 ;  1999 ;  Wierup, 2001 ; 
Sørum, 2006 ).
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Summary



The accelerated growth of finfish aquaculture has resulted in a series of developments detrimental
to the environment and human health. The latter is illustrated by the widespread and unrestricted
use of prophylactic antibiotics in this industry, especially in developing countries, to forestall
bacterial infections resulting from sanitary shortcomings in fish rearing. The use of a wide variety of
antibiotics in large amounts, including nonbiodegradable antibiotics useful in human medicine,
ensures that they remain in the aquatic environment, exerting their selective pressure for long
periods of time. This process has resulted in the emergence of antibioticresistant bacteria in
aquaculture environments, in the increase of antibiotic resistance in fish pathogens, in the transfer
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of these resistance determinants to bacteria of land animals and to human pathogens, and in
alterations of the bacterial flora both in sediments and in the water column. The use of large
amounts of antibiotics that have to be mixed with fish food also creates problems for industrial
health and increases the opportunities for the presence of residual antibiotics in fish meat and fish
products. Thus, it appears that global efforts are needed to promote more judicious use of
prophylactic antibiotics in aquaculture as accumulating evidence indicates that unrestricted use is
detrimental to fish, terrestrial animals, and human health and the environment.



Introduction



Industrial aquaculture is a rapidly growing industry in many developed and developing countries. It is
expected that this growth will increase at an even faster rate in the future, stimulated by the depletion
of fisheries and the market forces that globalize the sources of food supply ( Goldburg  et al ., 2001 ; 
Goldburg and Naylor, 2005 ). The last 20 years have seen a fourfold growth in industrial
aquaculture worldwide ( Naylor  et al ., 2000 ;  2003 ;  Naylor and Burke, 2005 ). This impressive
industrial development has been accompanied by some practices potentially damaging to human and
animal health ( Goldburg and Naylor, 2005 ;  Naylor and Burke, 2005 ) that include passing large
amounts of veterinary drugs into the environment ( Haya  et al ., 2000 ;  Boxall  et al ., 2004 ). For
example, the aquaculture of shrimp and salmon has been accompanied by an important use of
prophylactic antibiotics in the aquatic environment of rivers, lakes and oceans ( Grave  et al ., 1999 ; 
Le and Munekage, 2004 ;  Le  et al ., 2005 ). As expected, and as has occurred in other industrial
settings of animal husbandry ( Angulo and Griffin, 2000 ;  Witte, 2000 ;  Anderson  et al ., 2003 ; 
Angulo  et al ., 2004 ;  Nandi  et al ., 2004 ), this use has resulted in an increased antibiotic
resistance of bacteria in the environment ( Rhodes  et al ., 2000a ; 
Miranda and Zemelman, 2002a,b ;  Petersen  et al ., 2002 ;  Alcaide  et al ., 2005 ). Moreover,
this development has been accompanied by an increase of antibiotic resistance in fish pathogens (
Davies  et al ., 1999 ;  Rhodes  et al ., 2000a,b ;  Schmidt  et al ., 2000 ;  2001a,b ; 
Sørum, 2000 ;  2006 ;  L’AbeeLund and Sørum, 2001 ). The emergence of antibiotic resistance
among fish pathogens undermines the effectiveness of the prophylactic use of antibiotics in
aquaculture ( L’AbeeLund and Sørum, 2001 ;  Sørum, 2006 ) and increases the possibilities for
passage not only of these antibioticresistant bacteria but also of their antibiotic resistance
determinants to bacteria of terrestrial animals and human beings, including pathogens.



Antibiotic use in aquaculture



In the aquaculture of fish, especially that of salmon and trout, nearly all manipulations undergone by
the fish as they are being raised are stressors ( Barton and Iwama, 1991 ). Because these
manipulations decrease the effectiveness of the fishes’s immune system to clear up bacterial
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colonization and infection ( Barton and Iwama, 1991 ;  Cabello, 2003 ;  Naylor and Burke, 2005 ),
it has become common to increase the use of prophylactic antibiotics. Moreover, hygienic
shortcomings in fish raising methods, including increased fish population densities, crowding of farming
sites in coastal waters, lack of sanitary barriers and failure to isolate fish farming units with infected
animals ( Naylor  et al ., 2000 ;  Naylor and Burke, 2005 ), have increased the possibility of rapid
spread of infections. This scenario also results in an augmented use of prophylactic antibiotics, often
with the misplaced goal of forestalling these sanitary shortcomings ( Grave  et al ., 1996 ; 
Cabello, 2003 ;  Sørum, 2006 ). Fish are given antibiotics as a component of their food, and
occasionally in baths and injections ( Markestad and Grave, 1997 ;  Sørum, 2006 ). The
unconsumed food, and fish faeces, containing antibiotics reach the sediment at the bottom of the
raising pens; antibiotics are leached from the food and faeces and diffuse into the sediment and they
can be washed by currents to distant sites ( Hektoen  et al ., 1995 ;  Kerry  et al ., 1996 ; 
Coyne  et al ., 1997 ;  Holten  et al ., 1999 ;  Guardabassi  et al ., 2000 ;  Sørum, 2000 ; 
Sørum and L’AbéeLund, 2002 ;  Boxall  et al ., 2004 ;  Sørum, 2006 ). Once in the environment,
these antibiotics can be ingested by wild fish and other organisms including shellfish (
Hektoen  et al ., 1995 ;  Kerry  et al ., 1996 ;  Coyne  et al ., 1997 ;  Holten  et al ., 1999 ; 
Sørum, 2000 ;  Sørum and L’AbéeLund, 2002 ;  Boxall  et al ., 2004 ;  Sørum, 2006 ). These
residual antibiotics will remain in the sediment, exerting selective pressure, thereby altering the
composition of the microflora of the sediment and selecting for antibioticresistant bacteria (
Kruse and Sørum, 1994 ;  Hektoen  et al ., 1995 ;  Davison, 1999 ; 
Miranda and Zemelman, 2002a,b ;  Burrus and Waldor, 2003 ;  Balaban  et al ., 2004 ; 
Beaber  et al ., 2004 ;  Hasting  et al ., 2004 ;  Kim  et al ., 2004 ;  Sørum, 2006 ). There are a
number of important studies that indicate that the bacterial flora in the environment surrounding
aquaculture sites contain an increased number of antibioticresistant bacteria ( Huys  et al ., 2000 ; 
Schmidt  et al ., 2000 ;  2001a,b ;  Sørum, 2000 ;  Miranda and Zemelman, 2002a,b ; 
Furushita  et al ., 2005 ;  Sørum, 2006 ), and that these bacteria harbour new and previously
uncharacterized resistance determinants ( Miranda  et al ., 2003 ;  Furushita  et al ., 2005 ; 
Poirel  et al ., 2005a,b ;  Roberts, 2005 ;  Saga  et al ., 2005 ). The determinants of antibiotic
resistance that have emerged and selected in this aquatic environment have the potential of being
transmitted by horizontal gene transfer to bacteria of the terrestrial environment, including human and
animal pathogens ( Kruse and Sorum, 1994 ;  Sandaa and Enger, 1994 ; 
Rhodes  et al ., 2000a,b ;  L’AbeeLund and Sørum, 2001 ;  Sørum, 2006 ). The exchange of
resistance determinants between the aquatic and terrestrial environment can also stem from the
movement of antibioticresistant bacteria between these two environments, a result of transporting fish
between bodies of freshwater and the ocean, a step that is needed to fulfil the developmental
requirements of salmonids ( Cabello, 2003 ;  Goldburg and Naylor, 2005 ; 
Naylor and Burke, 2005 ). Horizontal gene transfer mechanisms involved in exchanging resistance
determinants between aquatic and terrestrial bacteria include conjugation and conjugative
transposition ( Bushman, 2002a,b ;  Agerso and Guardabassi, 2005 ;  Casas  et al ., 2005 ).
However, transduction also has the potential to play an important role in these processes because of
the high concentrations of viruses in seawater and the marine sediment ( Fuhrman, 1999 ; 
Bushman, 2002a ). In many aquaculture settings in developing countries, the possibilities of these
exchanges have been amplified by the high level of contamination of seawater and freshwater with











untreated sewage and agricultural and industrial wastewater containing normal intestinal flora and
pathogens of animals and humans usually resistant to antibiotics ( Miranda and Zemelman, 2001 ; 
Cabello, 2003 ;  Sørum, 2006 ). This is also the case in settings in which aquaculture is integrated
with agriculture ( Petersen  et al ., 2002 ), and such practices such as the use of manure and other
agricultural residues as fish feed are widespread ( Petersen  et al ., 2002 ).



Aquaculture as a source of antibiotic resistance in
human pathogens



Not unexpectedly, exchange of genes for resistance to antibiotics between bacteria in the aquaculture
environment and bacteria in the terrestrial environment, including bacteria of animals and human
pathogens has recently been shown ( Sørum, 1998 ;  Rhodes  et al ., 2000a,b ; 
Schmidt  et al ., 2001a,b ;  Sørum, 2006 ). For example, strong epidemiological and molecular
evidence exists indicating that fish pathogens such as  Aeromonas  can transmit and share
determinants for resistance to antibiotics with pathogens such as  Escherichia coli  isolated from
humans ( Rhodes  et al ., 2000a,b ;  Sørum, 2000 ;  L’AbeeLund and Sørum, 2001 ; 
Sørum and L’AbéeLund, 2002 ;  Sørum, 2006 ). Incompatibility IncU plasmids containing
determinants for resistance to tetracycline encoded by Tn 1721 , have been disseminated between
Aeromonas salmonicida , a fish pathogen, and the human pathogens  Aeromonas hydrophila ,
Aeromonas caviae  and  E. coli  obtained from different geographical locations in Europe (
Rhodes  et al ., 2000a ). Similar molecular epidemiology studies in  A. salmonicida  have shown that
plasmids that contain class 1 integrons found in human pathogenic bacteria, and are able to transfer
with high frequency to  E. coli  and  Salmonella , are responsible for the resistance to trimethoprim,
sulfonamide and streptomycin in this bacterium ( Sørum and L’AbéeLund, 2002 ;  Sørum, 2006 ).
The sulfonamideresistant determinant  SulI  has also been found in plasmids present in
A. salmonicida  and bacteria of other niches including  Erwinia  (a plant pathogen),  Vibrio cholerae
and  E. coli , thereby suggesting the transfer of genetic information between all these bacteria of the
terrestrial and aquatic environment ( L’AbeeLund and Sørum, 2001 ;  Sørum, 2006 ).



Molecular and epidemiological evidence has demonstrated that antibiotic resistance determinants of
resistant  Salmonella enterica  serotype Typhimurium DT104, an emergent pathogen and the cause of
several outbreaks of salmonellosis in humans and animals in Europe and the USA, probably originated
in aquaculture settings of the Far East ( Angulo, 2000 ;  Angulo and Griffin, 2000 ; 
Angulo  et al ., 2004 ). The antibiotic resistance determinants of  S.  Typhimurium DT104 are
encoded by a transmissible genetic element in the chromosome that contains a resistance gene for
florfenicol, an antibiotic extensively used in aquaculture in the Far East (
Briggs and Fratamico, 1999 ;  Angulo, 2000 ). This florfenicol determinant,  floR , was detected for
the first time in the fish pathogen  Vibrio damsela  ( Bolton  et al ., 1999 ). The tetracycline resistance
determinant carried by this  Salmonella  genetic element belongs to the class G that was also, for the
first time, detected in the fish pathogen  Vibrio anguillarum  ( Briggs and Fratamico, 1999 ; 
Angulo, 2000 ;  Angulo and Griffin, 2000 ). Moreover, the DNA sequence of the transmissible
element harbouring these antibiotic resistance determinants has an important DNA sequence similarity











to a plasmid of  Pasteurella piscicida , which is also a fish pathogen ( Kim and Aoki, 1993 ; 
Angulo, 2000 ;  Angulo and Griffin, 2000 ). This molecular evidence strongly suggests that there
was horizontal transmission of antibiotic resistance determinants from bacteria in the aquaculture
environment to a human and terrestrial veterinary pathogen ( Angulo, 2000 ; 
Angulo and Griffin, 2000 ). The epidemiology of the dissemination of  S.  Typhimurium DT104 also
suggests this pathogen could have been spread by fish meal as has happened with the  Salmonella
Agona that originated in Peru several years ago ( Clark  et al ., 1973 ;  Angulo, 2000 ; 
Boyd  et al ., 2001 ). This process illustrates the potential role of transport of antibioticresistant
bacteria as an alternative mechanism responsible for the spread of antibiotic resistance determinants
from the aquatic environment to the terrestrial environment ( Clark  et al ., 1973 ; 
Angulo and Griffin, 2000 ).



The presence of antibiotics in the aquatic environment can result in the appearance of resistance
among human pathogens forming part of its microbiota ( Angulo, 2000 ). For example,  V. cholerae
of the Latin American epidemic of cholera that started in 1992 appeared to have acquired antibiotic
resistance as a result of coming into contact with antibioticresistant bacteria selected through the
heavy use of antibiotics in the Ecuadorian shrimp industry ( Weber  et al ., 1994 ;  Angulo, 2000 ).
The widespread transmission of antibiotic resistance determinants between bacteria of the aquatic and
terrestrial environment has been recently demonstrated by the emergence of plasmidmediated
quinolone resistance among human Gramnegative pathogens ( Jacoby, 2005 ;  Li, 2005 ; 
Nordmann and Poirel, 2005 ;  Robicsek  et al ., 2005 ;  2006 ), and the potential tracing of the
origin of these resistant determinants to the aquatic bacteria  Shewanella algeae  and  Vibrio  (
Poirel  et al ., 2005a, b ). Interestingly, one of these quinoloneresistant determinants has been
recently detected in Japan and in Chile in the emergent human pathogen  Vibrio parahaemolyticus  (
GonzalezEscalona  et al ., 2005 ;  Poirel  et al ., 2005a ;  Saga  et al ., 2005 ; F.C. Cabello and L.
Dubytska, unpublished), a marine bacterium transmitted to humans by the ingestion of raw shellfish
and that is most likely able to exchange genetic information with other bacteria of the marine
environment ( Sørum, 2006 ). Thus, the commonality of antibiotic resistance determinants and of
genetic elements between aquatic bacteria, fish pathogens and bacteria from the terrestrial
environment strongly supports the concept that antibiotic usage in aquaculture will influence the
appearance of resistance in bacteria of other niches, including resistance in pathogens able to produce
a variety of human and animal diseases ( Wegener, 1999 ;  Angulo, 2000 ;  Rhodes  et al ., 2000a ;
L’AbeeLund and Sørum, 2001 ;  Cabello, 2003 ;  Poirel  et al ., 2005a,b ;  Sørum, 2006 ).



Additional effects of the excessive use of antibiotics
in aquaculture



Another problem created by the excessive use of antibiotics in industrial aquaculture is the presence of
residual antibiotics in commercialized fish and shellfish products ( Grave  et al ., 1996 ;  1999 ; 
Goldburg  et al ., 2001 ;  Cabello, 2003 ;  2004 ;  Angulo  et al ., 2004 ;  Sørum, 2006 ). This
problem has led to undetected consumption of antibiotics by consumers of fish with the added potential
alteration of their normal flora that increases their susceptibility to bacterial infections and also selects
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for antibioticresistant bacteria ( Grave  et al ., 1996 ;  1999 ;  Alderman and Hastings, 1998 ; 
McDermot  et al ., 2002 ;  Greenlees, 2003 ;  Cabello, 2004 ;  Salyers  et al ., 2004 ). Moreover,
undetected consumption of antibiotics in food can generate problems of allergy and toxicity, which are
difficult to diagnose because of a lack of previous information on antibiotic ingestion (
Alderman and Hastings, 1998 ;  Cabello, 2004 ). Allergy to antibiotics and problems of toxicity can
also be created for the unprotected workers in the aquaculture industry through the use of large
amounts of antibiotics that come in contact with the skin, and intestinal and bronchial tracts as workers
medicate the food in food mills, distributing it, and administer it to fish ( Grave  et al ., 1996 ;  1999 ; 
Lillehaug  et al ., 2003 ). In aquaculture, the passage into and permanent existence of large
amounts of antibiotics in the environment of water and sediments also have the potential to affect the
presence of the normal flora and plankton in those niches, resulting in shifts in the diversity of the
microbiota ( Davies  et al ., 1999 ;  Miranda and Zemelman, 2001 ;  Cabello, 2003 ; 
HunterCevera  et al ., 2005 ;  Sørum, 2006 ). These shifts can be amplified by the eutrophication
produced in the aquaculture environment by the increased input of N, C and P generated by the non
ingested food and fish faeces ( Goldburg  et al ., 2001 ;  Cabello, 2003 ; 
HunterCevera  et al ., 2005 ). As the microbiota carries important trophic and metabolic functions in
aquatic and sediment niches, this heavy use antibiotics also has the potential to alter the ecological
equilibria at those levels, thus creating situations that may impact fish and human health by promoting,
for example, algal blooms and anoxic environments ( Valiela, 1995 ;  Sellner  et al ., 2003 ; 
Hernandez  et al ., 2005 ;  HunterCevera  et al ., 2005 ).



Policies of antibiotic use in aquaculture



Evidence indicating that antibioticresistant bacteria and antibiotic resistance determinants pass from
the aquatic to the terrestrial environment has resulted in a drastic restriction of the use of antibiotics in
aquaculture in many countries ( Markestad and Grave, 1997 ;  Lillehaug  et al ., 2003 ; 
Angulo  et al ., 2004 ;  Cabello, 2004 ;  Goldburg and Naylor, 2005 ;  Sørum, 2006 ). Restrictions
have included, increased control of the prescription of therapeutic antibiotics ( Grave  et al ., 1996 ; 
1999 ;  Markestad and Grave, 1997 ;  Lillehaug  et al ., 2003 ;  Sørum, 2006 ), almost total
elimination of the use of antibiotic prophylaxis in this setting ( Grave  et al ., 1996, 1999 ; 
Sørum, 2006 ) and proscription of the use of antibiotics in therapeutics that are still very useful in the
therapy of human infections ( Grave  et al ., 1996 ;  1999 ;  Markestad and Grave, 1997 ; 
Goldburg  et al ., 2001 ;  Lillehaug  et al ., 2003 ). In this way, the use of quinolones has been
totally restricted in aquaculture in industrialized countries, not only because they are a highly effective
group of antibiotics for human infections but also because of their ability to generate crossresistance
among all the members of this group ( Grave  et al ., 1996 ;  1999 ;  Gorbach, 2001 ; 
Cabello, 2004 ;  Moellering, 2005 ;  Sørum, 2006 ). Quinolones also remain active in sediments for
prolonged periods of time as they are not readily biodegradable ( Hansen  et al ., 1992 ; 
Samuelsen  et al ., 1992 ;  1994 ;  Jacoby, 2005 ). This increased control of antibiotic use,
accompanied by sanitary measures that include the use of vaccines, have drastically reduced the use
of antibiotics in the aquaculture industry of developed countries, therefore indicating that it is
economically feasible to develop a productive aquaculture industry without excessive prophylactic use











of antibiotics ( Grave  et al ., 1996 ;  1999 ;  Markestad and Grave, 1997 ;  Lillehaug  et al ., 2003 ;
Sørum, 2006 ). However, the use of quinolones and many other antibiotics remains totally
unrestricted in aquaculture in countries with growing aquaculture industries such as China and Chile (
Cabello, 2004 ;  Jacoby, 2005 ). For example, in Chile, statistics indicate that annually 10–12 metric
tons of quinolones are used in human medicine and approximately 100–110 metric tons of these
antibiotics are used in veterinary medicine per year, most of them in aquaculture ( Cabello, 2004 ; 
Bravo  et al ., 2005 ). In this country the use of flumequine, a fluoroquinolone used exclusively in
aquaculture, has increased from approximately 30 metrics tons in 1998 to close to 100 metric tons in
2002 ( Bravo  et al ., 2005 ). This increase in the use of this broadspectrum fluoroquinolone parallels
the increase in the production of salmon from 258 000 metric tons in 1998 to 494 000 metric tons in
2002 ( Bravo  et al ., 2005 ). This suggests that in Chile, aquaculture use of quinolones and not
human use will probably be the most important selective pressure to generate the emergence of
quinoloneresistant bacteria ( Bakken, 2004 ;  Cabello, 2004 ;  Bravo  et al ., 2005 ; 
Hernandez  et al ., 2005 ). Similarly in China, quinolone resistance has emerged as an important
public health problem as result of the unrestricted use of this group of antibiotics in aquaculture and in
industrial animal husbandry ( Wang  et al ., 2001 ;  Jacoby, 2005 ). The potential of these events to
precipitate the emergence of antibioticresistant bacteria across the globe is already illustrated in the
appearance and global distribution of  S.  Typhimurium DT104 described above ( Angulo, 2000 ; 
Angulo  et al ., 2004 ).



Conclusions



This brief review suggests that the unrestricted use of antibiotics in aquaculture in any country has the
potential to affect human and animal health on a global scale, and further suggests that this problem
should be dealt through unified local and global preventive approaches ( Grave  et al ., 1996 ;  1999 ;
Cabello, 2004 ;  Bravo  et al ., 2005 ). The use of antibiotics in aquaculture shares characteristics
with a heavy use of antibiotics in alternative industrial processes of animal husbandry. It, nonetheless,
has specific characteristics ( Cabello, 2004 ;  Sørum, 2006 ). It would appear that the transfer of
antibiotic resistance determinants among bacteria of the aquatic and terrestrial environment would be
readily attained, simply as a result of the high concentrations of bacteria in seawater and aquatic
sediments and the abundant presence of bacteriophages to facilitate such a transfer (
Fuhrman, 1999 ;  Bushman, 2002a ). Contamination of the bodies of water where aquaculture is
practised with bacteria of the normal flora and pathogens of the intestine of humans and animals will
also accelerate this transfer ( Miranda and Zemelman, 2001 ;  Cabello, 2003 ;  Sørum, 2006 ).
Approximately 20 years after industrial aquaculture had begun, evidence emerged of the transfer of
antibiotic resistance determinants between aquatic bacteria, including fish pathogens and human
pathogens ( Sørum, 2006 ). Historical evidence appears to indicate that in terrestrial animal
husbandry this process took a longer time ( Sørum, 2006 ). The acceleration of this process strongly
suggests that heavy antibiotic use in aquaculture needs to be reduced drastically and replaced with
improved sanitation in fish husbandry to avoid the emergence of antibiotic resistance in fish pathogens
and environmental bacteria and the passing of this resistance to human pathogens, thus endangering
effective therapy to treat human bacterial infections ( Angulo, 2000 ;  Sørum, 2006 ). Experience
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with alternative processes of animal husbandry and aquaculture itself ( Sørum, 2006 ) indicates that
these muchneeded changes to protect human and animal health can be achieved without detrimental
effects, in financial terms, to the industry ( Grave  et al ., 1996 ;  1999 ;  Wierup, 2001 ; 
Sørum, 2006 ).
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This e-mail message is for the sole use of the intended recipient(s) and may contain confidential and privileged
 information. Any unauthorized review, use, disclosure, or distribution is prohibited by law. If you are not the
 intended recipient, please contact the sender by reply e-mail and destroy all copies of the original message.
 








From: In Defense of Animals on behalf of Ilana Bollag
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Thursday, December 10, 2015 12:10:10 PM


Dec 10, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Ilana Bollag
Goetzstrasse 12
Zurich, None 8006
ilana.bollag@bluewin.ch



mailto:takeaction@idausa.org

mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of Irina Barcar
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Wednesday, December 23, 2015 10:51:31 AM


Dec 23, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Irina Barcar
6935 Flowering Willow St
Las Vegas, NV 89148-3812
b_irka@yahoo.com



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of Sela Sanft
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, January 02, 2016 12:27:12 PM


Jan 2, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Sela Sanft
359 Keating St
Henderson, NV 89074-5931
(702) 581-1726
sela@alistfamilyservices.org



mailto:takeaction@idausa.org
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From: Kristen Monsell
To: R9RoseCanyon
Subject: Comments on Scoping for Rose Canyon Aquaculture Project
Date: Thursday, January 14, 2016 8:33:54 AM
Attachments: CBD Scoping Comments Rose Canyon Offshore Fish Farm Permit FINAL (1.14.16).pdf


Hello,
 
Attached please find comments from the Center for Biological Diversity on the Rose Canyon
 Fisheries offshore aquaculture project. I will be sending several additional emails with the
 references cited in the comments attached.
 
A copy of the comments and cited references are also being sent via first class mail.
 
Cheers,
Kristen
 
Kristen Monsell
Staff Attorney
Center for Biological Diversity
1212 Broadway, Ste. 800
Oakland, CA 94162
(510) 844.7100 x337
www.biologicaldiversity.org
 
This e-mail message is for the sole use of the intended recipient(s) and may contain confidential and privileged
 information. Any unauthorized review, use, disclosure, or distribution is prohibited by law. If you are not the
 intended recipient, please contact the sender by reply e-mail and destroy all copies of the original message.
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Via First Class and Electronic Mail  
 
January 14, 2016 
 
U.S. Environmental Protection Agency 
Region 9 ATTN: (WTR-2-3)  
75 Hawthorne St.  
San Francisco, CA 94105 
R9RoseCanyon@epa.gov  
 
RE: Comments on Scoping for Hubbs-SeaWorld’s Rose Canyon Fisheries Aquaculture 
Project NPDES Permit  
 



The Center for Biological Diversity (the “Center”) submits the following comments to 
the Environmental Protection Agency (“EPA”) on scoping for the environmental assessment on 
the issuance of a National Pollutant Discharge Elimination System (“NPDES”) permit for Rose 
Canyon Aquaculture Project (the “Proposed Project”). The Center urges EPA to fully evaluate 
the Proposed Project’s effects that will significantly degrade the ocean environment, and to deny 
the permit on the basis of these harms. The Center is a non-profit public interest conservation 
organization with more than 990,000 members and online activists dedicated to protecting 
imperiled species and their habitats, including efforts to protect the marine environment from the 
risks of offshore aquaculture.  



 
Rose Canyon Fisheries — a partnership between Hubbs-SeaWorld Research Institute and 



the private equity firm Cuna Del Mar — seeks to construct and operate an open ocean 
aquaculture facility approximately 4.5 miles off the coast of San Diego, California. Open ocean 
aquaculture operations involve the farming of aquatic animals in open ocean areas, most often 
through the use of floating or submerged net-pens or sea cages. In this way, the facilities 
replicate the large-scale onshore livestock operations in which thousands of animals are raised in 
a confined environment. These offshore factory farms pollute the ocean, threaten wild 
populations of fish by spreading disease and parasites, harm marine mammals and other marine 
life through a variety of means, and otherwise degrade fragile ocean habitats.  



 
The environmental threats surrounding open ocean aquaculture are particularly troubling 



in this instance. At full capacity, the Proposed Project would be the largest commercial fish farm 
in the United States, producing 5,000 metric tons — or 11 million pounds — of fish each year in 
ecologically rich and important areas.   



 
Under the Clean Water Act (“CWA”) and its implementing regulations, EPA can issue a 



NPDES permit for a discharge into the ocean only when the discharge will not cause an 
unreasonable degradation of the marine environment. 33 U.S.C. § 1343; 40 C.F.R. § 125.123. 
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Here, issuance of the permit would lead to massive amounts of nutrient pollution linked to toxic 
algae blooms and dead zones which threaten public health and can kill or harm a wide variety of 
marine life, among other negative impacts. As such, the discharge would cause an unreasonable 
degradation of the marine environment and issuing the NPDES permit would constitute a 
violation of the CWA. See id. The Center therefore urges EPA to deny the permit application 
under review. 



 
If EPA nevertheless moves forward with approving the Proposed Project, it must first 



prepare an environmental impact statement under the National Environmental Policy Act that 
fully analyzes the significant, detrimental environmental impacts that will result from the 
construction and operation of the Proposed Project, and considers a reasonable range of 
alternatives. EPA must also engage in consultation under the Endangered Species Act and cannot 
issue the permit unless and until the state of California issues a consistency determination under 
the Coastal Zone Management Act.  
 



I. Issuance of the Permit Would Require Preparation of an Environmental Impact 
Statement under the National Environmental Policy Act 



 
EPA’s issuance of the NPDES permit would require an environmental impact statement 



(“EIS”) under the National Environmental Policy Act (“NEPA”). NEPA, America’s “basic 
national charter for protection of the environment,” 40 C.F.R. § 1500.1(a), requires federal 
agencies to take a “hard look” at the environmental consequences of their actions before taking 
action. Kleppe v. Sierra Club, 427 U.S. 390, 410, n. 21 (1976); 40 C.F.R. § 1500.1(a). In this 
way, NEPA ensures that federal agencies “will have available, and will carefully consider, 
detailed information concerning significant environmental impacts” and that such information 
“will be made available to the larger [public] audience that may play a role in both the 
decisionmaking process and the implementation of the decision.” Robertson v. Methow Valley 
Citizens Council, 490 U.S. 332, 349 (1989). 
 



To that end, NEPA requires federal agencies to prepare an EIS for all “major Federal 
actions significantly affecting the quality of the human environment.” 42 U.S.C. § 4332(2)(C). 
NEPA’s implementing regulations define “major federal action” to include the “[a]pproval of 
specific projects, such as construction or management activities located in a defined geographic 
area” and specify that “[p]rojects include actions approved by permit.” 40 C.F.R. § 1508.18. 



 
NEPA’s implementing regulations also specify factors that must be considered in 



determining when a major federal action may significantly affect the environment warranting the 
preparation of an EIS. See id. § 1508.27(b). Specifically, in determining whether an action may 
have “significant” impacts on the environment, an agency must consider the “context” and 
“intensity” of the action. Id. § 1508.27. “Context” means the significance of the project “must be 
analyzed in several contexts such as society as a whole (human, national), the affected region, 
the affected interests, and the locality.” Id. § 1508.27(a). 
 



The intensity of the action is determined by considering the ten factors enumerated in the 
regulations, which include: (1) impacts that may be both beneficial and adverse; (2) the degree to 
which the proposed action affects public health or safety; (3) unique characteristics of the 











3 
 



geographic area such as proximity to ecologically critical areas; (4) the degree to which the 
effects on the human environment are likely to be highly controversial; (5) the degree to which 
the possible effects on the human environment are highly uncertain or involve unique or 
unknown risks; (6) the degree to which the action may establish a precedent for future actions 
with significant effects; (7) whether the action is related to other actions with individually 
insignificant but cumulatively significant impacts; (8) the degree to which the action may cause 
loss or destruction of significant scientific, cultural, or historical resources; (9) the degree to 
which the action may adversely affect a species listed under the Endangered Species Act 
(“ESA”) or its critical habitat; and (10) whether the action threatens a violation of federal, state 
or local environmental laws. Id. § 1508.27(b)(1)-(10).  
 



The presence of even just “one of these factors may be sufficient to require preparation of 
an EIS in appropriate circumstances.” Ocean Advocates v. U.S. Army Corps of Eng’rs, 402 F.3d 
846, 865 (9th Cir. 2005). If “substantial questions as to whether a project . . . may cause 
significant degradation of some human environmental factor,” an EIS must be prepared. Idaho 
Sporting Congress v. Thomas, 137 F.3d 1146, 1149 (9th Cir. 1998). Accordingly, in order for a 
court to find that an EIS is warranted, “a plaintiff need not show that significant effects will in 
fact occur” only that there are “substantial questions whether a project may have a significant 
effect on the environment.” Nat. Resource Defense Council v. Winter, 502 F.3d 859, 867 (9th 
Cir. 2007) (citations omitted).  



 
Because Rose Canyon Fisheries could not operate without a NPDES permit from EPA, 



all of the effects from the construction and operation of the Proposed Project must be considered 
in EPA’s analysis of the permit. See e.g., White Tanks Concerned Citizens, Inc. v. Strock, 563 
F.3d 1033, 1042 (9th Cir. 2009) (holding that the Corps improperly limited its NEPA analysis of 
private development to jurisdictional wetlands and limited uplands: because the “project’s 
viability” was “founded on [the Corps’] issuance of a Section 404 permit, the entire development 
was within [the Corps’] purview”); see also 40 C.F.R. § 1508.18(a) (“Actions include new and 
continuing activities, including projects and programs entirely or partly . . . assisted, conducted, 
regulated, or approved by federal agencies . . . .”) (emphasis added). Under any reasonable 
analysis, the Proposed Project implicates several — if not all — of NEPA’s significance factors, 
and clearly necessitates the preparation of an EIS. 
 



A. The Proposed Project Will Have Negative Environmental Impacts 
 



EPA must prepare an EIS because the project will have several adverse impacts on the 
environment. See 40 C.F.R. § 1508.27(b)(1). These adverse impacts include, inter alia, pollution, 
an increase in the frequency and severity of toxic algae blooms and dead zones; threats to wild 
fish populations through the spread of disease, escaped fish and demand for feed; and negative 
impacts on public health and other marine life addressed in sections below.   



 
First, the Proposed Project will have adverse impacts because it will generate a 



significant amount of waste, including excess fish feed, dead fish and fish feces that will pollute 
the marine environment. One study found that a 200,000-fish salmon farm releases enough 
nitrogen to equal the untreated sewage of 19,800 people, phosphorus for 26,667 people, and fecal 
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matter for 62,505 people.1 Given that the Proposed Project will produce 11 million pounds of 
fish per year, the amount of waste it would generate could be magnitudes higher. This is a 
significant concern, as such wastes have been shown to alter fragile marine habitats, and the 
effluent from such facilities has such a high nutrient content that it contributes to the formation 
of hypoxic zones and harmful algal blooms (“HABs”).2 EPA must quantify the pollution from 
the permit and disclose the impacts of that pollution. 



 
Dead zones are already on the rise due to warming waters,3 and the increased nitrogen 



pollution caused by the Proposed Project would only exacerbate the frequency and severity of 
dead zones. Hypoxic zones, or “dead zones,” are areas where the dissolved oxygen content of 
water is unusually low.4 Depleted oxygen levels can cause stress and mortality in aquatic 
organisms, and can drive ecological collapse.5  



 
HABs can cause mortality in marine mammals through contamination of food sources. 



Some strains of phytoplankton in HABs produce copious amount of domoic acid, a kanic acid 
analog neurotoxin that causes amnesic shellfish poisoning.6 Exposure to this toxin via food 
sources can affect the brain, causing seizures, provoke organ failure, and ultimately death in 
several marine mammal species, from small sea otters, seals, sea lions, to large whales.7 In the 
past three decades, HABs seem to have become more frequent, more intense, and more 
widespread.8 New reports show that levels of domoic acid, associated with HABs, have been 
increasing over the past decades in the milk, stomach content, and feces of whales from tropical 



                                                 
1 Goldburg, R., Elliot M., and Naylor, R., “Marine Aquaculture in the United States, Environmental Impacts and 
Policy Options,” 2001, citing Hardy, R.W., 2000b, Fish, Fish feeds, & Nutrition in the New Millennium, 
Aquaculture Magazine 26 (1): 85-89. 
2 Id.; Scottish Association for Marine Science and Napier University, “Review and Synthesis of the 
Environmental Impacts of Aquaculture, 2002; Clover, C. “Pollution from fish farms ‘as bad as sewage.’” 
Telegraph (UK), Sept. 19, 2011, available at: http://www.telegraph.co.uk/news/uknews/1355936/Pollution-
fromfish-farms-as-bad-as-sewage.html; Donald Boesch et al., Pew Oceans Comm’n, Marine Pollution in the United 
States 20-39 (2001). 
3 Robert J. Diaz1 & Rutger Rosenberg. 2008. Spreading Dead Zones and Consequences for Marine Ecosystems. 
Science. Vol. 321 no. 5891 pp. 926-929. 
4 Sarah Zielinski, Ocean Dead Zones Are Getting Worse Globally Due to Climate Change, Smithsonian Magazine, 
Nov. 10, 2014, http://www.smithsonianmag.com/science-nature/ocean-dead-zones-are-getting-worse-globally-due-
climate-change-180953282/?no-ist. 
5 Id. 
6 Anderson, D. M., et al. 2014. Understanding interannual, decadal level variability in paralytic shellfish poisoning 
toxicity in the Gulf of Maine: The HAB Index. Deep Sea Research Part II: Topical Studies in Oceanography 
103:264–276.   
7 McHuron, E. A., D. J. Greig, K. M. Colegrove, M. Fleetwood, T. R. Spraker, F. M. D. Gulland, J. T. Harvey, K. A. 
Lefebvre, and E. R. Frame. 2013. Domoic acid exposure and associated clinical signs and histopathology in Pacific 
harbor seals (Phoca vitulina richardii). Harmful Algae 23:28–33; Kirkley, K. S., J. E. Madl, C. Duncan, F. M. 
Gulland, and R. B. Tjalkens. 2014. Domoic acid-induced seizures in California sea lions (Zalophus californianus) 
are associated with neuroinflammatory brain injury. Aquatic Toxicology 156:259–268; Jensen, S.-K., J.-P. Lacaze, 
G. Hermann, J. Kershaw, A. Brownlow, A. Turner, and A. Hall. 2015. Detection and effects of harmful algal toxins 
in Scottish harbour seals and potential links to population decline. Toxicon 97:1–14.   
8 Lewitus, A. J., et al. 2012. Harmful algal blooms along the North American west coast region: History, trends, 
causes, and impacts. Harmful Algae 19:133–159; Hallegraeff, G. M., editor. 2014. Impacts of climate change on 
harmful algal blooms and seafood safety. Assessment and management of seafood safety and quality: current 
practices and emerging issues. Rome.   
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and temperate waters.9 In some cases these biotoxin have been identified as the main cause of 
death in stranded whales, including humpbacks.10 
 



In 2015, the Northeastern Pacific Ocean experienced one of the most prolific HABs ever 
recorded.11 As the result of the HAB, California officials delayed the opening of the commercial 
Dungeness crab fishery (which has yet to open) and closed the commercial rock fishery.12 And 
scientists and federal officials believe it caused sea lion strandings and bird deaths along the 
West Coast, and the deaths of 30 large whales in the Gulf of Alaska, including humpback and fin 
whales listed as endangered under the ESA.13 The studies referenced above suggest that the 
damage will continue in the future. In fact, ocean scientists have stated that these toxic blooms 
could become the new normal in the face of climate change.14 The Proposed Project will cause a 
significant increase in nitrogen pollution in the Pacific, which could exacerbate the frequency 
and significance of HABs.   



 
Second, the Proposed Project threatens wild fish populations by creating a breeding 



ground for disease. Because fish are packed densely together in aquaculture farms, the fish are 
exposed to pathogens in the marine environment, and can alter the surrounding ecology to such 
an extent that they actually foster the proliferation of pathogens.15 Sea lice is one of the most 
notorious pathogens associated with aquaculture facilities. Sea lice feed on the mucus, skin, and 
scales of fish causing skin lesions prone to infection and affecting the host’s ability to 
osmoregulate; chronic infections can cause mucus accumulation and attract myxobacteria and 
other bacteria, fungi, and ectocommensal organisms, all of which may contribute to further 
disease.16 And while sea lice normally exist outside of aquaculture, the unnaturally high host 
                                                 
9 Trainer, V. L., S. S. Bates, N. Lundholm, A. E. Thessen, W. P. Cochlan, N. G. Adams, and C. G. Trick. 2012. 
Pseudo-nitzschia physiological ecology, phylogeny, toxicity, monitoring and impacts on ecosystem health. Harmful 
Algae 14:271–300; Fire, S. E., et al. 2009. Domoic acid exposure in pygmy and dwarf sperm whales (Kogia spp.) 
from southeastern and mid-Atlantic U.S. waters. Harmful Algae 8:658–664; Rust, L., F. Gulland, E. Frame, and K. 
Lefebvre. 2014. Domoic acid in milk of free living California marine mammals indicates lactational exposure 
occurs. Marine Mammal Science 30:1272–1278. 
10 Trainer, et al. 2012; Leandro, L. F., R. M. Rolland, P. B. Roth, N. Lundholm, Z. Wang, and G. J. Doucette. 2010. 
Exposure of the North Atlantic right whale Eubalaena glacialis to the marine algal biotoxin, domoic acid. Marine 
Ecology Progress Series 398:287–303; Fire, S. E., Z. Wang, M. Berman, G. W. Langlois, S. L. Morton, E. Sekula-
Wood, and C. R. Benitez-Nelson. 2010. Trophic transfer of the harmful algal toxin domoic acid as a cause of death 
in a minke whale (Balaenoptera acutorostrata) stranding in southern California. Aquatic Mammals 36:342–35. 
11 Anna Almendrala, Health Authorities Warn Against Eating Toxic Dungeness Crab, Huffington Post, Nov. 4, 2015, 
http://www huffingtonpost.com/entry/dont-eat-dungeness-crab-toxin_563a4ff5e4b0b24aee48749a. 
12 State of California Ocean Protection Council, Commercial Dungeness Crab Season Opener Delayed and 
Commercial Rock Crab Season Close, http://www.opc.ca.gov/2015/11/commercial-dungeness-crab-season-opener-
delayed-and-commercial-rock-crab-season-closed. 
13 NOAA, West Coast Harmful Algal Bloom, http://oceanservice.noaa.gov/news/sep15/westcoast-habs html, 
updated Sept. 3, 2015. 
14 Id. 
15 Gardner, J. & D.L. Peterson. (2003) “Making Sense of the Salmon Aquaculture Debate: Analysis of issues related 
to netcage salmon farming and wild salmon in British Columbia.” Pacific Fisheries Resource Conservation Council, 
January: 4; Cabello, F.C. (2006) “Heavy use of prophylactic antibiotics in aquaculture: a growing problem for 
human and animal health and for the environment.” Environmental Microbiology, 8(7): 1138; Pulkkinen, K. et al. 
(2009) “Intensive fish farming and the evolution of pathogen virulence: the case of culumnaris disease in Finland.” 
Proceedings of the Royal Society Biological Sciences, October 
16 Barber, I. (2007). Parasites, behaviour and welfare in fish. Applied Animal Behaviour Science, 104(3–4), 
251–264. Rae, G. H. (2002). Sea louse control in Scotland, past and present. Pest Management Science, 58(6), 515– 
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density created by cage fish farming provides a favorable environment for parasites such as sea 
lice that rely on spatial proximity between hosts for transmission to proliferate.17 
 



Third, there are significant effects of escaped aquaculture fish. Farmed fish often escape 
from cages into the open ocean due to a variety of factors, including damage to nets and other 
equipment from storms, handling, marine mammal interactions, and human error.18 For example, 
one study found that wild juvenile pink salmon infested with lice from farmed salmon suffered 
high mortality and population declines.19 In fact, the National Marine Fisheries Service and the 
U.S. Fish and Wildlife Service cited the ecological risks of aquacultured salmon, including the 
spread of sea lice, as one of the reasons for listing the Gulf of Maine Distinct Population 
Segment of Atlantic salmon as endangered under the ESA, and actions for recovery of the 
population include minimizing the effects of aquacultured animal escapes.20 Escaped fish can 
also detrimentally alter the genetics of wild fish populations via diminished survival skills and 
reduced fitness.21 And striped bass — one of the non-native species proposed to be produced 
farmed by Rose Canyon Fisheries — have been known to prey on ESA-listed salmonids.22  



 
Fourth, the Proposed Project’s demand for fish feed will deplete wild fish populations.23 



The fish Rose Canyon Fisheries proposes to raise are carnivorous fish that require a diet high in 
fishmeal and oil, which is often derived from wild-caught fish stocks such as mackerel, herring, 
and anchovies.24 The removal of wild fish to produce fish feed depletes targeted populations, and 
also reduces the natural supply of this food for other marine life.25 And the excess feed and other 
wastes discharged by the Proposed Project into the ocean environment could affect the feeding 
behavior of wild fish populations who feed on manufactured pellets rather than maintaining a 
natural diet,26 which can have negative biological effects.27 The waste could also negatively 
impact benthic communities when deposited on the seafloor.  



                                                                                                                                                             
520 
17 Id. 
18 Fisheries and Oceans Canada, Public Reports on Aquaculture – Escapes, http://www.pac.dfo-
mpo.gc.ca/aquaculture/reporting-rapports/escape-evasion-eng.html (last updated Sept. 9, 2015). 
19 Krosek, M. & R. Hilborn, Sea lice (Lepeophtheirus salmonis) infestations and the productivity of pink salmon 
(Oncorhynchus gorbuscha) in the Broughton Archipelago, British Columbia, Canada, Canadian Journal of Fisheries 
and Aquatic Sciences, 6, 20 September: 17-29 (2001). 
20 National Marine Fisheries Service US Fish and Wildlife Service. (2005). Recovery plan for the gulf of maine 
distinct population segment of Atlantic salmon (Salmo salar). 
21 Id.; Marine Aquaculture Task Force. “Sustainable Marine Aquaculture: Fulfilling the Promise; Managing the 
Risks.” January 2007. 
22 See Comments from the National Marine Fisheries Service to Melanie Tymes, U.S. Army Corp of Engineers, 
Mar. 20, 2015. 
23 Albert Tacon & Marc Metian, Fishing for Feed or Fishing for Food: Increasing Global Competition for Small 
Pelagic Forage Fish, 38 Ambio, No. 6, Sept. 2009, at 294-302; R. Naylor & M. Burke, Aquaculture and Ocean 
Resources: Raising Tigers of the Sea, 30 Annual Review of Envtl. Resources, 185-218 (2005); Brian Halweil, 
Farming Fish for the Future 20 (Worldwatch Inst. 2008).  
24 Marine Aquaculture Task Force, Woods Hole Oceanographic Inst., Sustainable Marine Aquaculture: Fulfilling 
the Promises, Managing the Risks 16 (27), Jan. 2007.   
25 Id.  
26 C. Gambi et al., Biodiversity Response to Experimental Induced Hypoxic-Anoxic Conditions in Seagrass 
Sediments, 18 Biodiversity & Conservation, 33–54 (2009).   
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Finally, because farmed fish are often breeding grounds for disease and parasites, a large 
amount of antibiotics, pesticides and other drugs or chemicals are often used in aquaculture 
facilities.28 The majority of these chemicals are applied directly into the water, but little is known 
about how these substances affect marine ecosystems and other aquatic organisms. What is 
known indicates that there may be serious negative impacts from their use. For example, 
pesticides used to kill sea lice at coastal salmon farms in Maine and Canada can also harm and 
kill lobsters.29 Studies have also concluded that reliance on antibiotic applications in fish farming 
has fostered the development of bacterial antibiotic resistance in our waters, which can 
negatively affect both marine species and human health.30 
 



B. The Proposed Project Affects Public Health and Safety  
 



EPA must prepare an EIS because the proposed action affects public health and safety. 
See 40 C.F.R. § 1508.27(b)(2). As explained above, the Proposed Project will contribute to the 
negative impacts of HABs. In addition to harming wildlife, HABs can also harm humans. 
Pseudo-nitzchia produces the neurotoxin domoic acid which bioaccumulates in fish. People who 
consume contaminated seafood can suffer from domoic acid poisoning, which causes vomiting, 
diarrhea, cramps, headaches and dizziness. While the symptoms typically subside after a few 
days, serious cases can result in amnesic shellfish poisoning. Amnesic shellfish poisoning can 
cause short-term memory loss, confusion, seizures, trouble breathing, coma and death.31  



 
In addition, mercury and other contaminants may accumulate in finfish and can cause an 



increase in this dangerous substance in the diet of those who consume the fish. Further, farmed 
fish can accumulate toxins from eating fish feed contaminated with high levels of dioxins and 
Polychlorinated Biphenyls (“PCBs”); additionally, some fish can carry organisms called 
dinoflagellates which when eaten by humans is poisonous and causes a disease called 
ciguatera.32  



 
 
 



                                                                                                                                                             
27 Fernandez-Jover et al., Changes in Body Condition and Fatty Acid Composition of Wild Mediterranean Horse 
Mackerel (Trachurus mediterraneus, Steindachner, 1868) Associated to Sea Cage Fish Farms, 63 Marine Envtl. 
Research, 1–18 (2007).   
28 Marine Aquaculture Task Force; Center for Food Safety, The Catch With Seafood: Human Health Impacts of 
Drugs & Chemicals Used by the Aquaculture Industry, 2005.   
29 Trotter, Bill. “Parasites, Pesticides, Sick Salmon… Dead Lobsters.” Bangor Daily News, Maine, January 10, 
2011. 
30 Ole. E. Heuer et al., Human Health Consequences of Use of Antimicrobial Agents in Aquaculture, 49 Clinical 
Infectious Diseases, no. 8, 2009, at 128-53.   
31 Washington State Department of Health, Amnesic Shellfish Poisoning (ASP) from Domoic Acid, 
http://www.doh.wa.gov/CommunityandEnvironment/Shellfish/BiotoxinsIllnessPrevention/Biotoxins/AmnesicShellf
ishPoisoning. 
32 Hites RA, Foran JA, Carpenter DO, Hamilton MC, Knuth BA, Schwager SJ. 2004. Global assessment of organic 
contaminants in farmed salmon. Science. 305(5683):478; Corsolini S., Guerranti C., Focardi S.E., 2005. “Dioxins 
and dioxin-like compounds in food products.” Proceedings of 5th Mediterranean Basin Conference on Analytical 
Chemistry (VMBCAC); Center for Food Safety, Like Water and Oil: Ocean Based Fish Farming and Organic Don’t 
Mix, Oct. 2014. 
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C. The Action Area is Geographically Unique and Home to a Variety of Wildlife Including 
ESA-Listed Species that Will Be Negatively Impacted by the Proposed Project  



 
EPA must prepare an EIS because the area of the Proposed Project is geographically 



unique and home to ESA-listed species that will be impacted by the Proposed Project. 40 C.F.R. 
§ 1508.27(b)(3), (9). The Proposed Project would be located approximately 4.5 miles off the 
coast of San Diego. Hundreds of marine species live in these waters, including gray whales, 
short-beaked common dolphins, Baird’s beaked whales, Cuvier’s beaked whales, minke whales, 
dall’s porpoise, elephant seals, northern fur seals, and California sea lions.33 The area is also 
home to numerous species listed under the ESA, including blue whales, humpback whales, fin 
whales, sperm whales, Guadalupe fur seals, loggerhead sea turtles, green sea turtles, and 
leatherback sea turtles, as well as several listed bird species, including the California least tern, 
and the western snowy plover. See 50 C.F.R. § 17.11 (ESA-listed species). 



  
In addition, the Proposed Project is located in a region NMFS has deemed a Biologically 



Important Area (“BIA”) — an area where cetaceans “engage in activities that are important to 
the animal’s physical health and fitness, reproduction and ability to survive as a population.”34 
Specifically, the area off the coast of San Diego is listed as a BIA for gray whale migration 
between January through July and October through December, and a BIA for endangered blue 
whale feeding from June to October.35 
 
 A densely-packed cage full of captive fish attracts predators, including marine mammals 
and birds.36 Once attracted to the area, the animals are at risk of death and serious injury from 
interaction with the gear that will be used by the Proposed Project — fish cages, nets and 
mooring systems.37 The nets of offshore aquaculture facilities in other countries have killed 
endangered dolphins, and over 50 California sea lions died in a mass drowning after they were 
caught in the nets of a fish farm near Vancouver Island.38 The devices used to prevent predators 
from eating the farmed fish can also cause significant problems — one study of a single salmon 
farm in British Columbia, Canada, found that over a four-year period 431 harbor seals, 38 sea 
otters, 29 sea lions, one harbor porpoise, 16 herons, and one osprey were killed by anti-predator 
devices.39 
 



The increased vessel traffic from construction and operation of the Proposed Project also 
threatens a wide-variety of marine species. Ship strikes involving large vessels are the “principal 



                                                 
33 NMFS, Cetacean Data Availability, http://cetsound noaa.gov/cda. 
34 NMFS, New Tool Aids U.S. Conservation and Management of Whales, Dolphins and Porpoises, Mar. 6, 2015, 
http://www nefsc.noaa.gov/press_release/pr2015/scispot/ss1503/. 
35 http://cetsound noaa.gov/biologically-important-area-map. 
36 Congressional Research Service. (2010) Open Ocean Aquaculture 7. 9 August; McGinnity (2003). 
37 Final Report Rose Canyon Fisheries Sustainable Aquaculture Project, Sept. 2014 at 10. 
38 Kemper, C., Pemberton, D., Cawthorn, M., Heinrich, S., Mann, J., & Wursig, B. (2003). In N. Gales, M. 
Hindell, R. Kirkwood, et al. (Eds.), Marine mammals: Fisheries, tourism and management issues (pp. 208–229). 
Australia: CSIRO Publishing; CBC News. (2007) “Dozens of sea lions drown at B.C. fish farm.” CBC News, 20 
April. Available at: http://www.cbc.ca/news/canada/british-columbia/dozens-of-sea-lions-drown-at-b-c-fish-farm- 
1.640332. 
39 B. Würsig and G. A. Gailey, “Marine Mammals and Aquaculture: Conflicts and Potential Resolutions,” 
Responsible Marine Aquaculture, R.R. Stickney and J.P. McVey (Eds), CAB International, 2002, p. 49. 
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source of severe injuries to whales.”40 Most ship strikes to large whales result in death.41 Ship 
strike-related mortality is a documented threat to endangered Pacific coast populations of fin, 
humpback, blue, and sperm whales. Ship strikes are an increasing problem in California.42 
Between 2001 and 2010, nearly 50 large whales off the California coast were documented as 
having been struck by ships.43 



 
Ship strikes also affect ESA-listed sea turtles. Like cetaceans, sea turtles cannot breathe 



under water and must regularly ascent to the surface for air, which makes them “highly 
susceptible to vessel collisions.”44 Commercial vessels are thus major hazards to sea turtles, 
particularly in shipping lanes and during peak tourism months when millions of recreational 
boaters congregate in coastal areas. Injuries from propellers include amputated flippers, fractured 
shells, brain injuries and broken bones.45 These injuries, if they do not result in immediate death, 
can increase stress, which ultimately affect a sea turtle’s ability to forage, migrate, escape from 
predators and reproduce. 



 
In addition, Rose Canyon Fisheries states that construction and operation of the Proposed 



Project will involve the use of artificial lights, which could negatively impact wildlife in the area 
through light pollution. For example, artificial light attracts seabirds at night, especially 
nocturnally active species such as auks, shearwaters, and storm-petrels, and disrupts their normal 
foraging and breeding activities in several ways.46 In a phenomenon called light entrapment, 
seabirds continually circle lights and flares, instead of foraging or visiting their nests, which can 
lead to exhaustion and mortality.47 Seabirds also frequently collide with lights or structures 
around lights, causing injury or mortality, or strand on lighted platforms where they are 
vulnerable to injury, feather contamination, and exhaustion.48  



 
Moreover, construction and operation of the Proposed Project will generate noise 



pollution from increased vessel traffic and other activities that will harm marine mammals and 



                                                 
40 Laist, D.W., Knowlton, A.R., Mead, J.G., Collet, A.S. and Podesta, M., 2001, Collisions between ships and 
whales, Marine Mammal Science, 17(1): 35-75.   
41 Jensen, A.S. and Silber, G.K., 2004, Large Whale Ship Strike Database. U.S. Department of Commerce, NOAA 
Technical Memorandum. NMFS-OPR-25.  
42 Zito, Kelly, Whale deaths blamed on busy ship traffic, krill. San Francisco Chronicle, Oct. 10, 2010. 
43 National Marine Fisheries Service, Large Whale Strandings Reported to California Marine Mammal Stranding 
Network (2001 - Present), NMFS Southwest Regional Office, California Marine Mammal Stranding Network 
Database (2010). 
44 NMFS, Final Environmental Impact Statement, Right Whale Ship Speed Reduction, Aug. 2008,  
http://www nmfs.noaa.gov/pr/pdfs/shipstrike/feis.pdf; NOAA Fisheries, Threats to Sea Turtles, 
http://www nmfs.noaa.gov/pr/species/turtles/threats htm. 
45 Mote Marine Laboratory. 2008. Sea Turtle Hospital. 
http://www mote.org/index.php?src=gendocs&link=Sea+Turtle+Rehabilitation+Hospital&category=Animal+Care+
Programs. 
46 Montevecchi, W. (2005) Influences of artificial light on marine birds. In C. Rich and T. Longcore, editors. 
Ecological Consequences of Artificial Night Lighting. Washington, D.C: Island Press, 94-113. 
47 Wiese, F. K., W. A. Montevecchi, G. K. Davoren, F. Huettmann, A. W. Diamond, and J. Linke (2001) Seabirds at 
risk around offshore oil platforms in the North-west Atlantic. Marine Pollution Bulletin 42:1285-1290. 
48 Wiese et al. (2001); Black, A. (2005) Light induced seabird mortality on vessels operating in the Southern Ocean: 
incidents and mitigation measures. Antarctic Science 17:67-68.; Le Corre, M., A. Ollivier, S. Ribes, and P. 
Jouventin (2002) Light-induced mortality of petrels: a 4-year study from Réunion Island (Indian Ocean). Biological 
Conservation 105:93-102. 
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other wildlife. Anthropogenic noise pollution can mask marine mammal communications at 
almost all frequencies these mammals use.49 “Masking” is a “reduction in an animal’s ability to 
detect relevant sounds in the presence of other sounds.”50 Ambient ship noise can cover 
important frequencies these animals use for communications and echolocation of prey. NOAA 
has recognized that this masking may affect marine mammal survival and reproduction by 
decreasing these animals’ ability to “[a]ttract mates, [d]efend territories or resources, [e]stablish 
social relationships, [c]oordinate feeding, [i]nteract with parents, or offspring, [and] [a]void 
predators or threats.”51 Studies have also found that chronic exposure to boat traffic and noise 
can cause whales to reduce their time spent feeding.52 



 
In addition to masking effects, marine mammals have displayed a suite of stress-related 



responses from increased ambient and local noise levels. These include “rapid swimming away 
from [] ship[s] for distances up to 80 km; changes in surfacing, breathing, and diving patterns; 
changes in group composition; and changes in vocalizations.”53 Some avoidance responses to 
localized marine sounds may even lead to individual or mass strandings.54 And stress due to 
noise can lead to long-term health problems, and may pose increased health risks for populations 
by weakening the immune system and potentially affecting fertility, growth rates and mortality.55 



 
Louder anthropogenic sounds may also lead to temporary or permanent hearing loss in 



marine mammals.56 Hearing loss reduces the range in which communication can occur, interferes 
with foraging efforts and increases vulnerability to predators. Hearing loss may also change 
behaviors with respect to migration and mating and it may cause animals to strand, which is 
often fatal. For marine mammals such as whales and dolphins that rely heavily on their acoustic 
senses, both permanent and temporary hearing loss should be regarded as a serious threat.57 



 
 



                                                 
49 See, e.g., Hildebrand, J.A., Impacts of Anthropogenic Sound, in MARINE MAMMAL RESEARCH: 
CONSERVATION BEYOND CRISIS (Reynolds, J.E. III et al., eds. 2006); Weilgart, L., 2007, The Impacts of 
Anthropogenic Ocean Noise on Cetaceans and Implications for Management, 85 CANADIAN J. ZOOLOGY 1091-
1116 (2007). 
50 OCEAN NOISE AND MARINE MAMMALS, NAT’L RES. COUNCIL 41-42 (2003), at 96. 
51 Jason Gedamke, Ocean Sound & Ocean Noise: Increasing Knowledge Through Research Partnerships, NOAA 2 
(2014), at 2; Clark, C.W. et al., Acoustic Masking in Marine Ecosystems as a Function of Anthropogenic Sound 
Sources, at *3. 
52 See i.e. Williams, R. D., et al., 2006, Estimating relative energetic costs of human disturbance to killer whales 
(Orcinus orca), Biological Conservation, 133: 301-311. 
53 OCEAN NOISE AND MARINE MAMMALS at 94. 
54 Id. at 132; BRANDON L. SOUTHALL ET AL., FINAL REPORT OF THE INDEPENDENT SCIENTIFIC 
REVIEW PANEL INVESTIGATING POTENTIAL CONTRIBUTING FACTORS TO A 2008 MASS 
STRANDING OF MELON-HEADED WHALES 3 (PEPONOCEPHALA ELECTRA) IN ANTSOHIHY, 
MADAGASCAR, INT’L WHALING COMM’N 4 (2013).  
55 Romano, T.A. et al., 2004, Anthropogenic sound and marine mammal health: measures of the nervous and 
immune systems before and after intense sound exposure, Canadian Journal of Aquatic Science, 61: 1124-1134; 
Rolland, R, S. Parks, K. Hunt, M. Castellote, P. Corkeron, D. Nowacek, S. Wasser, and S. Kraus. 2012. Evidence 
that ship noise increases stress in right whales. Proceedings of the Royal Society B. February 8, 2012. 
56 Kastak, D. et al., 2008, Noise-Induced Permanent Threshold Shift in a Harbor Seal, 123 J. ACOUSTICAL 
SOC’Y OF AM. 2986; Kujawa, S.G. & Liberman, M.C., 2009, Adding Insult to Injury: Cochlear Nerve 
Degeneration After “Temporary” Noise-Induced Hearing Loss, 29 J. NEUROSCIENCE 14,077. 
57 Hildebrand, J., 2005.   
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D. Granting the Permit Would Set a Precedent for Future Action 
 



EPA must prepare an EIS because granting the permit and approving the Proposed 
Project would set a precedent for future action. See 40 C.F.R. § 1508.27(b)(6). In considering 
whether to prepare an EIS, NEPA’s implementing regulations require an agency to consider “the 
extent to which the action may establish a precedent for future actions with significant effects or 
represents a decision in principle about a future consideration.” Id. “The purpose of that section 
is to avoid the thoughtless setting in motion of a ‘chain of bureaucratic commitment that will 
become progressively harder to undo the longer it continues.’” Presidio Golf Club v. Nat'l Park 
Serv., 155 F.3d 1153, 1162-63 (9th Cir. 1998) (quoting Sierra Club v. Marsh, 769 F.2d 868, 879 
(1st Cir.1985)). 



 
As stated by Rose Canyon Fisheries in its Final Report, the facility “would represent the 



first commercial scale, offshore fish farm in the federal waters of the United States.”58 As such, 
“[i]f successful, the project will serve as a model for the development of additional marine 
aquaculture projects in the waters offshore the United States.”59 Granting the NPDES permit and 
approving the Proposed Project would encourage other entities to pursue the same types of 
projects. And the terms and conditions of this particular NPDES permit could serve as a model 
for other future permits. Thus, EPA must conduct an EIS in order to prevent “the thoughtless 
setting in motion of a ‘chain of bureaucratic commitment that will become progressively harder 
to undo the longer it continues.’” Presidio, 155 F.3d at 1162-63. 
 



E. Granting the Permit Threatens a Violation of Federal Law 
 



Finally, EPA must prepare an EIS because the proposed action threatens a violation of 
the CWA and its implementing regulations — federal laws imposed to protect the environment. 
See 40 C.F.R. § 1508.27(b)(10) (in determining the significance of a proposed action’s effects on 
the environment, an agency must evaluate “[w]hether the action threatens the violation of a 
Federal, state or local law…imposed for the protection of the environment.”). 
 



The CWA requires that permits to discharge into the ocean comply with ocean discharge 
criteria. 33 U.S.C. § 1343. Pursuant to the ocean discharge criteria, EPA can issue a permit only 
if it concludes “that the discharge will not cause an unreasonable degradation of the marine 
environment.” 40 C.F.R. § 125.123. Unreasonable degradation of the marine environment is 
defined as:  



 
(1) Significant adverse changes in ecosystem diversity, productivity and stability of the 
biological community within the area of discharge and surrounding biological 
communities;  
(2) Threat to human health through direct exposure to pollutants or through consumption 
of exposed aquatic organisms; or  
(3) Loss of esthetic, recreational, scientific or economic values which is unreasonable in 
relation to the benefit derived from the discharge.  
 



                                                 
58 Final Report Rose Canyon Fisheries Sustainable Aquaculture Project, Sept. 2014 at 1.   
59 Id. at 2.  
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40 C.F.R. § 125.121(e). EPA must consider the following factors in the evaluation:  
 
(1) The quantities, composition and potential for bioaccumulation or persistence of the 
pollutants to be discharged;  
(2) The potential transport of such pollutants by biological, physical or chemical 
processes;  
(3) The composition and vulnerability of the biological communities which may be 
exposed to such pollutants, including the presence of unique species or communities of 
species, the presence of species identified as endangered or threatened pursuant to the 
Endangered Species Act, or the presence of those species critical to the structure or 
function of the ecosystem, such as those important for the food chain;  
(4) The importance of the receiving water area to the surrounding biological community, 
including the presence of spawning sites, nursery/forage areas, migratory pathways, or 
areas necessary for other functions or critical stages in the life cycle of an organism;  
(5) The existence of special aquatic sites including, but not limited to marine sanctuaries 
and refuges, parks, national and historic monuments, national seashores, wilderness areas 
and coral reefs;  
(6) The potential impacts on human health through direct and indirect pathways;  
(7) Existing or potential recreational and commercial fishing, including finfishing and 
shellfishing;  
(8) Any applicable requirements of an approved Coastal Zone Management plan;  
(9) Such other factors relating to the effects of the discharge as may be appropriate; and  
(10) Marine water quality criteria developed pursuant to section 304(a)(1). 



 
40 C.F.R. §125.22(a).  
 



Available information indicates that the Proposed Project will cause an unreasonable 
degradation of the marine environment. For example, the Proposed Project will lead to massive 
amounts of nutrient pollution. This pollution will exacerbate the occurrences and impacts of 
toxic algae blooms that can cause significant adverse changes in the stability of the marine 
environment, and threaten human health through consumption of exposed aquatic organisms. 
Further, the pollution will be discharged into an area that is ecologically rich and home to many 
ESA-listed species, and a migratory corridor and feeding grounds for endangered blue whales. 
Thus, granting the permit would be a violation of the CWA and its implementing regulations.  
 



II. EPA Must Consider a Reasonable Range of Alternatives and the Direct, Indirect 
and Cumulative Impacts of the Proposed Project  



 
Pursuant to NEPA, EPA’s EIS must describe:  
 
(1) The environmental impact of the proposed action; 
(2)  Any adverse environmental effects which cannot be avoided should the proposal be 
implemented;   
(3) Alternatives to the proposed action; and  
(4) The relationship between local short‐term uses of man’s environment and the 
maintenance and enhancement of long‐term productivity, and v. any irreversible and 
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irretrievable commitments of resources which would be involved in the proposed action 
should it be implemented.  



 
42 U.S.C. § 4332(C).  
 
The alternatives analysis “is the heart of the environmental impact statement.” 40 C.F.R. 



§ 1502.14. Here, EPA must consider alternatives to the proposed action — the issuance of a 
NPDES permit to Rose Canyon Fisheries to discharge pollutants from its offshore fish farm into 
the Pacific Ocean. EPA cannot define the project purpose so narrowly as to prevent the 
consideration of a reasonable range of alternatives. Indeed, the purpose and need inquiry is 
crucial for a sufficient environmental analysis because “[t]he stated goal of a project necessarily 
dictates the range of ‘reasonable’ alternatives.” Carmel-by-the-Sea v. U.S. Dep't of Transp., 123 
F.3d 1142, 1155 (9th Cir. 1997). Thus, “an agency cannot define its objectives in unreasonably 
narrow terms” without violating NEPA. Id.; see also 40 C.F.R. § 1502.5 (analysis must “not be 
used to rationalize or justify decisions already made”). Accordingly, EPA’s alternatives analysis 
must include a no-action alternative that represents the denial of the NPDES permit and rejection 
of the Proposed Project. Moreover, during preparation of the EIS, EPA cannot take any action 
that would “have an adverse environmental impact” or “limit the choice of reasonable 
alternatives.” Id. § 1506.1(a). 
 



EPA’s EIS must also describe the direct and indirect effects, and cumulative impacts of 
the proposed action. 40 C.F.R §§ 1502.16, 1508.7, 1508.8; Northern Plains Resource Council v. 
Surface Transportation Board, 668 F.3d 1067, 1072‐73 (9th Cir. 2011). These terms are distinct 
from one another. Direct effects are “caused by the action and occur at the same time and place.” 
40 C.F.R. § 1508.8(a). Indirect effects are caused by the action but, “are later in time or farther 
removed in distance, but are still reasonably foreseeable. Indirect effects may include growth 
inducing effects and other effects related to induced changes in the pattern of land use, 
population density or growth rate, and related effect on air and water and other natural systems, 
including ecosystems.” Id. § 1508.8(b). Finally, cumulative impacts are “the impact on the 
environment which results from the incremental impact of the action when added to other past, 
present, and reasonably foreseeable future actions regardless of what agency (Federal or 
non‐Federal) or person undertakes such other actions. Cumulative impacts can result from 
individually minor but collectively significant actions taking place over a period of time.” Id. § 
1508.7.   
 



In its EIS, EPA must address the direct and indirect impacts of the issues described 
above. EPA must also address the impacts from the Proposed Project when added to other 
actions that already stress or threaten the marine environment and wildlife, such as toxic algae 
blooms and nutrient pollution, commercial shipping, noise pollution and light pollution.  
 



III.   Issuance of the Permit Would Require Consultation Under Section 7 of the  
Endangered Species Act 



 
In addition, granting the permit would also require consultation under Section 7 of the 



ESA. In enacting the ESA, Congress recognized that certain species “have been so depleted in 
numbers that they are in danger of or threatened with extinction.” 16 U.S.C. § 1531(a)(2). 
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Accordingly, a primary purpose of the ESA is “to provide a means whereby the ecosystems upon 
which endangered species and threatened species depend may be conserved, [and] to provide a 
program for the conservation of such . . . species.” Id. § 1531(b). 
 



To reach these goals, Section 9 of the ESA prohibits any person, including any federal 
agency, from “taking” any endangered species without proper authorization through a valid 
incidental take permit. 16 U.S.C. § 1538(a)(1)(B); see also 50 C.F.R. § 17.31(a) (extending the 
“take” prohibition to threatened species managed by the U.S. Fish and Wildlife Service). The 
term “take” is statutorily defined broadly as “to harass, harm, pursue, hunt, shoot, wound, kill, 
trap, capture, or collect, or to attempt to engage in any such conduct.” 16 U.S.C. § 1532(19). The 
definition of “harm” has been defined broadly by regulation as “an act which actually kills or 
injures wildlife. Such act may include significant habitat modification or degradation where it 
actually kills or injures wildlife by significantly impairing essential behavioral patterns, 
including breeding, feeding or sheltering.” 50 C.F.R. § 17.3; see also Babbitt v. Sweet Home Ch. 
of Communities for a Great Oregon, 515 U.S. 687 (1995) (upholding regulatory definition of 
harm). Courts have found federal agencies liable for take of listed species where agency 
authorized activities resulted in the killing or harming of ESA-listed species. See e.g., Defenders 
of Wildlife v. Envtl. Prot. Agency, 882 F.2d 1294, 1300-01 (8th Cir. 1989); Strahan v. Coxe, 127 
F.3d 155, 163 (1st Cir. 1997). 
 



Additionally, Section 7(a)(2) of the ESA requires federal agencies to “insure that any 
action authorized, funded, or carried out by such agency . . . is not likely to jeopardize the 
continued existence of any endangered species or result in the destruction or adverse 
modification of [the critical] habitat of such species.” 16 U.S.C. § 1536(a)(2); 50 C.F.R. § 
402.14(a). “Action” is broadly defined to include “all activities or programs of any kind 
authorized, funded, or carried out, in whole or in part” by federal agencies and include granting 
permits and licenses, as well as actions that may directly or indirectly cause modifications to the 
land, water, or air. 50 C.F.R. § 402.02. 
 



To comply with Section 7(a)(2)’s mandate, federal agencies must consult with the 
delegated agency of the Secretary of Commerce or Interior whenever their actions “may affect” a 
listed species and utilize the “best scientific and commercial data available” in doing so. 16 
U.S.C. § 1536(a)(2); 50 C.F.R. § 402.14(a). At the completion of consultation, the expert agency 
issues a biological opinion that determines whether the action is likely to jeopardize the 
continued existence of the species. If so, the opinion must specify reasonable and prudent 
alternatives that would avoid the likelihood of jeopardy and allow the action to proceed. 16 
U.S.C. § 1536(b)(3)(A). 
 



A biological opinion that concludes that the agency action is not likely to jeopardize the 
continued existence of a listed species, but will result in take incidental to the agency action must 
include an incidental take statement (“ITS”). 16 U.S.C. § 1536(b)(4). The ITS specifies the 
impact of any expected takes of individual members of the species, provides reasonable and 
prudent measures necessary to minimize the impact of those takes, and sets forth terms and 
conditions that must be followed to insure against jeopardy. Id.; 50 C.F.R. § 402.14(i). When 
those listed species are marine mammals, however, the take must first be authorized pursuant to 
the MMPA, and the ITS must include any additional measures necessary to comply with the 
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MMPA take authorization. Id. The take of a listed species in compliance with the terms of a 
valid ITS is not prohibited under Section 9 of the ESA. 16 U.S.C. §§ 1536(b)(4), (o)(2); 50 
C.F.R. § 402.14(i)(5). 
 



As described above, several federally threatened and endangered species may be 
impacted by the Proposed Project. Although Rose Canyon Fisheries includes purported 
mitigation measures along with its permit application, those mitigation measures will not avoid 
all potential impacts to ESA-listed species from the Proposed Project, and in fact, specifically 
acknowledge that such impacts could result.60 Moreover, the majority of the “mitigation 
measures” consist of little more than a plan to make a plan in the future, nor are they binding 
conditions. Thus, they cannot be used to offset the impacts to listed species. See e.g., Nat’l 
Wildlife Fed’n v. Nat’l Marine Fisheries Serv., 524 F.3d 917, 936 (9th Cir. 2008) (“even 
a sincere general commitment to future improvements [cannot] be included in the proposed 
action in order to offset its certain immediate negative effects, absent specific and binding 
plans”).  



 
Accordingly, the EPA must engage in Section 7 consultation under the ESA. Its failure to 



consult would violate its clear statutory obligations under Section 7(a)(2), 16 U.S.C. § 
1536(a)(2), and render it liable for any harm to ESA-listed species that results from the Proposed 
Project. Strahan, 127 F.3d 155, 163 (1st Cir. 1997) (“a governmental third party pursuant to 
whose authority an actor directly exacts a taking of an endangered species may be deemed to 
have violated the provisions of the ESA”); id at 165 (“a single injury to one whale is a taking 
under the ESA”). 
 



IV.   The Permit Application Requires a Consistency Determination under the Coastal 
Zone Management Act 



 
EPA cannot issue the Permit unless and until the Proposed Project receives a consistency 



determination under the Coastal Zone Management Act (“CZMA”). Enacted in 1972, the CZMA 
seeks “to protect and to give high priority to natural systems in the coastal zone” and thereby 
prevent “[i]mportant ecological, cultural, historic, and esthetic values in the coastal zone…[from] 
being irretrievably damaged or lost.” 16 U.S.C. § 1451(e), (h). To reach these goals, the CZMA 
enhances the ability of coastal states to assume planning and regulatory powers over their coastal 
zone. Id. § 1451(m); S. Rep. No. 92-753 (1972). 



 
In particular, the CZMA authorizes states with federally approved coastal management 



programs to review federal license and permit activities in, or outside of, the coastal zone that 
affect land uses, water uses, or natural resources within the coastal zone to ensure the activity is 
fully consistent with the state’s management plan. 16 U.S.C. § 1456(c)(3)(A); see also 15 C.F.R. 
§ 930.53(a) (effects on coastal zone includes “reasonably foreseeable effects”). The Coastal Act 
is part of California’s federally approved coastal zone management program, and created the 
California Coastal Commission to, inter alia, ensure that federal actions are consistent with 
California’s coastal management program (“CMP”). Cal. Pub. Res. Code § 30008; American 
Petroleum Institute v. Knecht, 456 F.Supp. 889, 895 (C.D. Cal. 1978). 
 
                                                 
60 See e.g., Final Report at 10 (stating the applicant’s intent to report vessel collisions with marine wildlife). 
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In order to trigger the Commission’s consistency review, however, the activity must 
typically be included on the CMP List. 15 C.F.R. § 930.53(a).61 When a listed activity occurs 
outside the coastal zone, it can be subject to consistency review if it affects resources within the 
coastal zone and the Commission specifies the geographic location for such activities as part of 
its list. Id. Typically, a federal agency cannot issue a permit for listed activities unless the 
applicant submits a consistency certification to the Commission and the Commission concurs 
with that certification. 16 U.S.C. § 1456(c)(1)(A), (3)(A); 15 C.F.R. § 930.53(d). If the 
Commission objects to the applicant’s consistency certification, the federal government must 
deny the application, unless the applicant works with the Commission to develop conditions that 
will enable the activity to comply with the Coastal Act and otherwise satisfy the Commission’s 
concerns, 15 C.F.R. § 930.4(a), or the U.S. Secretary of Commerce overrules the state’s 
objection. 16 U.S.C. § 1456(c)(3)(A); 15 C.F.R. § 930.64. 
 



Permits issued by EPA under Section 402 of the CWA — the provision under which EPA 
would issue the NPDES permit — are on California’s CMP list.62 Thus, EPA cannot issue the 
permit unless and until the Commission deems it consistent with California’s Coastal Act. 
However, the Proposed Project is wholly inconsistent with California’s coastal management 
program. For example, given the myriad of detrimental environmental impacts detailed above, 
the Proposed Project, does not “protect the ecological balance of the coastal zone and prevent[] 
its deterioration and destruction,” Cal. Pub. Res. Code § 30001(c). Nor does the Proposed Project 
comply with the Coastal Act’s mandate that “[u]ses of the marine environment shall be carried 
out in a manner that will sustain the biological productivity of coastal waters and that will 
maintain healthy populations of all species of marine organisms adequate for long-term 
commercial recreational, scientific, and educational purposes.” Id. § 30230.  



 
V. Conclusion 



 
Offshore factory fish farming pollutes the ocean, threatens wild populations of fish by 



spreading disease and parasites, harms marine mammals and other marine life, and otherwise 
degrades fragile ocean habitats. Permitting the nation’s largest commercial factory fish farm in 
light of such risks would be incredibly improvident. And, given the discharge would constitute 
an unreasonable degradation of the marine environment, granting the permit would also 
constitute a violation of the CWA. The Center therefore urges EPA to deny the permit 
application under review. If, however, EPA moves forward with the permit, it must prepare an 
EIS under NEPA, engage in consultation under the ESA and cannot approve the permit unless 
and until the Proposed Project receives a consistency determination from California under 
CZMA.  
 
 
 
 
 



                                                 
61 The Commission can also review particular unlisted activities on a case-by-case basis if it requests, and receives, 
authorization from the National Oceanic and Atmospheric Administration to do so. 15 C.F.R. § 930.54. 
62 The Commission, Federal Consistency Program: List of Federal Licenses and Permits Subject to Certification 
for Consistency, http://www.coastal.ca.gov/fedcd/fedcndx.html.  
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Sincerely,  
 
/s/ Kristen Monsell  
 
Kristen Monsell 
Staff Attorney 
Center for Biological Diversity 
kmonsell@biologicaldiversity.org  
 
 
 
cc:  
Mark Delaplaine  
Federal Consistency Manager  
California Coastal Commission  
45 Fremont Street, Ste. 2000  
San Francisco, CA 94105 
(415) 904-5280 
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From: In Defense of Animals on behalf of Ana Menjivar
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, January 01, 2016 2:55:37 PM


Jan 1, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Ana Menjivar
1324 Harvard St
Santa Monica, CA 90404-2452
johnletycm@yahoo.com



mailto:takeaction@idausa.org

mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of Stacy Bell
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, December 05, 2015 9:29:25 PM


Dec 5, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Stacy Bell
4876 Princess Anne Rd Ste 118
Virginia Beach, VA 23462-4423
designpro.sb@gmail.com



mailto:takeaction@idausa.org
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From: Debbie H
To: Renee Owens
Cc: Richard Miller; R9RoseCanyon; Dave Raney
Subject: Re: San Diego Sierra Club Comments on NEPA Scoping for Rose Canyon Aquaculture Project
Date: Friday, January 15, 2016 4:57:59 PM


could I get the Word doc file because I would like to add in my
contact information too and use a better signature.


On Fri, Jan 15, 2016 at 4:09 PM, Renee Owens <renee@wildlifezone.net> wrote:
> Editing at 3:30 AM is not recommended. I missed a couple small typos, but
> that bugs me so: in case you use this document for future reference for
> anything, or to share, replace the last version with this one in your files.
>
>
>
> **************************
>
> Renée Owens
>
>
>
>
>
> From: Richard Miller [mailto:richard.miller@sierraclub.org]
> Sent: Friday, January 15, 2016 9:20 AM
> To: R9RoseCanyon@epa.gov
> Cc: Renee Owens; d.raney108@gmail.com; Debbie H
> Subject: San Diego Sierra Club Comments on NEPA Scoping for Rose Canyon
> Aquaculture Project
>
>
>
> Please see attached letter re:  San Diego Sierra Club Comments on NEPA
> Scoping for Rose Canyon Aquaculture Project
>
>
>
> Please acknowledge receipt.
>
> Thank You
>
>
> Richard Miller
>
> Sierra Club San Diego
>
> Development Coordinator
>
> 858-569-6005
>
> 8304 Clairemont Mesa Blvd, Ste 101
>
> San Diego, CA 92111-1315
>



mailto:hecht.deb@gmail.com

mailto:renee@wildlifezone.net

mailto:richard.miller@sierraclub.org

mailto:R9RoseCanyon@epa.gov
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mailto:richard.miller@sierraclub.org





>
>
> Not a Member?
>
> Not a Member?  Join at
> http://click.linksynergy.com/fs-bin/click?id=wxPd*Jh*z/E&offerid=343370.10000002&type=3&subid=0
>
>
>
> Help us continue our good work, DONATE at
> http://www.sandiego.sierraclub.org/home/index.asp?content=joinorgive


--
Debbie Hecht, Chair, Conservation Committee, Sierra Club San Diego,
 with 12,000 members in San Diego and Imperial Counties
(808) 989-3222


Website: http://sandiegosierraclub.org/


Please join the Sierra Club at :
http://www.sandiego.sierraclub.org/home/index.asp?content=joinorgive



http://click.linksynergy.com/fs-bin/click?id=wxPd*Jh*z/E&offerid=343370.10000002&type=3&subid=0

http://www.sandiego.sierraclub.org/home/index.asp?content=joinorgive
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From: In Defense of Animals on behalf of Meray Dedeci
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Thursday, November 26, 2015 5:08:45 AM


Nov 26, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Meray Dedeci
Marie van zeggelen str 5
Marie van zeggelen str
Spijkenisse, NL 3207hp
mer_inci_@live.nl
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From: Matt O"Malley
To: R9RoseCanyon
Cc: Sablad, Elizabeth; Tymes, Melanie B SPL; Smith, DavidW; Kozelka, Peter; diane.windham@noaa.gov;


 deborah.lee@coastal.ca.gov; greg.murphy@sdcounty.ca.gov; cassidy.teufel@coastal.ca.gov; Gavaldon,
 Alejandra; Gibson, David@Waterboards; Sara Aminzadeh; Travis Pritchard


Subject: San Diego Coastkeeper comments on NEPA Scoping for the Rose Canyon Aquaculture ATTN: WTR-2-3
Date: Wednesday, January 13, 2016 1:53:54 PM
Attachments: SD Coastkeeper EPA NEPA Scoping Comments 1.13.16.pdf


Attachment 1 San Diego Coastkeeper Comments on Permit No. SPL-2014-00600-MBT.pdf
Attachment 2 EPA.San Diego Pt. Loma.Pure Water letter 9.17.15.pdf
Attachment 3 FINAL Coop Agreement on Pt Loma.pdf
Attachment 4 Bibliography.pdf


Hello,


Attached please find our comments with attachments on NEPA scoping for the Rose Canyon
 Aquaculture Project.


Thank you.


Sincerely,


Matt O'Malley


-- 
Matt O'Malley
Waterkeeper, Legal & Policy Director
matt@sdcoastkeeper.org
(o) 619-758-7743 x119
(c) 619-241-1894


San Diego Coastkeeper®


www.sdcoastkeeper.org


@SDWaterkeeper
@sd_coastkeeper
 


LEGAL PRIVILEGE AND CONFIDENTIALITY NOTICE: This e-mail is intended only for the individual(s) or entity(s) named within the message.
 This e-mail might contain legally privileged and confidential information. If you properly received this e-mail as a client or retained expert, please
 hold it in confidence to protect the attorney-client or work product privileges. Should the intended recipient forward or disclose this message to
 another person or party, that action could constitute a waiver of the attorney-client privilege. If the reader of this message is not the intended recipient,
 or the agent responsible to deliver it to the intended recipient, you are hereby notified that any review, dissemination, distribution or copying of this
 communication is prohibited by the sender and to do so might constitute a violation of the Electronic Communications Privacy Act, 18 U.S.C. section
 2510-2521. If this communication was received in error we apologize for the intrusion. Please notify us by reply e-mail and delete the original
 message without reading same. Nothing in this e-mail message shall, in and of itself, create an attorney-client relationship with the sender.
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January 13, 2016 



U.S. Environmental Protection Agency, Region 9 



ATTN: (WTR-2-3) 



75 Hawthorne St. 



San Francisco, CA 94106 



R9RoseCanyon@epa.gov 



Sent via email 



 



Re: San Diego Coastkeeper Comments on NEPA Scoping for Rose Canyon 



Aquaculture Project 



 



Dear Elizabeth Sablad: 



 



Thank you for the opportunity to provide comments on scoping pursuant to the 



National Environmental Policy Act (NEPA) and applicable federal regulations.1  



Founded in 1995, San Diego Coastkeeper (“Coastkeeper”) is a non-profit organization 



working to protect and restore the fishable, swimmable, drinkable waters of San Diego 



region’s bays, watersheds, beaches, and ocean.   



 



The EPA Should Deny the Application 



 



The proposed project constitutes a first of its kind offshore finfish farm of 



unprecedented size and scope located in federal waters and starting approximately 3.6 



miles off the San Diego coastline.  Nothing like this project exists or has been permitted 



in federal waters of the United States.  This is due in large part to the fact that currently 



neither comprehensive environmental regulations nor express Congressional authority to 



review and permit such activities in federal public trust waters exists.  As such, 



significant legal and regulatory impediments stand in the way of this project moving 



forward.  For these reasons, and those stated in previous letters addressing Army Corps 



permitting2, the EPA should deny this permit unless and until both comprehensive 



environmental regulations ensuring environmental protection and express Congressional 



delegation for offshore aquaculture activities exist. 



 



If, despite the lack of clear legal and regulatory authority, the EPA decides to 



move forward with environmental review of the permit, an EIS, rather than an EA, 



                                                        
1 See generally NEPA (42 USC 4321-4370h); 40 CFR Part 1500-1508; and 40 CFR Part 6. 
2 Coastkeeper’s comments on Army Corps Permit No. SPL-2014-00600-MBT are included as 
Attachment 1 and incorporated by reference.  See, for example, pp. 17-23 of our comments 



specifically discussing the lack of Corps authority and regulations to approve open ocean 



aquaculture projects.  There exist similar questions regarding whether EPA has jurisdiction or 



authority to permit the proposed project without a property right or express Congressional 
authorization. 





file:///C:/Users/Matt/Desktop/Coastkeeper%20Folder/COASTKEEPER%20WORK%20WATERKEEPER/Aquaculture/NEPA%20SCOPING%20COMMENTS/To%20be%20submitted/R9RoseCanyon@epa.gov
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should be prepared.  As discussed in detail below, there is a substantial likelihood that 



this project would result in significant environmental impacts.   



 



Finally, Coastkeeper suggests that the EIS be conducted as a joint EIR/EIS with 



the California Coastal Commission acting as lead state agency, as there is a strong 



likelihood that coastal resources associated with the project’s activities such as supply 



piers and other infrastructure would be necessary.  The impacts of such coastal dependent 



development would require approval by the Coastal Commission.  Thus, a joint EIR/EIS 



should be conducted. 



 



Preparation of an Environmental Impact Statement is Required 



 



The purpose of NEPA and its relevant implementation regulations is, quite 



simply, “to promote efforts which will prevent or eliminate damage to the 



environment…”3.  To achieve that purpose NEPA requires that federal agencies, 



“consider every significant aspect of environmental impact of a proposed action…[and] 



inform the public that it has indeed considered environmental concerns,” and it imposes, 



“requirements designed to force agencies to take a “hard look” at environmental 



consequences.”4 “NEPA procedures must insure that environmental information is 



available to public officials and citizens before decisions are made and before actions are 



taken. The information must be of high quality. Accurate scientific analysis, expert 



agency comments, and public scrutiny are essential to implementing NEPA”.5 Finally, 



“the NEPA process is intended to help public officials make decisions that are based on 



understanding of environmental consequences, and take actions that protect, restore, and 



enhance the environment”.6 



 



To achieve NEPA’s purposes of protection, restoration, and enhancement of the 



environment it is imperative that the proper level of environmental review be conducted.  



This examination must include a detailed, rigorous identification and analysis of the 



foreseeable consequences of an action.  This is especially true with projects and impacts 



that are without precedent in our country, as is the case here. 



 



NEPA requires the preparation of an Environmental Impact Statement (“EIS”) in 



circumstances where an action, “significantly affects the quality of the human 



environment”.7  An assessment of whether an action is “significant” hinges on both the 



“context” and “intensity” of the action.  Context “means that the significance of an action 



must be analyzed in several contexts such as society as a whole (human, national), the 



                                                        
3 42 U.S.C. 4321. 
4 Earth Island Institute v. U.S. Forest Service, 351 F.3d 1291. 
5 40 C.F.R. § 1500.1 
6 40 C.F.R. § 1500.1(c), emphasis added. 
7 42 U.S.C. §4332(2)(C) 











3 
 



affected region, the affected interests, and the locality. Significance varies with the 



setting of the proposed action”.8 



 



Intensity refers to the severity of the impact and “relates to the degree to which 



the agency action affects the locale and interests identified in the context part of the 



inquiry.”9  In evaluating intensity, the following factors are to be considered: 



 



(1) Impacts that may be both beneficial and adverse; 



(2) The degree to which the proposed action affects public health or safety; 



(3) Unique characteristics of the geographic area such as proximity to 



ecologically critical areas; 



(4) The degree to which the effects on the quality of the human environment are 



likely to be highly controversial; 



(5) The degree to which the possible effects on the human environment are highly 



uncertain or involve unique or unknown risks; 



(6) The degree to which the action may establish a precedent for future actions 



with significant effects or represents a decision in principle about a future 



consideration 



(7) Whether the action is related to other actions with individually insignificant 



but cumulatively significant impacts; 



(8) The degree to which the action may cause loss or destruction of significant 



scientific, cultural, or historical resources; 



(9) The degree to which the action may adversely affect an endangered or 



threatened species or its habitat; and 



(10) Whether the action threatens a violation of Federal, State, or local law or 



requirements imposed for the protection of the environment. 



 



NEPA Regulations Require the Preparation of an EIS 



 



It is clear that most, if not all, of the NEPA factors of significance are met in this 



case and preparation of an EIS is required. 



 



(5) Uncertainty and Unknown and Unique Risks 



Preparation of an EIS is mandated where uncertainty may be resolved by further 



collection of data, or where, “the collection of such data may prevent ‘speculation on 



potential…effects. The purpose of an EIS is to obviate the need for speculation by 



insuring that available data are gathered and analyzed prior to the implementation of the 



proposed action’.”10   



                                                        
8 40 C.F.R. § 1508.27 
9 40 C.F.R. § 1508.27 and Nat'l Parks & Conservation Ass'n v. Babbitt, 241 F.3d 722, 731 (9th 
Cir. 2001). 
10 Nat'l Parks & Conservation Ass'n v. Babbitt, 241 F.3d 722, 732 (9th Cir. 2001) 











4 
 



The applicant’s own environmental document points out in several places that 



important project elements and impacts are “unknown”11 and that, “impacts on receiving 



waters from offshore aquaculture facilities have not been characterized to date.”12  



Additionally, the Report acknowledges the unresolved nature of impacts and effects, as 



well as the difficulty in controlling these impacts and effects, in stating, “excess feed, 



fecal material, and therapeutics generated by the net-pen system can impact both water 



and sediment quality, and are difficult to assess and control.”13  Scientific literature 



indicates that the benthic effects of fish farming in deep water are poorly understood.14  



As such, there exists a significant degree of uncertainty, and unknown and unique risks 



are associated with project impacts. 



 



(3) Unique characteristics of the geographic area such as proximity to…ecologically 



critical areas; and… 



 



(8) The degree to which the action…may cause loss or destruction of significant 



scientific, cultural, or historical resources. 



 



The proposed project is located in close proximity to one, and moderate proximity 



to several, California Marine Protected Areas (MPAs).  MPAs were established as a 



network, in part, “to help sustain, conserve, and protect marine life populations…and 



rebuild those that are depleted,” to, “protect the natural diversity and abundance of 



marine life...and integrity of marine ecosystems,” and to, “improve recreational, 



education, and study opportunities provide by marine ecosystems.”15  MPAs, by 



definition, are unique ecologically critical areas and significant scientific and cultural 



resources. 



 



Escapes are common in the aquaculture industry and can be massive.16  Among 



the impacts of escapes are genetic contamination of the wild genome, competition with 



                                                        
11 For example, the applicant’s Final Report: Rose Canyon Fisheries, Sept. 2014 (“Final Report”) 
states, “the potential for use of antibiotics for the proposed project is unknown at this time,”(p. 



59) and “the breeding population origins and migratory habits of olive ridley turtles frequenting 



waters off the west coast of the U.S. are unknown” (p.77). 
12 Final Report, p. 17.  The Report continues, recognizing the uniqueness and precedential nature 
of this project, “this is largely due to the lack of offshore facilities.”  Id. 
13 Final Report, p. 28.  
14 Holmer M. Environmental issues of fish farming in offshore waters: perspectives, concerns and 
research needs. Aquac Environ Interact. 2010;1:57-70.  See also Environmental Best 



Management Practices for Aquaculture, Edited by Tucker and Hargreaves, 2008 on p 263: “Most 



net pens are operating in coastal marine environments, and the complexity of that ecosystem 
makes it difficult to accurately assess risks.”   
15 California Marine Life Protection Act, Section 2853. 
16 Naylor R, Burke M. Aquaculture and Ocean Resources: Raising Tigers of the Sea. Annu Rev 



Environ Resour. 2005;30:185-218., and Issue Brief, February 2013 from Food and Water Watch, 
listing numerous examples of mass escapes. 
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wild fish for food and favorable space, predation on wild fish, and disease and parasite 



transmission, to name a few.17  The applicant’s own report points out just some of the 



significant impacts that may result from escapes when it states, “escapees may present a 



genetic threat to locally adapted natural populations,”18 and: 



“Escaped fish may compete with wild populations for mates and nesting sites.  



They may compete with native fish species for forage and habitat space, predate 



on endemic fish populations, and act as vectors for the introduction of bacterial or 



viral pathogens or parasites.  The effects of these processes can be a reduction in 



the numerical or genetic fitness of the wild population, and possibly a reduction in 



the fitness of other fish populations.”19 



 



 It is well established that fish feed and fecal waste can have significant adverse 



impacts on the environment.20 The applicant’s Final Report acknowledges as much in 



stating, “unconsumed feed and fecal waste can result in organic buildup that produces a 



variety of physical, chemical, and biological changes within the benthos,”21 and that, 



“studies have repeatedly implicated excessive feed as a cause of changes in benthic 



community structure around aquaculture facilities.”22  The scientific literature supports 



the likelihood of significant impacts and indicates that, as opposed to operations in 



shallower and less dynamic locations, expected increased dispersal of waste products in a 



deep, dynamic location results in potential effects at a much larger spatial scale.23  



Numerous examples of both near- and far-field aquaculture-derived nutrient and 



contaminant loading of sediments exist in the literature.24  



                                                        
17 Holmer M. Environmental issues of fish farming in offshore waters: perspectives, concerns and 



research needs. Aquac Environ Interact. 2010;1:57-70., Toledo-Guedes K, Sanchez-Jerez P, 



Benjumea ME, Brito A. Farming-up coastal fish assemblages through a massive aquaculture 
escape event. Mar Environ Res. 2014;98:86-95., and Noble T, Smith-Keune C, Jerry D. Genetic 



investigation of the large-scale escape of a tropical fish, barramundi Lates calcarifer, from a sea-



cage facility in northern Australia. Aquac Environ Interact. 2014;5:173-183.. 
18 Final Report, p. 85. 
19 Id. 
20 Sarà, G., M. Lo Martire, M. Sanfilippo, G. Pulicanò, G. Cortese, A. Mazzola, A. Manganaroc, 
and A. Pusceddu. 2011. Impacts of marine aquaculture at large spatial scales: Evidences from N 



and P catchment loading and phytoplankton biomass. Marine Environmental Research. 71(5): 



317-324.  
21 Final Report, p. 55. 
22 Id.  See also Attachments 1 and 4 to these comments. 
23 Bannister RJ, Valdemarsen T, Hansen PK, Holmer M, Ervik A. Changes in benthic sediment 



conditions under an atlantic salmon farm at a deep, well-flushed coastal site. Aquac Environ 
Interact. 2014;5:29-47. 
24 See, for example, Sarà G, Scilipoti D, Mazzola A, Modica A. Effects of fish farming waste to 



sedimentary and particulate organic matter in a southern Mediterranean area (Gulf of 
Castellammare, Sicily): A multiple stable isotope study (δ13C and δ15N). Aquaculture. 



2004;234:199-213., Yokoyama H, Abo K, Ishihi Y. Quantifying aquaculture-derived organic 



matter in the sediment in and around a coastal fish farm using stable carbon and nitrogen isotope 



ratios. Aquaculture. 2006;254:411-425., Holmer M, Marba N, Diaz-Almela E, Duarte CM, 
Tsapakis M, Danovaro R. Sedimentation of organic matter from fish farms in oligotrophic 
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Aquaculture practices have been known to attract large and persistent 



aggregations of fish25, thereby having potentially large impacts on wild fish feeding 



behavior, energetics26, fecundity27, and migratory behavior28, as well as the increased 



potential for disease transmission29 or genetic introgression30 between wild and farmed 



fish stocks.   



 



The location of a massive fish farm in fairly close proximity to, and within the 



network of, San Diego MPAs that are meant to collectively, “help conserve biological 



diversity, provide a sanctuary for marine life, and enhance recreational and educational 



opportunities,”31 may have a significant impact on the unique ecologically critical Marine 



Protected Areas and may result in the loss and destruction of scientific and cultural 



resources present in those Areas and beyond. 



 



(9) The degree to which the action may adversely affect an endangered or threatened 



species or its habitat that has been determined to be critical under the Endangered 



Species Act of 1973.  



 



                                                        
Mediterranean assessed through bulk and stable isotope (δ13C and δ15N) analyses. Aquaculture. 



2007;262:268-280, Bannister RJ, Valdemarsen T, Hansen PK, Holmer M, Ervik A. Changes in 
benthic sediment conditions under an atlantic salmon farm at a deep, well-flushed coastal site. 



Aquac Environ Interact. 2014;5:29-47 Debruyn AMH, Trudel M, Eyding N, et al. Ecosystemic 



effects of salmon farming increase mercury contamination in wild fish. Environ Sci Technol. 
2006;40(11):3489-3493., Nikolaou M, Neofitou N, Skordas K, Castritsi-Catharios I, Tziantziou 



L. Fish farming and anti-fouling paints: a potential source of Cu and Zn in farmed fish. Aquac 



Environ Interact. 2014;5:163-172.. 
25 See, for example, Dempster T, Uglem I, Sanchez-Jerez P, et al. Coastal salmon farms attract 
large and persistent aggregations of wild fish: An ecosystem effect. Mar Ecol Prog Ser. 



2009;385(Fao 2008):1-14., and Bustnes JO, Nygård T, Dempster T, et al. Do salmon farms 



increase the concentrations of mercury and other elements in wild fish? J Environ Monit. 
2011;13:1687-1694.  Aquaculture facilities may act as ecological traps, where wild populations 



prefer low quality habitat that acts as a population sink over high quality source habitats. Battin J 



(2004) When good animals love bad habitats: Ecological traps and the conservation of animal 
populations. Conserv Biol 18:1482–1491. doi: 10.1111/j.1523-1739.2004.00417.x 
26 Abaad M, Tuset VM, Montero D, et al (2016) Phenotypic plasticity in wild marine fishes 



associated with fish-cage aquaculture. Hydrobiologia 765:343–358. doi: 10.1007/s10750-015-



2428-5. 
27 Uglem I, Karlsen Ø, Sanchez-Jerez P, Sæther B (2014) Impacts of wild fishes attracted to open-



cage salmonid farms in Norway. Aquac Environ Interact 6:91–103. doi: 10.3354/aei00112. 
28 Ottera H, Skilbrei OT (2014) Possible influence of salmon farming on long-term resident 
behaviour of wild saithe (Pollachius virens L.). ICES J Mar Sci 71:2484–2493. doi: 



10.1093/icesjms/fst176. 
29 Krkosek M, Lewis M a, Morton A, et al (2006) Epizootics of wild fish induced by farm fish. 
Proc Natl Acad Sci U S A 103:15506–15510. doi: 10.1073/pnas.0603525103. 
30 Skjæraasen JE, Meager JJ, Karlsen Ø, Mayer I, Dahle G, Rudolfsen G, Fernö A (2010) Mating 



competition between farmed and wild cod Gadus morhua. Mar Ecol Prog Ser 412:247-258. 
31 California Fish and Wildlife MPA website; 
https://www.wildlife.ca.gov/Conservation/Marine/MPAs, last accessed December 9, 2015. 





https://www.wildlife.ca.gov/Conservation/Marine/MPAs
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The proposed location for this project provides habitat to numerous marine 



species listed under the Endangered Species Act (“ESA”), including blue whales, 



humpback whales, fin whales, sperm whales, Guadalupe fur seals, loggerhead sea turtles, 



green sea turtles, and leatherback sea turtles.32  It is also home to listed bird species 



including the California least tern and the western snowy plover.33  Aggregations of fish 



will attract predators, including protected marine mammals, fish, and birds, and may have 



significant adverse effects on such species.34   Additionally, an increase in shipping 



traffic from project activities may lead to increased ship strikes to endangered and 



threatened species, resulting in adverse effects.35 



 



(7) Whether the action is related to other actions with individually insignificant but 



cumulatively significant impacts. 



 



The proposed location of the project falls directly within the monitoring and 



sampling zone for Pt. Loma Wastewater Treatment Plant (“PLWWTP”).  Currently the 



PLWWTP discharges treated effluent at less-than-secondary treatment and continues to 



receive a waiver from secondary treatment under Section 301(h) of the Clean Water Act.  



That section and the NPDES permit for PLWWTP contain specific requirements for 



monitoring and for attainment of benthic health and water quality standards.  The Point 



Loma Permit Monitoring and Reporting Program (Attachment E to that permit) lists 



specific GPS longitude and latitude locations for offshore monitoring stations required to 



be monitored as part of the NPDES waiver.36   One monitoring station in particular is 



situated directly within the planned footprint of this project37, while several others are in 



close proximity to the project.38   



 



                                                        
32 50 C.F.R. § 17.11 
33 Id. 
34 Jiménez JE, Arriagada AM, Fontúrbel FE, Camus PA, Ávila-Thieme MI (2013) Effects of 



exotic fish farms on bird communities in lake and marine ecosystems. Naturwissenschaften 



100:779–787, and Papastamatiou, Yannis P., Itano, David G., Dale, Jonathan J., Meyer, Carl G., 
and Holland, Kim N. (2010). Site fidelity and movements of sharks associated with ocean-



farming cages in Hawaii. Marine and Freshwater Research 61, 1366–1375. 
35 See, for example: “Mortality from ship strikes has been identified as a threat to population 



recovery of these vulnerable whale species.”  NOAA, 
http://sanctuaries.noaa.gov/protect/shipstrike/welcome.html (last accessed January 6, 2016); and, 



“Commercial vessel traffic along the coast of California may negatively impact large whales, 



both through chronic exposure to engine and propeller noise, and the increased risk of ship 
strike.” NOAA, “Of Ships and Whales”, found at 



http://sanctuaries.noaa.gov/protect/shipstrike/pdfs/poster.pdf.  This, despite the fact that, 



“mortality of whales due to vessel collision is likely underestimated and under-documented…”  
Id. 
36 NPDES Permit No. CA 0107409 (Order No. R9-2009-002), Attachment E, Pages E4-E6. 
37 Site F-23.  NPDES Permit No. CA 0107409 (Order No. R9-2009-002), Attachment E. 
38 See, for example, monitoring sites F-34, F-26, F33, F22, F35, SD13, B8, and F24, to name a 
few.  NPDES Permit No. CA 0107409 (Order No. R9-2009-002), Attachment E. 





http://sanctuaries.noaa.gov/protect/shipstrike/welcome.html
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NEPA defines “cumulative impact” as, “the impact on the environment which 



results from the incremental impact of the action when added to other past, present, and 



reasonably foreseeable future actions regardless of what agency (Federal or non-Federal) 



or person undertakes such other actions.”39  “Cumulative impacts can result from 



individually minor but collectively significant actions taking place over a period of 



time.”40  The applicant’s own Report indicates that, “benthic effects should be anticipated 



with the culture or natural aggregation of any large biomass of animals.”41  Additionally, 



oxygen depletion, eutrophication, and harmful algae blooms may occur as a result of 



aquaculture activities.42  There is already evidence of anthropogenic nutrient loading 



rivaling the naturally occurring upwelling sources at regional scales in the Southern 



California Bight, a pattern of declining oxygen content along the southern California 



coast, and potential links between anthropogenic nitrogen sources and HABs.43  



Continued discharges from the PLWWTP, in combination with discharges from a 



massive factory fish farm and its associated waste, feed, and antibiotics, may 



cumulatively result in significant impacts.  



 



(6) The degree to which the action may establish a precedent for future actions with 



significant effects or represents a decision in principle about a future consideration 



 



 It is undisputed that this project would be, “the first commercial-scale, offshore 



fish farm in the federal waters of the United States.”44  In fact, the applicant proposes this 



project to specifically, “serve as a model for the development of additional marine 



aquaculture projects in the waters offshore the United States.”45  Thus, approval of an 



NPDES permit for this project is certain to establish a precedent for future actions with 



significant effects, or represents a decision in principle about a future consideration. 



 



(10) Whether the action threatens a violation of Federal, State, or local law or 



requirements imposed for the protection of the environment 



                                                        
39 40 C.F.R. § 1508.7.  The proposed project is a self-described demonstration project, and 



therefore “reasonably foreseeable actions” should include other similarly scaled projects. 
40 Id. 
41 Final Report, p. 56. 
42 Final Report, p. 52.   
43 Howard, M. D. A. , Sutula M. , Caron D. A. , Chao Y. , Farrara J. D. , Frenzel H. , Jones B. , 
Robertson G. , McLaughlin K. , Sengupta A. (2014) Anthropogenic nutrient sources rival natural 



sources on small scales in the coastal waters of the Southern California Bight, Limnology and 



Oceanography, 59, doi: 10.4319/lo.2014.59.1.0285, and Booth J. A. T. , Woodson C. B. , Sutula 
M. , Micheli F. , Weisberg S. B. , Bograd S. J. , Steele A. , Schoen J. , Crowder L. B. , (2014), 



Patterns and potential drivers of declining oxygen content along the southern California coast, 



Limnology and Oceanography, 59, doi: 10.4319/lo.2014.59.4.1127., and Nezlin, N. P., M. A. 
Sutula, R. P. Stumpf, and A. Sengupta (2012), Phytoplankton blooms detected by SeaWiFS 



alongthe central and southern California coast, J. Geophys. Res., 117, C07004, 



doi:10.1029/2011JC007773. 
44 Final Report, p. 1. 
45 Id., at p. 2. 
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Because state waters will be impacted by the proposed project due to the nature of 



the proposal and the close proximity of the project, any environmental review that occurs 



must be done in the context of ensuring consistency with California law under the Coastal 



Zone Management Act (CZMA), California Coastal Act, the California Sustainable 



Oceans Act (S.B. 201), and other state laws governing coastal management.  The 



proposed project would violate, or threaten to violate, these applicable Federal and State 



laws. 



 



For example, the California Coastal Act requires that, “marine resources shall be 



maintained, enhanced, and, where feasible, restored,” and that “uses of the marine 



environment shall be carried out in a manner that will sustain the biological productivity 



of coastal waters and that will maintain healthy populations of all species of marine 



organisms.”46  Further, the Act requires that, “the biological productivity and the quality 



of coastal waters…appropriate to maintain optimum populations of marine organisms and 



for the protection of human health shall be maintained and, where feasible, restored.”47  



The Act requires that, “the economic, commercial, and recreational importance of fishing 



activities shall be recognized and protected.”48  Finally, the California Ocean Plan 



prohibits degradation to marine and benthic communities.49  Yet, detrimental impacts to 



the seafloor, benthic communities, and marine life should be expected.50   



 



(2) The degree to which the proposed action affects public health or safety 



 



 High nutrient levels associated with the proposed action can stimulate harmful 



algae blooms, which can significantly impact public health. According to the applicant’s 



Final Report, “nutrient loads from coastal aquaculture farms may contribute to the growth 



of these blooms,” and, “laboratory studies of fish farm wastes indicate that they can 



stimulate dinoflagellate growth.”51  Further potential public health threats stem from the 



                                                        
46 Cal. Pub. Res. Code § 30230 
47 Cal. Pub. Res. Code § 30231 
48 Cal. Pub. Res. Code § 30234.5.  “Aquaculture” is distinguished from “fishing” in the Coastal 



Act in Section 30100.2, and is instead categorized as agriculture: “’Aquaculture’ means a form of 



agriculture as defined in Section 17 of the Fish and Game Code. Aquaculture products are 



agricultural products, and aquaculture facilities and land uses shall be treated as agricultural 
facilities and land uses in all planning and permit-issuing decisions governed by this division”.  



Cal. Pub. Res. Code § 30100.2 (West) 
49 See California Ocean Plan 2012, p. iv, “The Ocean Plan is clear that there shall not be 
degradation of marine communities…due to waste discharges.”   
50 See Final Report Rose Canyon Fisheries Sustainable Aquaculture Project, Marine Research 



Specialists, September 2014, p. 55.  “The most commonly reported and measurable effects of net 
pen aquaculture involve the near field excessive loading of bottom sediments with particulate 



organic matter,” and, “It is an accepted fact that seafloor accumulations of consumed feed and 



fecal waste can result in organic buildup that produces a variety of physical, chemical, and 



biological changes within the benthos.”    
51 Final Report, p. 52.  See also Kudela et. al, 2008. 
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use of antibiotics, pesticides, antifoulants, metals, and other organic pollutants, which 



have been shown to persist in the surrounding environment.52   



 



(4) The degree to which the effects on the quality of the human environment are likely to 



be highly controversial 



 



 The existing scientific literature on expected or known negative impacts, in 



addition to the unknown and unstudied risks of large-scale, offshore aquaculture 



activities, contribute to the highly controversial nature of effects on the environment.   



Additionally, the lack of existing offshore aquaculture environmental regulations and 



serious questions surrounding agency authority to regulate activities in public trust waters 



without express Congressional authorization all contribute to the highly controversial 



nature of the proposed project.   



 



While the lack of comprehensive regulations and standardized best management 



practices and mitigation requirements for offshore aquaculture alone justifies preparation 



of an EIS, when coupled with the scientific literature on impacts that result from marine 



aquaculture projects, many, if not all, of the above requirements of significance are met.  



As such an EIS is required.   



 



Finally, courts have consistently held, “that an EIS must be prepared if 



‘substantial questions are raised as to whether a project…may cause significant 



degradation,”53 and that an interested party, “need not show that significant effects will in 



fact occur.”54  Instead, “raising ‘substantial questions whether a project may have a 



significant effect’ is sufficient.”55  If an interested party, “raises substantial questions 



whether a project may have a significant effect, an EIS must be prepared. This is a low 



standard.”56 



 



EPA Regulations Require an EIS 



 



Similar to general NEPA regulatory requirements, EPA’s own NEPA regulations 



require the preparation, “of an environmental impact statement…for major federal 



                                                        
52 Cabello FC, Godfrey HP, Tomova A, et al (2013) Antimicrobial use in aquaculture re-
examined: its relevance to antimicrobial resistance and to animal and human health. Environ 



Microbiol 15:1917–42. doi: 10.1111/1462-2920.12134; and Sapkota A, Sapkota AR, Kucharski 



M, et al (2008) Aquaculture practices and potential human health risks: Current knowledge and 
future priorities. Environ Int 34:1215–1226. doi: 10.1016/j.envint.2008.04.009; and Cole DW, 



Cole R, Gaydos SJ, et al (2009) Aquaculture: Environmental, toxicological, and health issues. Int 



J Hyg Environ Health 212:369–377. doi: 10.1016/j.ijheh.2008.08.003 
53 Idaho Sporting Congress vs. Thomas, 137 F.3d 1146, 1149; LaFlamme vs FERC, 852 F. 2d 



389, 398, emphasis original. 
54 Id.  
55 Id. 
56 Klamath Siskiyou Wildlands Ctr. v. Boody, 468 F.3d 549, 562 (9th Cir. 2006). 
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actions significantly affecting the quality of the human environment.”57  Those same 



regulations recognize an EIS is normally required for an action if it meets any of the 



following criteria:58 



i. The proposed action would result in a discharge of treated effluent from a new or 



modified existing facility into a body of water and the discharge is likely to have a 



significant effect on the quality of the receiving waters; (See discussion above on 



waste and antibiotic discharge likely to have significant impact on quality of 



receiving waters). 



ii. The proposed action would be inconsistent with state or local government, or 



federally-recognized Indian tribe environmental, resource-protection, or land-use 



laws and regulations for protection of the environment; (See discussion above on 



violations or potential violations of California Coastal Act, Sustainable Oceans 



Act, and Coastal Zone Management Act). 



iii. The proposed action is likely to significantly affect the environment through the 



release of radioactive, hazardous or toxic substances, or biota; (See discussion 



above on escaped and/or diseased fish). 



iv. The proposed action involves uncertain environmental effects or highly unique 



environmental risks that are likely to be significant; (See discussion above on 



unknown and unique risks of offshore aquaculture). 



v. The proposed action is likely to significantly affect environmentally important 



natural resources such as … coastal zones… and significant fish or wildlife 



habitat; (See discussion above of impacts to MPAs and the Southern California 



Bight, above). 



vi. The proposed action in conjunction with related federal, state or local 



government, or federally recognized Indian tribe projects is likely to produce 



significant cumulative impacts; (See discussion on PLWWTP discharges, above, 



for cumulative impacts). 



 



As discussed above and in our attached comments to the Army Corps, the proposed 



action requires the preparation of an EIS as each of the above criteria are met. 



 



The EPA Must Identify and Analyze All Significant Environmental Impacts 



 



Issuance of an NPDES permit to the applicant for the proposed project would 



result in significant and unavoidable adverse environmental impacts.  Our comments on 



the many significant impacts that may result from issuance any permit to this project 



were submitted to the Army Corps in March of 2015 and are attached and hereby 



incorporated by reference.59 Those comments and the attached bibliography (Attachment 



4) detail some of the expected environmental impacts and lack of mitigation to address 



those impacts.  Even if the EPA believes that proposed mitigation measures would lessen 



                                                        
57 40 C.F.R. § 6.207(a) 
58 40 C.F.R. § 6.207(a)(3) 
59 See Attachments 1 and 4 to these comments. 
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environmental impacts, all significant environmental impacts must still be identified and 



analyzed.60 



 



Among the matters that must be identified and analyzed in the EIS are whether 



the project location is an appropriate area for offshore aquaculture activities of the 



proposed size and scope and whether the location would avoid adverse impacts, minimize 



any unavoidable impacts on user groups, public trust values, and the marine environment.  



Environmental review must consider impacts on sensitive ocean and coastal habitats, and 



other plant and animal species, including the impacts of escaped fish on wild fish 



populations and aquatic ecosystems; the impacts of interactions with marine mammals, 



marine wildlife, and birds; the impacts of the use of chemical and biological products, 



pollutants, and nutrient wastes on the marine environment; and effects of removal of 



forage fish for feed, fishmeal, and fish oil on marine ecosystems.  Additional 



consideration must be given to the cumulative effects of a number of offshore 



aquaculture facilities and other uses and discharges on the ability of the marine 



environment to maintain pre-existing flora and fauna. 



 



The EIS should fully evaluate the impacts of the project on all public trust 



resources, including fisheries. Marine and estuarine fisheries are increasingly stressed 



throughout the Coastal Zone, and the activities proposed as part of this project create 



individual and cumulative risks to trust resources. The EIS must demonstrate that the 



proposed project individually and cumulatively can be located, constructed, and operated 



to assure that it will not add further environmental stresses that would jeopardize ongoing 



and reasonably foreseeable efforts to restore fisheries and other public trust resources to 



health and sustainability. 



 



The EIS should also identify and analyze in detail the potential impacts to state 



Marine Protected Areas (MPAs), which are designed to work as a network providing 



(among other benefits) connectivity via larval dispersal.  This project, along with its 



expected impacts on marine life behavior, including feeding, could have a significant 



impact on this larval connectivity between the MPAs at the northern and southern ends of 



the Bight. 



 



The scope must include a full and adequate science-based environmental review 



including, but not limited to, a risk analysis and assessment of the potential genetic and 



ecological impacts that this project could have on wild fish and other aspects of the 



                                                        
60 See Northern Plains Resource Council, Inc.  v. Surface Transp. Bd., 668 F.3d 1067, 1085-86 



(9th Cir., 2011).  “Mitigation measures, while necessary, are not alone sufficient to meet...NEPA 



obligations to determine the projected extent of the environmental harm to enumerated resources 
before a project is approved. Mitigation measures may help alleviate impact after construction, 



but do not help to evaluate and understand the impact before construction. In a way, reliance on 



mitigation measures presupposes approval. It assumes that—regardless of what effects 



construction may have on resources—there are mitigation measures that might counteract the 
effect without first understanding the extent of the problem.” 
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environment resulting from escapement.  This rigorous analysis should include, but not 



be limited to, impacts resulting in crossbreeding, disease transmission, and competition 



for food, habitat, and other resources. 



 



Review and analysis in the EIS must include impacts resulting from, “nutrient and 



chemical wastes, water use demands, aquatic animal diseases and invasive species, 



potential competitive and genetic effects on wild species, effects on endangered or 



protected species, effects on protected and sensitive marine areas, effects on habitat for 



other species, and the use of forage fish for aquaculture feeds”.61  



 



Review and analysis must also consider the potential significant socioeconomic, 



cultural and other foreseeable impacts on commercial and recreational fisheries, as they 



may be considerable.  The socio-economic analysis EPA must perform should include an 



analysis of both the economic and cultural importance of local fisheries and marine life, 



an analysis of potential impacts to commercial fisheries, potential impacts to recreational 



fishing, potential harm to fishery dependent communities, and an analysis of the market 



impacts of this product’s introduction. 



 



Within the cumulative impact analysis, the EIS must also consider how this 



approval will affect efforts by the FWS, NMFS, EPA, state agencies, tribes, commercial 



fishermen, and foreign nations to protect wild fish populations, including already 



imperiled wild native stocks, and promote sustainable fishing practices.  Likewise the EIS 



must consider how this approval will impact endangered and threatened species, whale 



migrations, and the special biological significance of both nearby individual Marine 



Protected Areas and MPA networks, and the Southern California Bight. 



 



Foreseeable cumulative impacts include this approval opening the door to various 



additional offshore aquaculture projects in San Diego, up and down the Coast of 



California, or even nationwide.  It is without question that issuance of an NPDES permit 



would be precedent-setting in that it will prompt and influence future permits for offshore 



finfish aquaculture in the United States.  Since this is the first of its kind, and the project 



proponent itself identifies this action as a means to set standards whereby other projects 



might proceed, it is reasonably foreseeable that approval of this project would result in 



the expansion and development of additional offshore aquaculture projects both locally 



and nationwide.  There are likely to be unresolved conflicts concerning uses of available 



resources given the lack of property rights present to occupy and utilize federal public 



trust resources, as well as the lack of comprehensive environmental regulations.  The EIS 



must consider the cumulative impacts of this likelihood.62 



                                                        
61 NOAA Marine Aquaculture Policy, June 2011. 
62 Even if evidence of copycat projects is not clear, any lack of certainty as to future actions in no 



way negates the agency’s duty to consider them.  “It must be remembered that the basic thrust of 



an agency’s responsibilities under NEPA is to predict the environmental effects of a proposed 



action before the action is taken and those effects fully known.  Reasonable forecasting and 
speculation is thus implicit in NEPA and we must reject any attempt by agencies to shirk their 
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Finally, the EIS should consider the impacts of this project on the City of San 



Diego’s Pure Water wastewater recycling project, and consider the cumulative impacts of 



the projects together.  The wastewater recycling approach, offered as a multi-benefit 



solution to Pt. Loma’s discharge and the water supply needs of San Diego, has recently 



received express support from the EPA (see Attachment 2 to these comments).  The Pure 



Water project is the result of many years of stakeholder negotiations and partnerships in 



which Coastkeeper played a leadership role.  That partnership has resulted in a 



Cooperative Agreement between Coastkeeper, our environmental colleagues, and the 



City of San Diego.  That agreement requires the City, among other things, to continue the 



existing monitoring program in the PLWWTP NPDES permit.  A change in that 



monitoring program would conflict with that agreement and perhaps negate that 



agreement.  Specifically, “Article 4 – Ocean Monitoring” of our Cooperative Agreement 



requires that, “[t]he City shall continue the ocean monitoring program for the Point Loma 



outfall as set forth in NPDES Permit No. CA 0107409 (Order No. R9-2009-002), which 



is herein incorporated by reference.”63  The Point Loma Permit Monitoring and Reporting 



Program Section (Attachment E to that permit) lists specific longitude and latitude 



locations for offshore monitoring stations required to be monitored as part of that 



permit.64   One monitoring station in particular is situated directly within the planned 



footprint of this project65, while many others are in close proximity to the project.66  As 



such, it is certain that changes to NPDES Permit No. CA 0107409 (Order No. R9-2009-



002) Attachment E would be required if the applicant’s permit is issued for this location.  



Such a result conflicts with the Cooperative Agreement and potentially disrupts the 



possibility of continued 301(h) waivers for the Point Loma Wastewater Treatment Plant 



from secondary treatment requirements. 



 



The above impacts include just some of the expected significant impacts that are 



likely to result from this action that must be identified and analyzed, and is by no means 



meant to be exhaustive of the issues requiring identification and analysis in the EIS.  



 



 



 



 



                                                        
responsibilities under NEPA by labeling any and all discussion of future environmental effects a 



‘crystal ball inquiry.’”  Scientists’ Inst. for Public Info. v. Atomic Energy Comm’n, 481 F.2d 



1079, 1091-92 (D.C. Cir. 1973); see also Conner v. Burford, 848 F.2d 1441, 1450-51 (9th Cir. 
1988). 
63 Cooperative Agreement In Support of Pure Water San Diego, October 2014.  The Agreement 



goes on to state, “ocean monitoring required by this Agreement shall not be changed, however, 
without the written consent of all parties.”   
64 NPDES Permit No. CA 0107409 (Order No. R9-2009-002), Attachment E, Pages E4-E6. 
65 Site F-23.  NPDES Permit No. CA 0107409 (Order No. R9-2009-002), Attachment E. 
66 See, for example, monitoring sites F-34, F-26, F33, F22, F35, SD13, B8, and F24, to name a 
few.  NPDES Permit No. CA 0107409 (Order No. R9-2009-002), Attachment E. 
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Proposed Alternatives and Impacts: 



 



NEPA regulations require a rigorous and objective analysis of alternatives to 



proposed projects.  An alternatives identification and analysis, in fact, “is the heart of” 



the NEPA document.67   



 



The EIS must identify a reasonable range of alternatives to this project.  Almost 



every alternative imaginable would result in fewer environmental impacts than the one 



proposed, especially given the lack of comprehensive environmental regulations 



governing aquaculture in federal waters.   



 



At a minimum, alternatives that must be explored include: a “no action” 



alternative; a “wild/native fisheries management” alternative that instead accelerates the 



pace of native fisheries recovery and sustainable management that encompasses new 



projects and policies designed to support the expanded sustainable commercial fishing 



practices and to protect and restore wild native fisheries populations; integrative species 



management approaches (aimed at reducing pollutant discharges); fallowing/pen rotation 



approaches (if these are shown to reduce pollutant impacts, rather than spread over a 



greater area); an alternative such as onshore aquaculture that allows for more controlled 



pollution mechanisms and that would result in far fewer environmental impacts; a pilot or 



smaller project with expansion allowed only after follow-up studies and additional 



environmental review, and a combination of these alternatives. 



 



Additional Studies and Review: 



 



The EPA should be careful in its NEPA review to not rely on flawed, biased, or 



inadequate data, or on outdated scientific methodology or conclusory statements.  Still, 



existing literature strongly indicates there will be significant, perhaps immitigable, 



environmental impacts.68   



 



Since this is a first of its kind project in the US, should the EPA move forward 



with issuance a permit or conducting an EIS, additional data and studies must be 



conducted to complement existing data.  “NEPA procedures must insure that 



environmental information is available to public officials and citizens before decisions 



are made and before actions are taken. The information must be of high quality. Accurate 



scientific analysis, expert agency comments, and public scrutiny are essential to 



implementing NEPA”69, and, “if the incomplete information relevant to reasonably 



foreseeable significant adverse impacts is essential to a reasoned choice among 



                                                        
67 40 C.F.R. § 1502.14 
68 See Attachment 1, Comments on Section 10 permit; and Attachment 4, Bibliography. 
69 40 C.F.R. § 1500.1 
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alternatives and the overall costs of obtaining it are not exorbitant, the agency shall 



include the information in the environmental impact statement.”70 



 



Based on existing literature on marine aquaculture and the proposed location and 



its surroundings, the proposed project will result in significant adverse impacts to the 



environment.  To assess the full scope of those impacts, further study must be conducted 



on a site-specific basis prior to, and concurrently with, conducting an identification and 



analysis of impacts.  Specifically, additional studies and review should be conducted by 



unbiased third parties to determine the true extent of environmental impacts that would 



result from waste discharge, antibiotics discharge, and other impacts.71 



 



For example, studies that should be required at the outset should include tracer 



studies for fecal and food waste, and antibiotics in the water column and benthic 



environment.  These studies should be conducted over multiple seasons and during varied 



flow conditions.  In-depth baseline benthic and site assessments should also be required, 



and should include assessment of seasonal variation.  Studies aimed at determining which 



pathogens are present in native populations and which are present only in farmed 



populations should be conducted to insure that pathogens not presently found in native 



populations are not introduced. 



 



The cost of such studies will not be “exorbitant”.  Further, even if associated costs 



are substantial, the environmental costs of issuing an NPDES permit without proper 



knowledge and regulatory safeguards would be incalculable and could lead to the 



devastation, if not collapse, of native and wild fish stocks and a thriving and recovering 



ecosystem off the coast of San Diego. 



 



Legal and Regulatory Considerations: 



 



Finally, there exist regulatory and legal impediments that could prohibit this 



project from moving forward, as there exists no property right to use and exploit public 



trust resources for aquaculture projects.72  Without express authorization from Congress 



authorizing the use and occupation of public lands and public trust resources for 



aquaculture, the authority of the EPA to issue an NPDES permit for aquaculture activities 



in federal waters remains unclear. Consideration of the proposed permit’s application is 



premature and should be postponed until comprehensive regulations have been adopted 



that prescribe and define minimum BMPs, govern the leasing of public trust resources, 



                                                        
70 40 C.F.R. § 1502.22   
71 See, for example, 40 CFR 1501.7(a)(6), requiring the lead agency to,  “Identify other 



environmental review and consultation requirements so the lead and cooperating agencies may 



prepare other required analyses and studies concurrently with, and integrated with, the 



environmental impact statement as provided in § 1502.25.” 
72 See Attachment 1. 
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and contain the full spectrum of environmental considerations associated with offshore 



finfish aquaculture. 



 



To that end, we respectfully request the EPA stop work on environmental review 



and issuance of an NPDES permit until further authority from Congress to proceed with 



aquaculture projects in federal waters occurs.  At a minimum the agency must promulgate 



binding regulations specific to offshore finfish aquaculture projects, establish how their 



foreseeable environmental and socioeconomic impacts are encompassed within EPA’s 



review standard, and issue regulatory amendments to account for the novel risks they 



create, including interagency cooperation and increased transparency. 



 



Should EPA move forward with this NPDES application, careful consideration 



must be given to the lack of existing comprehensive regulations and regulatory oversight 



to deal with the myriad environmental impacts that would likely occur if this project were 



to move forward.73  Thus, during scoping, we respectfully request that analysis occur 



with this lack of overarching protection and oversight in mind, and look beyond the mere 



implications that would result from the strictly NPDES pollution-related activities such as 



waste, antibiotics, and escaped fish. 



   



Conclusion 



 



Given the legal and regulatory hurdles, lack of environmental regulations, and 



regulatory and legal uncertainty over permitting authority for offshore aquaculture 



projects, and likely significant impacts that would result from this project moving 



forward, the application should be denied.  If, however, the EPA chooses to move 



forward with NEPA review, an EIS must be prepared, as significant environmental 



impacts will result. 



 



Thank you for the opportunity to provide scoping comments for NEPA review.  



Please feel free to contact me with any questions or for additional feedback.  We look 



forward to working with the EPA toward development of a meaningful, effective, and 



truly sustainable approach to fisheries management in our region. 



 



Sincerely, 



 



 
Matt O’Malley 



Waterkeeper and Legal & Policy Director 



 



 



                                                        
73 40 C.F.R. § 6.200(c)(4)(iii) requires agencies to integrate review of applicable federal laws into 
the environmental review process in conjunction with the development of NEPA documents. 
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Attachments 1-4 



 



cc:  



Elizabeth Sablad, EPA, Sablad.Elizabeth@epa.gov 



Melanie Tymes, USACE, Melanie.B.Tymes@usace.army.mil 



David Smith, EPA, Smith.DavidW@epa.gov 



Peter Kozelka, EPA, Kozelka.Peter@epa.gov 



Diane Windham, NOAA Fisheries, Office of Aquaculture (Western), 



diane.windham@noaa.gov 



Deborah Lee, CA Coastal Commission, deborah.lee@coastal.ca.gov 



Greg Murphy, Office of County Supervisor Greg Cox, greg.murphy@sdcounty.ca.gov 



Cassidy Teufel, CA Coastal Commission, cassidy.teufel@coastal.ca.gov 



Alejandra Gavaldon, Mayor Faulconer’s Office, agavaldon@sandiego.gov 



David Gibson, San Diego Regional Water Quality Control Board, 



david.gibson@waterboards.ca.gov 



 



 



 













 



 



         March 11, 2015 
U.S. Army Corps of Engineers, Los Angeles District 



Regulatory Division, South Coast Branch 



Attention: SPL-2014-00600-MBT 



5900 La Place Court, Suite 100 



Carlsbad, CA 92008 



 



Sent via email to Melanie.B.Tymes@usace.army.mil 



 



Re: Application for Permit No. SPL-2014-00600-MBT 



 



Thank you for the opportunity to comment on Application for Permit No. SPL-2014-00600-MBT 



Rose Canyon Fisheries Sustainable Aquaculture Project (“permit” or “proposal”), a proposal for 



an off-shore finfish aquaculture project in federal waters approximately 4.5 miles from the San 



Diego coastline.  San Diego Coastkeeper is a non-profit organization working to protect and 



restore fishable, swimmable, drinkable waters in San Diego County.   



 



While we don’t doubt that offshore finfish aquaculture in the United States will be part of the 



overall strategy aimed at providing adequate food for the world’s population, San Diego 



Coastkeeper believes this project proposal is premature and must be postponed until a 



comprehensive federal policy is adopted for aquaculture projects in federal waters, as presently 



there exist significant legal and regulatory impediments to this project moving forward.  



 



Because there is a substantial likelihood that this project would result in significant 



environmental impacts as discussed in detail below, an Environmental Impact Statement (EIS) is 



required.  Further, with all due respect to the US Army Corps of Engineers (“the Corps”), the 



Environmental Protection Agency (EPA) and the National Oceanic and Atmospheric 



Administration (NOAA) should share lead agency responsibilities for NEPA review as opposed to 



the Corps serving as lead agency. 



 



San Diego Coastkeeper respectfully requests a public hearing on this matter. 



 



NEPA, Lead Agency, and Required Environmental Impact Statement (EIS): 



 



As a preliminary matter, Coastkeeper strongly believes there exist federal agencies besides the 



Corps that are far better suited to act as lead agency for the NEPA process. 



 



In the absence of comprehensive governing regulations and an express delegation of authority 



to the Corps for such activities, the EPA and NOAA should instead be lead agencies for NEPA 



review.  With all due respect to the Corps and its talented staff, Coastkeeper does not believe 



the Corps is equipped with the expertise necessary on environmental review to be the lead 



agency on this issue.   
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The justification for designating a lead agency besides the Corps stems partly from the fact that 



the Corps’ supposed jurisdictional and governing authority here is narrow in scope and is far less 



focused than NOAA’s or EPA’s is in ensuring water quality and environmental resource 



protection and management.  For example, NOAA’s 2013-2019 Annual Guidance Memo 



indicates NOAA’s express ongoing and continuing efforts include efforts “to end overfishing 



[and] enhance development of sustainable aquaculture…”1, and NOAA Fisheries’ purposes state 



that they are, “responsible for the stewardship of the nation’s ocean resources and their 



habitat.  [They] provide vital services for the nation: productive and sustainable fisheries, safe 



sources of seafood, the recovery and conservation of protected resources, and healthy 



ecosystems.”2  To further demonstrate NOAA’s expertise and commitment to aquaculture and 



its related environmental and other impacts, in 2011 NOAA released its Aquaculture Policy 



which specifies the goals, objectives, and priorities for all aquaculture-related activities.  That 



policy specifies that, “NOAA is responsible for considering and preventing and/or mitigating 



potential adverse environmental impacts of planned and existing marine aquaculture facilities 



through the development of fishery management plans, permit actions, proper siting, and 



consultation with other regulatory agencies at the federal, state, and local levels.”3 



 



Importantly, NOAA itself has commented that comprehensive regulations are necessary.  In its 



Aquaculture Policy NOAA calls on Congress to clarify regulatory authority related to aquaculture 



in federal waters in the context of other authorities, and, “to establish a coordinated, 



comprehensive, science-based, transparent” regulatory program.4  Appendix 1 of the Policy, 



titled NOAA Guidance for Aquaculture in Federal Waters, further shows that NOAA, perhaps 



acting in concert with the EPA, is the most appropriate lead agency for this issue.  The National 



Ocean Policy Implementation Plan stresses the importance of NOAA in the aquaculture arena, 



and NOAA chairs the Aquaculture Regulatory Task Force.5  Finally, NOAA has developed a Code 



of Conduct for Responsible Aquaculture Development in the US Exclusive Economic Zone (EEZ).6 



 



Likewise, the EPA wields a significant sphere of influence over aquaculture as witnessed by that 



agency’s regulation of discharges from Concentrated Aquatic Animal Production (CAAP) point 



sources.  In 2004 as a result of a settlement with NRDC, the EPA finalized effluent guidelines for 



CAAPs that set some minimum criteria for monitoring, reporting, and management practice 



plans for CAAP projects that ensure those effluent requirements are met.7   These guidelines, 



                                                        
1 Available at http://www.ppi.noaa.gov/wp-content/uploads/2013-2019-AGM_final_signed120925.pdf.  
Last accessed February 19, 2015 
2 Available at http://www.nmfs.noaa.gov/aboutus/our_mission.html.  Last accessed February 19, 2015. 
3 NOAA Marine Aquaculture Policy, June 2011, p. 3.  That section is preceded by, “The statutory basis for 
NOAA’s aquaculture activities includes the Magnuson-Stevens Fishery Conservation and Management Act, 
the Marine Mammal Protection Act, the Endangered Species Act, the Coastal Zone Management Act, the 
National Marine Sanctuaries Act, and the Fish and Wildlife Coordination Act. Under these laws, in addition 
to the National Environmental Policy Act, NOAA is responsible…”  Id.  This policy was adopted only after 
extensive scientific and literary review and after consideration of public comments. 
4 NOAA Marine Aquaculture Policy, June 2011, p. 6. 
5 National Ocean Policy Implementation Plan Appendix, page 4. 
6 See http://www.nmfs.noaa.gov/trade/AQ/AQCode.pdf, last accessed February 26, 2015. 
7 See 40 CFR 451.1-451.24 
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while far from the type of over-arching comprehensive regulations needed to adequately 



address the impacts from aquaculture8, show that the EPA has a greater sphere of influence 



over the types of activities proposed by the applicant.  Since the EPA’s CAAP standards would 



apply to a production facility of the size proposed in this permit application, and given the EPA’s 



knowledge of, and expertise in CAAP and CAFO permitting, the EPA should at the very least be a 



joint lead agency for NEPA purposes. 



 



In stark contrast to NOAA’s and EPA’s stated authority, purposes, and spheres of influence over 



aquaculture, the Corps’ purported jurisdiction is based on an 1899 act related to obstructions of 



navigable waters.  Under Section 10 of that Act, permit authorization is based on considerations 



related to navigational impacts, as opposed to permitting of the commercial activity itself or 



authorization of private use of federal lands.  Authority to govern other activities such as 



mineral extraction on the OCS or deepwater ports come from specific delegations of authority.  



And the Corps’ own mission statement and description of purposes is limited to planning, 



designing and operating public works, management of construction of military facilities, and 



support of design and construction management of military and other federal agencies.9  With 



regard to the proposed project, the primary environmental review focus must be on water 



quality, sediment quality, and marine and coastal biological and fisheries resources and impacts.  



In every one of those areas, the Corps is not the federal agency that has the appropriate 



expertise or the resources to make the relevant decisions.  All of those areas of concern and 



expertise more appropriately fall under the jurisdiction of NOAA and the EPA.10  Finally, due to 



the precedential and experimental nature of this endeavor and the myriad overarching and joint 



regulatory issues involved, should the Corps decide to be the lead agency we urge the Corps, 



NOAA, and the EPA to jointly serve as lead agencies under 40 CFR 1501.5 (b).   



 



If, despite the obvious paramount interests in aquaculture by NOAA and the EPA, the Corps 



chooses to become the lead agency alone, Coastkeeper wants to remind the Corps that 



environmental review under Section 10 requires consideration of environmental impacts of the 



entire project including pollutant discharge, disease, impairments to genetic integrity of fish and 



wildlife, and benthic impacts.  Under its current review procedure the Corps must also weigh the 



benefits of the project against unique environmental impacts on fish, marine mammals, birds, 



                                                        
8 Importantly, the effluent guidelines do not attempt to address issues such as impacts to predator 
behavior, disease, escapes, genetic drift, or any number of potential environmental impacts that will 
result from aquaculture projects.  They are only meant to deal with some aspects related to discharges.  
Project proponents themselves note that no broad-based inclusive guidelines exist at the federal level.  
See Final Report Rose Canyon Fisheries Sustainable Aquaculture Project, Marine Research Specialists, 
September 2014, p. 17; “The RCF-SAP intends to work closely with the EPA, and other government 
agencies to assist in the development of offshore aquaculture effluent guidelines.” 
9 See http://www.swf.the Corps.army.mil/Careers/WhoWeAre.aspx, last accessed March 2, 2015. 
10 Interestingly, a 2014 law review article titled “Offshore Finfish Aquaculture in the US: An Examination of 
Federal Laws That Could be Used to Address Environmental and Occupational Public Health Risks” 
mentioned Section 10 only to make a point that it had “low potential” to address such issues, and barely 
made mention of Section 10 at all.  Int. J. Environ. Res. Public Health 2014, 11, 11964-11985, found at 
www.mdpi.com/journal/ijerph. 
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commercial fisheries, and aesthetic values.11  If the Corps moves forward as sole lead agency, 



Coastkeeper strongly urges the Corps to carefully and deliberately consider the significant 



impacts listed in the application, as well as others we list below that were omitted, during the 



NEPA and EIS process.  



 



Federal/State Consistency: 



 



Impacts to state waters are likely to result from activities associated with the proposal, including 



escapes, disease migration, genetic impacts to fish migrating into and from state waters, 



impacts to predators, and transport of fish through California waters, among others.  Because 



state waters will be impacted by the proposed project due to the nature of the proposal and the 



proximity of the project, any environmental review that occurs must be done in the context of 



ensuring consistency with CA law under state the Coastal Zone Management Act (CZMA), 



California Coastal Act, the California Sustainable Oceans Act (S.B. 201), and other state laws 



governing coastal management12.  



 



Specifically, any governing regulations, requirements, or mitigation measures must be at least as 



stringent as the California Sustainable Oceans Act requirements in S.B. 201 for purposes of 



federal consistency.13  To ensure consistency with CA Coastal Act management policies, 



specifically Sections 30230-30237 and 30250-30255 of the Act, consistency with the CA 



Sustainable Oceans Act would be required.  Additionally, California Fish & Game Code section 



15008 lists specific factors that must be considered for this project to meet with federal 



consistency.  That section provided a framework for managing marine finfish aquaculture in an 



environmentally sustainable manner that, at a minimum, considers all of the following factors: 



 



(1) Appropriate areas for siting marine finfish aquaculture operations to avoid adverse impacts, 



and minimize any unavoidable impacts, on user groups, public trust values, and the marine 



environment; 



(2) The effects on sensitive ocean and coastal habitats; 



(3) The effects on marine ecosystems, commercial and recreational fishing, and other important 



ocean uses; 



(4) The effects on other plant and animal species, especially species protected or recovering 



under state and federal law; 



(5) The effects of the use of chemical and biological products and pollutants and nutrient wastes 



on human health and the marine environment; 



(6) The effects of interactions with marine mammals and birds; 



                                                        
11 This includes native fish in the area, as well as fish that are likely to be used as feed and the amount of 
fish meal necessary to produce commercially viable farmed fish.   
12 It should be noted that the state of California can apply state law extraterritorially to federal waters in 
instances where it is not preempted.  Skiriotes vs Florida, 313 US 69, 77 (1941).  As Congress has not 
preempted state regulation of offshore aquaculture, state regulation of this project would not be 
preempted. 
13 See 33 CFR 320.4(h), 15 CFR 930.74 and 15 CFR 930.32, and http://www.coastal.ca.gov/fedcd/listlic.pdf 
(last accessed February 24, 2015).  
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(7) The cumulative effects of a number of similar finfish aquaculture projects on the ability of the 



marine environment to support ecologically significant flora and fauna; 



(8) The effects of feed, fish meal, and fish oil on marine ecosystems; 



(9) The effects of escaped fish on wild fish stocks and the marine environment; 



(10) The design of facilities and farming practices so as to avoid adverse environmental impacts, 



and to minimize any unavoidable impacts. 



Cal. Fish & Game Code § 15008  



 



The California Fish and Game Code, in implementing SB 201, includes requirements that, “all 



facilities and operations shall be designed to prevent the escape of farmed fish into the marine 



environment”14, “a lease shall not unreasonably interfere with fishing or other uses or public 



trust values”15, “to reduce adverse effects on global ocean ecosystems, the use of fish meal and 



fish oil shall be minimized”16, “finfish numbers and density shall be limited to what can be safely 



raised while protecting the marine environment”17, and “the use of all drugs, chemicals, and 



antibiotics, and amounts used and applied, shall be minimized”18, among others.   



 



While federal law is primarily silent on these issues and no such framework exists on that level, 



California has developed a robust and environmentally protective framework for managing 



marine finfish aquaculture.  For consistency purposes, if allowed to move forward the project 



proponents must meet the California requirements at a minimum.  Because this is the first 



operation of its kind, San Diego Coastkeeper strongly urges that measures employed to protect 



the environment exceed those measures listed in Section 15400, which expressly states such 



measures are minimum measures.19   



 



Environmental Review Standards and Mitigation Measures: 



 



In contrast to the environmental review required in other scenarios of federal oversight of 



private use of public lands (discussed in detail below), the Corps’ public interest and 



“environmental” review requirements under 33 CFR 325.3 and 320.4 lack adequate guidelines 



for review of the types of activities contemplated under this proposal.  This is due to the 



intended application of those sections only to review for permits of navigational obstructions on 



waters of the U.S.  Instead of a suite of review guidelines and requirements, the Corps’ review 



process considers vague “public interest” factors20 without sufficient environmental 



consideration (including cumulative impacts), specific programmatic impacts and alternatives, or 



adequate constraints for informed agency decision-making. 



 



                                                        
14 CA F&G Code Section 15400(b)(9) 
15 CA F&G Code Section 15400(b)(2).  
16 CA F&G Code Section 15400(b)(3) 
17 CA F&G Code Section 15400(b)(6) 
18 CA F&G Code Section 15400(b)(7) 
19 See CA Fish & Game Code Section 15400 (b), “Leases and regulations adopted by the commission for 
marine finfish aquaculture shall meet, but are not limited to, all of the following standards.”  Emphasis 
added. 
20 See 33 CFR 325.3(c).   
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At the very least, a proper review of this proposal should consider each of the provisions of the 



CA Sustainable Oceans Act and EPA CAAP effluent guidelines.   Instead, the Corps’ review 



standards say only that “consideration of mitigation will occur throughout the permit 



application review process and includes avoiding, minimizing, rectifying, reducing, or 



compensating for resource loss”.21   



 



The permit notes that the applicant’s proposed mitigation sequence is 



“avoidance/minimization/compensation”.  Without further explanation as to what specific 



measures will be taken or what thresholds define avoidance, there is insufficient guidance to 



determine how to proceed under Section 10.  



 



Mitigation measures must first avoid, and then minimize, negative or deleterious impacts 



caused by the project’s activities.  Even under the weak and ill-defined Section 10 review factors 



and guidelines governing mitigation and review the applicant’s proposed mitigation measures 



fail to offer actual mitigation for expected significant environmental impacts.  Instead, the listed 



measures are largely just explanations that some action would need to be undertaken after-the-



fact if negative impacts occur, or the measures simply refer to future permits that would be 



required.  Few, if any, actual defined plans or mitigation measures are offered.  The lack of 



Section 10 guidelines on environmental review and mitigation further exacerbate this issue 



through their lack of clarity.   What is clear, however, is that Section 10 standard of review is 



inappropriate for proper environmental review of an activity with no federal regulations and 



that will have significant environmental impacts. 



 



To illustrate why comprehensive aquaculture regulations are necessary, and why the proposed 



mitigation measures in the application fail to adequately address expected significant 



environmental impacts, we next turn to address those expected environmental impacts of this 



proposal and the applicant’s proposed mitigation measures.  While, as the applicant’s own 



environmental report points out, “impacts on receiving waters from offshore aquaculture 



facilities have not been characterized to date,”22 there exists sufficient information to determine 



that activities would significantly impact the environment, thereby necessitating an EIS.  The 



environmental report for this project23, though insufficient in its analysis and assessment of each 



of the impacts likely to result from this proposal, itself offers insight into the fact that significant 



environmental impacts will results from the proposed activities.  



 



Marine Water and Sediment Quality Mitigation: 



 



Impact No. 1 



Organic particulates discharged during aquaculture activities may locally degrade marine water 
quality. 
 



                                                        
21 33 CFR 320.4(r). 
22 Final Report Rose Canyon Fisheries Sustainable Aquaculture Project, Marine Research Specialists, 
September 2014. 
23 Id. 
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Proposed Mitigation Measure: Conduct a receiving-water monitoring program capable of 
delineating the extent of the discharge plume emanating from the net pens. 
 



Drawing on language in the project proponent’s own project assessment report,24 expected 



water quality impacts include, “oxygen depletion in surrounding waters, degradation of benthic 



ecosystems, and the potential exacerbation of toxic algae blooms through nutrient loading.”25 



 



As with many of the other listed potential impacts and measures discussed below, it is apparent 



to Coastkeeper that the applicant does not understand the meaning of the term “mitigation”.  



Mitigation is meant to first and foremost avoid negative impacts to the environment.  Only 



when such avoidance and prevention is not possible, mitigation is then meant to minimize those 



impacts, rather than to compensate after-the-fact for such impacts.   



 



Simply monitoring for pollutants and determining the extent of a pollutant plume is not a 



mitigation measure.  Our marine environments are not meant to function as proving grounds for 



private industry.  Instead, mitigation must be the containment of any potential organic 



particulate discharge to the immediate area.   In doing so, the project proponent would be 



required to follow the CA Sustainable Oceans Act and EPA’s CAAP requirements at a minimum.   



 



At several places in the project proponent’s Final Report (which Coastkeeper obtained through 



the EPA because the report was not submitted to the Corps for consideration), it is mentioned 



that water quality impacts can be mitigated through dilution resulting from rapid current and 



water movement.  While estimates of nutrient loading are not provided, studies have estimated 



nitrogen discharge levels of 52-95% N in feed is eventually lost as waste in marine fish cages.26  



Local and regional scale effects are to be expected despite the exposed nature of the site.27  



Coastkeeper does not believe the solution to pollution is dilution, and a more specific mitigation 



regime aimed at avoiding or preventing water quality degradation through source control is 



necessary. 



 



Coastkeeper is further troubled by the fact that the proposed activity would be located directly 



over a reference site for Point Loma Ocean Outfall (PLOO).  Coastkeeper has a long history 



working with the City to improve functionality and marine protection at the Pt. Loma 



                                                        
24 Id. 
25 Id., at p. 50. 
26 Price C, Black K, Hargrave B, Morris J. Marine cage culture and the environment: effects on water quality 
and primary production. Aquac Environ Interact. 2015;6:151-174 and Pearson TH, Black KD. The 
environmental impacts of marine fish cage culture. In: Black KD, ed. Environmental Impacts of 
Aquaculture. Boca Raton, FL: CRC Press; 2001:1-31. 
27 Sarà G, Lo Martire M, Sanfilippo M, et al. Impacts of marine aquaculture at large spatial scales: 
Evidences from N and P catchment loading and phytoplankton biomass. Mar Environ Res. 2011;71:317-
324. and Tsagaraki TM, Petihakis G, Tsiaras K, et al. Beyond the cage: Ecosystem modelling for impact 
evaluation in aquaculture. Ecol Modell. 2011;222:2512-2523. 
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Wastewater Treatment Plant and PLOO.28  The PLOO reference site over which these activities 



would be located currently serves as a reference, or “control”, site due to its relative ecological 



health, and sampling results from the PLOO outfall are compared to this reference site in order 



to determine whether PLOO discharges have any detrimental marine impacts, given the plant’s 



nature as the only remaining large treatment plant in the U.S. that does not operate at more 



advanced secondary treatment standards.  What would result under this aquaculture proposal 



would be the nation’s first offshore experimental aquaculture project (which lacks 



environmental regulations) located in close proximity to the outfall of the nation’s last 



treatment plant operating under old standards.  Coastkeeper fails to see how the proper 



safeguards could exist under this scenario to ensure benthic communities and water column are 



not degraded.  Furthermore, given the relative health of the site over which this will take place, 



we are concerned that any activity would result in the degradation of the benthic community 



and water column, in violation of Clean Water Act anti-degradation requirements. 



 



 



Impact No. 2 



Deposition of excess feed, fecal matter, and fish excretions may adversely impact seafloor 
sediments. 
 
Proposed Mitigation Measure: Conduct a benthic impact assessment capable of detecting 
project-related changes to seafloor chemistry and benthic infaunal communities. If significant 
adverse effects on benthic quality are observed (as defined below), abatement measures will be 
instituted to reduce impacts to benthic sediments and communities. 
 



Importantly, and for consistency purposes, the California Ocean Plan allows for no degradation 



to occur to marine and benthic communities.29  Yet, impacts to the seafloor, benthic 



communities, and marine life should be expected.30  The benthic effects of fish farming in deep 



water are poorly understood31 and yet the expected increased dispersal of waste products in a 



deep, dynamic location results in potential effects at a much larger spatial scale.32  Numerous 



examples of both near- and far-field aquaculture-derived nutrient and contaminant loading of 



                                                        
28 We have recently signed an agreement requiring the City of San Diego to modify the plant’s operations 
over the next 20 years in order to reduce discharges into the marine environment and produce potable 
recycled water. 
29 See California Ocean Plan 2012, p. iv, “The Ocean Plan is clear that there shall not be degradation of 
marine communities…due to waste discharges.”   
30 See Final Report Rose Canyon Fisheries Sustainable Aquaculture Project, Marine Research Specialists, 
September 2014, p. 55.  “The most commonly reported and measurable effects of net pen aquaculture 
involve the near field excessive loading of bottom sediments with particulate organic matter,” and, “It is 
an accepted fact that seafloor accumulations of consumed feed and fecal waste can result in organic 
buildup that produces a variety of physical, chemical, and biological changes within the benthos.”    
31 Holmer M. Environmental issues of fish farming in offshore waters: perspectives, concerns and research 
needs. Aquac Environ Interact. 2010;1:57-70. 
32 Bannister RJ, Valdemarsen T, Hansen PK, Holmer M, Ervik A. Changes in benthic sediment conditions 
under an atlantic salmon farm at a deep, well-flushed coastal site. Aquac Environ Interact. 2014;5:29-47. 
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sediments exist in the literature.33  Accumulation of sediment organic matter may lead to 



changes in secondary production and shifts in community structure.   



 



As above, the project proponent does not propose measures aimed at preventing and avoiding 



impacts the benthic communities and instead proposes simply to conduct a benthic impact 



assessment.   Appropriate mitigation measures must seek to prevent and avoid negative impacts 



to the benthos and water column.  In keeping with California and EPA requirements, a benthic 



assessment should instead be a requirement before any permits are issued, but is not itself 



“mitigation”.  Furthermore, what would constitute “abatement measures” is not defined, and as 



such these proposed measures lack specificity to the degree that they are devoid of all utility as 



far as allowing for meaningful public comment on their effectiveness as mitigation measures. 



 



Proposed Mitigation Measure: Model the nutrient (both dissolved and particulate wastes) 



dispersion around the net pens.   



 



Modeling of nutrient dispersion is also not a mitigation measure meant to prevent or avoid 



negative impacts, but is instead an after-the-fact information-gathering measure which would 



likely be necessary under any discharge permit. 



 



Proposed Mitigation Measure:  Identify and implement all practicable net pen management 



practices to reduce excess nutrient discharges to the marine environment.   



 



There is no specificity with regard to these “net pen management practices”.  The project 



applicant must define what those practices are with specificity in order to determine the true 



environmental impact, and those practices must be aimed at avoiding and preventing negative 



environmental impacts. 



 



Impact No. 3 



Antibiotics and other therapeutic chemicals released into the marine environment may adversely 
affect water and sediment quality. 
 



                                                        
33 See, for example, Sarà G, Scilipoti D, Mazzola A, Modica A. Effects of fish farming waste to sedimentary 
and particulate organic matter in a southern Mediterranean area (Gulf of Castellammare, Sicily): A 
multiple stable isotope study (δ13C and δ15N). Aquaculture. 2004;234:199-213., Yokoyama H, Abo K, 
Ishihi Y. Quantifying aquaculture-derived organic matter in the sediment in and around a coastal fish farm 
using stable carbon and nitrogen isotope ratios. Aquaculture. 2006;254:411-425., Holmer M, Marba N, 
Diaz-Almela E, Duarte CM, Tsapakis M, Danovaro R. Sedimentation of organic matter from fish farms in 
oligotrophic Mediterranean assessed through bulk and stable isotope (δ13C and δ15N) 
analyses. Aquaculture. 2007;262:268-280, Bannister RJ, Valdemarsen T, Hansen PK, Holmer M, Ervik A. 
Changes in benthic sediment conditions under an atlantic salmon farm at a deep, well-flushed coastal site. 
Aquac Environ Interact. 2014;5:29-47 Debruyn AMH, Trudel M, Eyding N, et al. Ecosystemic effects of 
salmon farming increase mercury contamination in wild fish. Environ Sci Technol. 2006;40(11):3489-3493., 
Nikolaou M, Neofitou N, Skordas K, Castritsi-Catharios I, Tziantziou L. Fish farming and anti-fouling paints: 
a potential source of Cu and Zn in farmed fish. Aquac Environ Interact. 2014;5:163-172.. 
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Proposed Mitigation Measure. Use of chemicals should be minimized by practicing preventive 
medicine, adopting biological controls, and adopting optimal/best aquaculture management 
practices. 
 



“Preventive medicine”, “biological controls”, and “optimal/best aquaculture management 



practices” are undefined.  As no federal regulations exist yet to define what these definitions 



are, and what required BMPs must be implemented, each of these terms needs to be articulated 



and defined in much greater detail.  Once again, the project proponent must explain in detail 



the mitigation measures that will be utilized to prevent and avoid impacts caused by the use of 



antibiotics and other chemicals introduced into the marine environment.34 



 



The applicant does not address the use of biocides or other antifouling mechanisms which 



would doubtless be extensive in a facility of this size, and may adversely impact both water and 



sediment quality35 and could potentially become a human health risk when these chemicals 



accumulate in farmed and wild fish tissue.  San Diego is already subject to Total Maximum Daily 



Loads (TMDLs) that resulted from harmful environmental impacts due to the use of biocides for 



anti-fouling purposes in salt water (for example, the Shelter Island TMDL).  The use of net pens 



and other facility structures containing biocide would have significant environmental impacts. 



 



Marine Biological Resources Mitigation: 



 



Impact No. 1  
Hard-bottom habitat, located within 1,600 m of project site and the fish pens, may potentially be 
impacted by the 3000kg anchors and associated anchor chains that will be used to moor the fish 
cage grids.  
 
Proposed Mitigation Measure: Anchor contact with hard-bottom structures in the project area 
shall be avoided. If hard substrate is encountered, the mooring grids and anchors will be re-sited 
to avoid it.  After initial installation of the fish pens, inspections shall be conducted on an annual 
basis and after major storms to verify that anchors have not migrated, or come into contact with 
hard-bottom structures. (Inspection is not a mitigation measure) Anchors shall be repositioned if 
they contact or are in close proximity to hard-bottom features.  
 



This measure, at least, lists that anchor contact with hard-bottom structure shall be avoided, 



and is more along the lines of the type of mitigation measures required to prevent or avoid 



negative impacts.  Still, more specificity is needed as to what measures will be deployed to 



                                                        
34 See Burridge L, Weis JS, Cabello F, Pizarro J, Bostick K. Chemical use in salmon aquaculture: A review of 
current practices and possible environmental effects. Aquaculture. 2010;306(1-4):7-23., Cabello FC. Heavy 
use of prophylactic antibiotics in aquaculture: a growing problem for human and animal health and for the 
environment. Environ Microbiol. 2006;8(7):1137-1144., and Cabello FC, Godfrey HP, Tomova A, et al. 
Antimicrobial use in aquaculture re-examined: its relevance to antimicrobial resistance and to animal and 
human health. Environ Microbiol. 2013;15(7):1917-1942 for examples of impacts. 
35 Guardiola FA, Cuesta A, Meseguer J, Esteban MA. Risks of using antifouling biocides in aquaculture. Int J 
Mol Sci. 2012;13:1541-1560., Nikolaou M, Neofitou N, Skordas K, Castritsi-Catharios I, Tziantziou L. Fish 
farming and anti-fouling paints: a potential source of Cu and Zn in farmed fish. Aquac Environ Interact. 
2014;5:163-172. 
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ensure avoidance, what measure would be required if avoidance is not possible, and what 



situations would require re-siting (which would require a new EIS).  



 



Inspections for verification that impacts have not occurred are not mitigation measures.  



Instead, applicant must list with more specificity which measure would be used to ensure 



avoidance of anchor migration or contact with hard-bottom structures.   



 



Impact No. 2 
Wildlife may become entangled in the fish-pen nets.  
 
Proposed Mitigation Measure: The applicant shall implement specific measures to minimize 
harmful interactions with wildlife (e.g., marine mammals, birds, fish and turtles). A specific goal 
is to avoid entanglement of marine birds, mammals, turtles, and predator fish species in the 
various nets that will be utilized at the RCF-SAP. As proposed by the applicant, the use of physical 
predator deterrence methods, such as anti-predator netting and locating the farm away from 
known seal and sea lion haul-out areas will be implemented. A description of the nets to be used 
and their placement are described in detail in section 2.3 of this report. The applicant shall 
consult further with the appropriate state and federal agencies regarding net mesh sizes that will 
be used for the fish pens, in order to minimize potential entanglement of marine wildlife. The 
applicant shall consider the recommendations for preventing harmful interactions with marine 
mammals issued by the Environmental Assessment Office, Government of Canada, as they apply 
to the current industry rules and regulations in the U.S. (e.g.-only physical deterrence methods, 
guarding, and proper storage of materials that may attract predators are allowed in the U.S. net 
pen aquaculture industry). The applicant shall abide by the regulations set forth in the U.S. 
Marine Mammal Protection Act as well as document and report any interactions with wildlife, to 
the appropriate state and federal agencies. 
 



The applicant fails to detail which “specific measures” will be utilized to minimize harmful 



interactions with wildlife.  Further, mitigation must first seek to avoid or prevent such harmful 



interactions, and the proponent fails to detail within the proposed mitigation measure how such 



avoidance and prevention will be achieved.  Additionally, the mention of specific descriptions of 



the nets to be used as being in “section 2.3 of this report” is insufficient and confusing, as no 



report accompanied this permit’s submittal as far as Coastkeeper can tell.  A copy of that report 



was made available to Coastkeeper by the EPA, only after project applicant denied access to 



Coastkeeper staff and board members when asked in a personal meeting. 



 



Finally, the applicant fails to address the impacts of the expected aggregations of wild fish near 



the sea cages.  Aquaculture practices have been known to attract large and persistent 



aggregations of fish36, thereby having potentially large impacts on wild fish feeding behavior, 



                                                        
36 See, for example, Machias A, Karakassis I, Giannoulaki M, Papadopoulou KN, Smith CJ, Somarakis S. 
Response of demersal fish communities to the presence of fish farms. Mar Ecol Prog Ser. 2005;288:241-
250.,  Dempster T, Uglem I, Sanchez-Jerez P, et al. Coastal salmon farms attract large and persistent 
aggregations of wild fish: An ecosystem effect. Mar Ecol Prog Ser. 2009;385(Fao 2008):1-14., and Bustnes 
JO, Nygård T, Dempster T, et al. Do salmon farms increase the concentrations of mercury and other 
elements in wild fish? J Environ Monit. 2011;13:1687-1694. 
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energetics, fecundity, and migratory behavior, as well as the increased potential for disease 



transmission or genetic introgression between wild and farmed fish stocks. 



 



Impact No. 3 
The deposition of uneaten fish food and fish feces on the seafloor may potentially alter the 
benthic community in the proposed project area.  
 
Proposed Mitigation Measure: As required by the EPA as part of the NPDES permit process, a 
benthic monitoring program shall be initiated at the project site that is subject to review and 
approval by the EPA. The applicant has proposed a benthic monitoring program that includes 
monitoring of the health and community composition of benthic epi- and infaunal communities 
in addition to various physical and physiochemical measures. The proposed monitoring program 
incorporates adequate reference sites and satisfies BACI criteria. Additional information 
regarding the design of the monitoring program is provided in Section 4.1, Marine Water 
Quality, Mitigation Measure No. 2. 
 



Simply referencing a separate permit application, without specifics included in that permit 



application or measures aimed at avoiding and preventing impacts to the benthic community 



(such impacts are prevented under the California Ocean Plan and Clean Water Act), is 



insufficient mitigation.  Numerous studies have documented changes in benthic communities 



near deep well-flushed farms.37  Examples of potential adverse impacts include changes in 



community structure, with opportunistic, pollution-tolerant species becoming abundant and 



local extinction of sensitive species.38  Organic enrichment of benthic sediments may increase 



microbial production resulting in increased oxygen demand and potential hypoxia.  Increased 



numbers of sulfate-reducing bacteria have been linked to offshore aquaculture sites leading to 



accumulation of sulfides in sediments.39 



 



Impact No. 4  
Cultured fish may escape from containment, impacting the genetic integrity of wild populations. 
 
Proposed Mitigation Measure: As part of the project’s best management practices, the 
applicant will develop and implement a comprehensive loss-control plan. At minimum, the plan 
will include: equipment standards, equipment installation protocols, preventative maintenance 
plans, integrated predator deterrence plans, and a containment management system that 
includes documentation of management actions and external audits. Plans should allow for 



                                                        
37 See Kalantzi I, Karakassis I. Benthic impacts of fish farming: Meta-analysis of community and 
geochemical data. Mar Pollut Bull. 2006;52:484-493., Borja Á, Rodríguez JG, Black K, et al. Assessing the 
suitability of a range of benthic indices in the evaluation of environmental impact of fin and shellfish 
aquaculture located in sites across Europe. Aquaculture. 2009;293(3-4):231-240., and Bannister RJ, 
Valdemarsen T, Hansen PK, Holmer M, Ervik A. Changes in benthic sediment conditions under an atlantic 
salmon farm at a deep, well-flushed coastal site. Aquac Environ Interact. 2014;5:29-47.. 
38 Holmer M. Environmental issues of fish farming in offshore waters: perspectives, concerns and research 
needs. Aquac Environ Interact. 2010;1:57-70., Mirto S, Gristina M, Sinopoli M, et al. Meiofauna as an 
indicator for assessing the impact of fish farming at an exposed marine site. Ecol Indic. 2012;18:468-476.  
39 Yoza BA, Harada RM, Nihous GC, Li QX, Masutani SM. Impact of mariculture on microbial diversity in 
sediments near open ocean farming of Polydactylus sexfilis. Ecol Indic. 2007;7:108-122. 
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continuous improvement and revisions as more innovations in farming methods and technology 
become available.  
 



Escapes are common in the aquaculture industry and can be massive.40  Among the impacts of 



escapes are genetic contamination of the wild genome, competition with wild fish for food and 



favorable space, predation on wild fish, and disease and parasite transmission, to name a few.41  



The proposed measures merely mention that BMPs will be devised by the project proponent, 



but once again there exists no specificity whatsoever as to what those BMPs will actually be.   



 



Mitigation measures must prevent or avoid the escape of fish.  Coastkeeper is concerned that 



language in the proposal contemplates escapes as something that would occur, with a goal to 



“allow for continuous improvement and revisions”.  Such language indicates appropriate 



measures would not be implemented from the outset.  Our concerns are further heightened by 



the admitted experimental nature of this program as a whole.  This project cannot and should 



not be permitted as an experiment, or under some form of iterative process as the applicant 



suggests.  The strictest of measures that aim to prevent and avoid negative impacts are required 



at the onset, especially in light of the lack of comprehensive regulations over aquaculture in the 



offshore environment. 



 



Furthermore, under 33 USC 1362(6), escaped fish in and of themselves are considered a 



pollutant under the Clean Water Act42, and would be subject to that act’s strictest requirements 



for pollutant discharges. 



 



Impact No. 5 
The pathogens or diseases associated with the cultured species may be transferred to wild fish 
stocks or to the fish community residing in the project area. 
 
Proposed Mitigation Measure: A comprehensive health management program consisting of the 
early detection of infectious agents, monitoring of environmental conditions, good husbandry 
practices, good nutrition, and disease control and eradication, as proposed by the applicant, 
shall be implemented (See Appendix III). Disease identification, control and reporting practices 
shall be conducted in accordance with applicable state or federal regulatory criteria (See Section 



                                                        
40 Naylor R, Burke M. Aquaculture and Ocean Resources: Raising Tigers of the Sea. Annu Rev Environ 
Resour. 2005;30:185-218., and Issue Brief, February 2013 from Food and Water Watch, listing numerous 
examples of mass escapes. 
41 Holmer M. Environmental issues of fish farming in offshore waters: perspectives, concerns and research 
needs. Aquac Environ Interact. 2010;1:57-70., Toledo-Guedes K, Sanchez-Jerez P, Benjumea ME, Brito A. 
Farming-up coastal fish assemblages through a massive aquaculture escape event. Mar Environ Res. 
2014;98:86-95., and Noble T, Smith-Keune C, Jerry D. Genetic investigation of the large-scale escape of a 
tropical fish, barramundi Lates calcarifer, from a sea-cage facility in northern Australia. Aquac Environ 
Interact. 2014;5:173-183.. 
42 See 33 USC § 1362(6).  “The term “pollutant” means dredged spoil, solid waste, incinerator residue, 
sewage, garbage, sewage sludge, munitions, chemical wastes, biological materials, radioactive materials, 
heat, wrecked or discarded equipment, rock, sand, cellar dirt and industrial, municipal, and agricultural 
waste discharged into water.”  
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2.7). Under this plan, disease outbreaks will be minimized. When an outbreak does occur, it will 
be detected quickly and controlled as rapidly as possible.  
 
The proposed mitigation measures lack any specificity.  Mention is made to an “Appendix III”, 



but Coastkeeper can find no appendix to the materials submitted in support of the permit 



application.  Pathogen and parasite transmission between farmed and wild stocks of fish is a 



persistent and unresolved issue.43  Any measures must be specific, and must be devised to avoid 



and prevent disease and pathogen transfer to fish in the marine environment. 



 



In personal communications Coastkeeper staff and Board members had with representatives 



from the Rose Canyon Fisheries (RCF) about how they plan to address disease impacts, RCF 



representatives responded that one strategy they might implement would be to “inbreed the 



hell out of them” to the point where escaped fish would be weak or unfit for survival in a natural 



environment upon escaping.  Coastkeeper has grave concerns that such practices would create 



unhealthy fish that are prone to disease, further exacerbating significant environmental impacts. 



 
Impact No. 6. Increased vessel traffic resulting from the proposed project may impact marine 
mammals and sea turtles.  
 
Proposed Mitigation Measure: Vessel operators shall be trained to recognize and avoid marine 
mammals and turtles during their transits to and from the project site and during their 
operations at the project site. Once trained, vessel operators shall be re-trained on an annual 
basis. At a minimum, vessel operators shall implement the following procedures should marine 
mammals be encountered at sea.  



• Support vessels shall make every effort to maintain a distance of >1,000 feet from 
sighted whales and other endangered or threatened marine mammals and sea turtles. 
• Support vessels will not cross directly in front of migrating whales. 
• When paralleling whales, support vessels will operate at a constant speed that is not 
faster than the whales’ speed. 
• Female whales will not be separated from their calves. 
• Support vessels will not be used to herd or drive whales or other marine life. 
• If a whale engages in evasive or defensive action, support vessels would drop back 
until the animal calms or moves out of the area. 
• Collisions or with marine wildlife shall be reported promptly to the federal and State 
agencies listed below pursuant to each agency’s reporting procedures. 



 
 



While an increase in vessel traffic is likely to have significant impacts to marine mammals and 



sea turtles, it is not the only source of likely impacts to marine mammals and sea turtles that 



would result from this project.   Location of the cages and the aquaculture activities themselves 



are likely to impact marine mammals and sea turtles, both of whom deserve special protections 



under state and federal wildlife laws.   Further, the project would attract predatory activity, 



                                                        
43 Krkosek M, Ford JS, Morton A, Lele S, Myers RA, Lewis MA. Declining Wild Salmon Populations in 
Relation to Parasites from Farm Salmon. Science (80- ). 2007;318:1772-1775., and Nowak BF. Parasitic 
diseases in marine cage culture - An example of experimental evolution of parasites? Int J Parasitol. 
2007;37:581-588. 
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which itself could interfere with the natural behaviors of migratory and other marine life.  



Mitigation measures must be devised with more specificity to avoid and prevent such impacts. 



 



 



Commercial and Recreational Fishing: 



 
Impact No. 1 
The proposed project would result in adverse impacts to commercial fishing operations in the 
San Diego area. 
 
Proposed Mitigation Measure: To the maximum extent possible, the fish cages shall be placed in 
the smallest footprint possible without compromising water or sediment quality. This placement 
would minimize the area potentially lost to commercial fishing operations.  
 
Proposed Mitigation Measure: The mitigation measure regarding Avoidance of hard-bottom 
structures, Marine Biological Resources, Section 4.1.2, also applies to this impact. 
 
The application completely fails to address impacts to commercial and recreational fishing that 



are likely to occur from escapes, disease transmission, wild fish aggregations, predation 



behavior changes, and cumulative environmental impacts, including water quality impacts.  The 



commercial fishing industry of San Diego has suffered substantial impairment over the years due 



to lax or ineffective management of wild commercial fisheries and fish populations.44  Activities 



associated with this project are likely to result in disease transmission, genetic alteration of 



native and wild populations due to escapes, and increased predatory presence in the area.  



These impacts will affect commercial fishing operations above and beyond the simple 



“footprint” and siting issues noted in the proposed measures in the immediate vicinity of the 



project area because such impacts cannot be contained.  These additional impacts to 



commercial fishing activities in the San Diego area must be accounted for in detailed cumulative 



mitigation measures that will avoid or prevent those impacts to commercial fishing above and 



beyond the measures meant to address the environmental impacts of the activities alone. 



 
Impact No. 2. The proposed project would result in adverse impacts to recreational fishing 
activities in the San Diego area. 
 
Proposed Mitigation Measure: The two mitigation measures for impacts to commercial fishing 
(above) would also apply to recreational fishing impacts. No additional mitigation measures are 
proposed. 
 



See our comments above related to commercial fishing operations, as many of the same 



concerns and requirements are present and apply to both. 



 



                                                        
44 A Pew Charitable Trust article noted just this week that Pacific sardine populations have dwindled to 
the point that “it can no longer sustain a commercial fishery”.  See 
http://www.pewtrusts.org/en/about/news-room/news/2015/03/06/bad-news-on-the-west-coast-pacific-
sardines-are-collapsing, last visited March 11, 2015. 
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Marine Traffic: 



 



Impact No. 1. Vessels that transit through or operate in the project area can accidentally run 
into the project fish pens.  
 
Proposed Mitigation Measure: Vessel operators shall be notified of the project and its location. 
A project announcement should be posted in the Notice to Mariners (USCG publication). The U.S. 
Department of Commerce, NOAA, shall also be notified so navigational charts can be updated to 
show the location and extent of the fish pens. Additionally, the fish pens shall be marked with 
lights and radar reflectors mounted onto surface buoys in accordance with USCG regulations (72 
COLREGS and all amendments), and as determined by the issuance of the USCG Aids to 
Navigation Permit.  
 
Proposed Mitigation Measure: Notices that describe and illustrate the net pen locations and 
markings shall be posted at the Harbor Patrol or Harbor Masters offices at the two regional 
harbors (San Diego and Mission Bay). 
 
Proposed Mitigation Measure: Monitors at the project site will contact vessels or boaters by 
marine radio if they approach too close to the net pens. Boaters should be notified by the 
monitors of potential conflicts and hazards. 
 
Impact No. 2. The frequency of vessel collisions in the project area will increase due to the 
increase in traffic from the supply vessels that will be used to support the proposed project.  
 
Proposed Mitigation Measure: The Mitigation Measures for Impact No. 1 apply.  
 



While these mitigation measures appear to be more specific than most other listed measures, 



we wish to point out that project applicant has proposed to cordon off a portion of public trust 



lands and waters from vehicle and other activities without a property right to do so. 



 



Additional Expected Impacts: 



 



In addition to the applicant-listed impacts that are likely to result from the proposed activities, 



Coastkeeper wishes to list the following additional significant and substantial environmental 



impacts that are likely to result (though this list is meant to be illustrated rather than fully 



inclusive of all possible impacts). 



 



Cumulative Impacts and Feed/Fish Meal 



Not mentioned in the Application are impacts associated with fish feed on fish populations as a 



whole.  It is likely that fish meal will be the primary diet fed to farmed fish, as the fish proposed 



for farming are carnivorous.  According to some estimates, carnivorous fish species require 5 
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times as much fish biomass in feed as is produced.45  The outcome, then, is the exploitation of 



one fish source (likely a wild source), to produce a marketable product in an inefficient and 



unsustainable manner.  Farming high trophic species also increases the opportunity for toxin 



accumulations (such as mercury).46  Further, there is documented spillover into the surrounding 



environment.47 



 



Overall Cumulative Impacts 



Besides analysis of each individual impact, project proponents must analyze and mitigate for the 



cumulative impacts of the activities that are likely to have significant environmental impacts.48 



 



Waste from gutting or processing of fish on-site 



Besides the expected pollutants listed (including escaped fish, antibiotics, fish feces, etc.), 



significant environmental impacts are likely to result from waste associated with the gutting 



and/or processing of fish on-site.  Such impacts must be avoided or prevented through specific 



and detailed mitigation measures. 



 



Impacts to whale migration behavior, sea lion/seal behavior, dolphin behavior, and predator 



behavior associated with the aquaculture activities 



Applicant must include an analysis of expected impacts to whale migration behavior and health, 



sea lion and seal behavior and health, dolphin behavior and health, and impacts to other 



predator behavior.  Applicant must also include detailed mitigation measures to avoid or 



prevent significant impacts. 



 



Harmful Algae Blooms 



High nutrient levels associated with the proposed activities can stimulate harmful algae blooms, 



which can result in the death of marine organisms.49  Applicant must include detailed mitigation 



measures to avoid or prevent significant impacts. 



 



Permitting Jurisdiction: 



 



Importantly, Coastkeeper has serious doubts about the project’s ability to move forward under 



the current regulatory permitting scheme.  As a threshold matter it is unlikely the Corps has 



jurisdiction or authority to issue a permit for the proposed aquaculture project.  Instead, the 



Corps’ Section 10 jurisdiction is limited to a review for placement of structures in federal waters 



                                                        
45 Naylor RL, Hardy RW, Bureau DP, et al. Feeding aquaculture in an era of finite resources. Proc Natl Acad 
Sci U S A. 2009;106(36):15103-15110. 
46 Debruyn AMH, Trudel M, Eyding N, et al. Ecosystemic effects of salmon farming increase mercury 
contamination in wild fish. Environ Sci Technol. 2006;40(11):3489-3493. 
47 Id. 
48 Besides those expected impacts listed above, such impacts include “nutrient and chemical wastes, 
water use demands, aquatic animal diseases and invasive species, potential competitive and genetic 
effects on wild species, effects on endangered or protected species, effects on protected and sensitive 
marine areas, effects on habitat for other species, and the use of forage fish for aquaculture feeds”.  
NOAA Marine Aquaculture Policy, June 2011. 
49 Final Report, p. 50. 
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within three nautical miles that may inhibit or otherwise impact navigation upon those waters.50  



Any exercise of jurisdiction outside that zone to “wider zones” is only recognized under “special 



regulatory powers exercised over the outer continental shelf”.51   Thus, the Corps’ own 



regulations recognize that any exercise of Corps jurisdiction outside of the initial three nautical 



miles zone applied to outer continental shelf (OCS) is limited to special circumstances and 



require specific regulatory delegations from Congress.   



 



It is anticipated that the Corps could interpret 33 CFR 322.3(b) to allow for Corp permits over 



structures in the OCS in this case under Outer Continental Shelf Lands Act (OCSLA).52  The 



OCSLA, however, specifically deals only with devices attached to the seafloor for the purposes of 



extracting mineral resources such as, “oil, gas, sulphur, geopressured-geothermal, and 



associated resources, and all other minerals which are authorized by an Act of Congress to be 



produced from ‘public lands’.”53  Based upon the inherent limitation of Corps’ jurisdiction, and 



the specific enumerated circumstances under which the Corp may permit activities outside of 



the three-mile zone, it is clear that aquaculture activities do not fit within the definition of 



projects to which the special regulatory expansion of Corps jurisdiction would apply.  Therefore, 



the Corps would not have jurisdiction in the OCS to permit aquaculture projects or structures. 



 



Even if the Corps did have jurisdiction to permit a structure on the OCS under Section 10, it 



currently does not have the authority to permit the proposed activity itself.  Importantly, the 



OCSLA regulations of 33 CFR 320.2(b) expressly state that the Secretary of the Army’s 



jurisdiction is to “prevent obstruction to navigation in the navigable waters of the United States” 



by such devices.54  That section further states that “Section 10 of the Rivers and Harbors 



Act…prohibits the unauthorized obstruction or alteration of any navigable water of the United 



States”.55  Clearly the Corps’ Section 10 permitting authority, if present at all in the OCS, applies 



only to structures and is meant to deal only with navigational obstruction issues absent any 



additional associated “special regulatory powers”.56   



 



Just as problematic for project proponents is the lack of property right, or even a regulatory 



vehicle through which a property right could be granted, without the express authorization or 



delegation of authority.  Even if the Corps in implementing its Section 10 permitting authority 



ignored the limitations on its jurisdiction outside of the three-mile zone and further ignored the 



fact that Section 10 permits are navigational permits for navigational obstruction purposes, the 



                                                        
50 See 33 CFR 329.12(a) “The navigable waters of the United States over which the Corps of Engineers 
regulatory jurisdiction extends include all ocean and coastal waters within a zone three geographic 
(nautical) miles seaward from the baseline (the Territorial Seas).  Wider zones are recognized for special 
regulatory powers exercised over the outer continental shelf”.    
51 Id. 
52 43 USC 1333 
53 43 CFR 1331(q). 
54 33 CFR 320.2 (b). 
55 Id. 
56 33 CFR 329.12(a).  See also 33 USC 320.2(b), 43 USC 1333(a) and (e) which collectively state that the 
Corps’ authority outside of that zone extends only to installations attached to the seabed for the purposes 
of exploring for, developing or producing mineral resources therefrom.  
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Corps still could not permit this project because the project proponent does not (and would not) 



hold a property right to use and occupy federal public trust lands and waters, and the Corps 



does not have the delegated authority to convey that right.  Section 10 provides for a navigation 



permit, and the aquaculture activities themselves are not under the purview or delegated 



authority of Section 10.57 As discussed in more detail below, in the absence of a clear 



Congressional delegation of authority to permit the proposed activities, and without associated 



implementation and governing regulatory program elements providing guidance on appropriate 



environmental review, leasing requirements, best management practices, and mitigation 



measures, the Corps lacks authority to issue a permit for the proposed aquaculture farm.  



Congress, and Congress alone, is possessed with “paramount rights” over the OCS land and 



waters as public trust property, and Congress has not delegated permitting authority for 



aquaculture activities.58  Importantly, the Corps general policies for evaluating permit 



applications themselves state that “authorization of work or structures by DA does not convey a 



property right.”59  Absent any other express right given by Congress via direct approval or 



delegated authority, the Corps lacks jurisdiction to issue Section 10 permits in offshore waters 



for aquaculture purposes60 and the proposed activities cannot be permitted, as Congress alone 



holds the authority to approve property rights to federal holdings.  Stated simply, absent an 



affirmative Congressional action, there currently exists no authority within the federal 



government to comprehensively review, permit, lease, and provide appropriate regulatory 



oversight of aquaculture projects in federal public trust lands.61   



 



Examples where the Corps does have special delegated Congressional authorization to allow for 
use and occupancy of activities on and in the OCS include: for oil and gas development the 
Outer Continental Shelf Lands Act (OCSLA)62; for thermal energy conversion the Ocean Thermal 
Energy Conversion Act (OTECA)63; and for deepwater port construction the Deepwater Port Act 
(DWPA)64.   Importantly, each of those uses is accompanied by a comprehensive regulatory 
scheme specific to those activities which they govern, and each contains a provision on use and 
occupancy requirements granting some right to the activity in federal lands and waters.65  For 



                                                        
57 See 33 USC 403. 
58 The Supreme Court held that the United States was entitled to, “exercise sovereign rights over the 
seabed and subsoil underlying the Atlantic ocean, lying more than three geographical miles seaward from 
the ordinary low-water mark and from the outer limits of the inland waters on the coast, extending 
seaward to the outer edge of the continental shelf; and that the rule, that the paramount rights to the 
offshore seabed inhere in the United States as an incident of national sovereignty, was confirmed by the 
Submerged Lands Act of 1953 and the Outer Continental Shelf Lands Act of 1953”.  United States v. 
Maine, 420 U.S. 515 (1975) 
59 33 CFR 320.4(g). 
60 As discussed below, Congress has specifically stated under which circumstances the Corps does have 
permitting authority over certain activities on the OCS, including for extractive energy resources (43 USC 
1332), deepwater ports (22 USC 1501-1524), and thermal energy facilities (42 USC 9101-9168).  
61 43 USC 1331-1356 
62 43 USC 1331-1332. 
63 42 USC 9101-9168. 
64 33 USC 1501-1524. 
65 See. 33 USC 1501-1452; 42 USC 9101-9168; 42 USC 1331-1356.  Equally telling is the fact that each of 
those sections of special delegation contains elements such as (1) resource-specific environmental 
standards; (2) enumerated criteria upon which a decision must be made (as opposed to mere “factors” in 
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example 42 USC 9111(a) governing ocean thermal facilities states that, “no person may engage 
in the ownership, construction, or operation of an ocean thermal energy conversion facility 
which is documented under the laws of the United States, which is located in whole or in part 
between the highwater mark and the seaward boundary of the territorial sea of the United 
States, or which is connected to the United States by pipeline or cable, except in accordance 
with a license issued pursuant to this chapter”.66  The whole purpose of passing these laws was 
to delegate powers over these uses and activities, and these “special” uses and activities alone, 
in federal public trust lands and waters.  Aquaculture activities presently enjoy no such special 
regulatory authority or delegation required outside of the three-mile zone.  
 



It is important to note that on at least several occasions lawmakers have proposed federal 



legislation aimed at granting delegated authority to one agency or another to issue offshore 



aquaculture permits, establish environmental requirements, and facilitate cooperation between 



interested agencies.  An example of one such attempt was S1195, which, in the words of Deputy 



Assistant Secretary for Oceans and Atmosphere (NOAA) Timothy Keeney, would, “authorize the 



Secretary of Commerce to issue offshore aquaculture permits and to establish environmental 



requirements,” among other things.67   To date each of those efforts has failed.  Until and unless 



such authorization succeeds the required authority is not present, as Congress’ inability to pass 



aquaculture regulations cannot be deemed an abdication of its responsibilities towards public 



lands.68 



 



By way of example of the type of authority required, many other federal laws and regulations 



exist that govern the use and occupancy of public trust lands and the property rights necessary 



to undertake such activities.  In each case a governing regulatory scheme is present that 



includes, among many other specific considerations for the particular activity in question, rules 



that govern the use and occupancy of public trust resources when those resources are utilized 



or consumed for private gain.  Among those regulations is the Federal Land Policy and 



Management Act (FLPMA) which includes language that requires the Secretary to manage lands 



through “leases, licenses, published rules, or other instruments”, for, “the use, occupancy, and 



development of the public lands”.69  Under the rule, the Bureau of Land Management has issued 



                                                        
Section 10); (3) standards to guide decision-making on the balancing of interest in making decisions; (4) 
delegation of power to the appropriate agencies with relevant expertise; (5) land use authorization 
mechanisms; (6) competitive bidding procedures; (7) fair market value requirements to ensure return to 
the government and taxpayers for the use of public trust resources; (8) specification of areas to be off-
limits to development; (9) due diligence requirements; (10) enforcement and citizen suit provisions; and 
(11) mandatory roles for state and local governments.  These are not provided for in Section 10 because 
that section of the RHA is not intended to be the basis upon which land use or aquaculture project 
decisions would be made.  All of the listed elements are missing from section 10 review and permitting 
criteria.   
66 42 USC § 9111, italics added. 
67 From Hearing before the Subcommittee on National Ocean Policy Study, June 8, 2006.  Accessed at 
http://www.gpo.gov/fdsys/pkg/CHRG-109shrg64706/html/CHRG-109shrg64706.htm on February 24, 
2015.   
68 See Light v. United States, 220 US 523, 537 (1911), “All the public lands of the nation are held in trust 
for the people of the whole country.  And it is not for the courts to say how that trust shall be 
administered.  That is for Congress to determine.” 
69 43 USC § 1732(b) 
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extensive policies to guide development of projects utilizing federal public trust lands.  In the 



context of the marine environment, similar principles and requirements can be found in the 



Ocean Thermal Energy Conversion Act, which establishes a licensing system for the location of 



those facilities and requires the involvement of other agencies with relevant experience.70  Such 



a comprehensively devised system to govern activities that utilize federal public trust lands only 



makes sense when considered alongside Congress’ duties toward the citizenry with respect to 



those lands.  Presently, comparable regulations for aquaculture projects are completely lacking 



at the federal level. 



 



Analogous programs also exist on the state level, as with California’s aquaculture regulations 



adopted via S.B 201.  Besides the numerous and rigorous permitting requirements that apply to 



aquaculture projects in California, California Fish and Game Regulations and Code contain 



lengthy conditions for the leasing of water bottoms for aquaculture.71   



 



For these same reasons that the Corps does not have this authority, no other Federal agency 



possesses the authority to confer a property right and permit the proposed activities on federal 



lands and waters, as there are no laws existing that authorize the use and occupancy of federal 



lands and waters offshore for these purposes.  Section 402 permits, like Section 10 permits, are 



limited in scope.  Section 10 permits convey only a limited right for a structure within a 



navigational context, and Section 402 EPA Clean Water Act permits convey to a discharger 



nothing more than a limited right to discharge pollutants under certain conditions72.  In neither 



case does the permitting agency have authority to permit the activity itself or to convey 



property rights to occupy and utilize Federal lands and waters in this particular manner.  



Obtaining a couple of permits for structures and discharges does not in itself allow for the use 



and occupancy of federal public trust lands without an express authorization from Congress and 



associated regulatory mechanism. 



 



It stands to reason that if the Corps interprets its own jurisdiction to allow for permitting of this 



activity under Section 10 outside of the initial three-mile zone, it would essentially read out of 



existence the language in 33 CFR 329.12(a) which requires delegation of “special regulatory 



powers” to the Corps for specific instances outside of the three-mile zone.  It would follow that 



OCSLA, OTECA, or DWPA would not be necessary at all if the Corps jurisdiction extends to the 



OCS without the delegation of such express special regulatory powers in those Acts. 



 



It is clear to us that regardless of which agency or agencies take the lead on this proposal for 



NEPA purposes, there exists no apparent delegated Congressional authority to any federal 



agency under current law or regulations that would allow for the permitting of the proposed 



activities.  No agency currently has regulatory authority to convey rights to federal lands for 



                                                        
70 42 USC § 9111 
71 See CA Fish and Game Code Section 15400 governing leasing requirements which states, “(b) a person 
shall not engage in marine finfish aquaculture in ocean waters within the jurisdiction of the state without 
a lease from the commission.”, and CA Fish and Game regulations at 14 CA ADC section 237. 
72 See 40 CFR 451.2(j), “Permitting authority means EPA or the State agency authorized to administer the 
NPDES permitting program for the receiving waters into which a facility subject to this Part discharges.” 
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private commercial aquaculture purposes without express Congressional delegation, mandate, 



or consent.  Because no such authority exists, the US Army Corps of Engineers (“the Corps”) and 



other agencies should deny and refuse to proceed on permits for these proposed activities.  San 



Diego Coastkeeper cannot think of a single example where private use and exploitation of 



federal lands held in the public trust can be used without some form of right, be it via lease 



obtained through a bidding process, license, or other mechanism.   As it exists, the current 



scheme would allow for private parties to utilize federal lands for their own use and profits 



without permission.  This is not permissible in any area of federal land use regulations, whether 



on land or out at sea.   



 



Besides the obvious many legal issues, from a practical perspective Coastkeeper is concerned 



that the lack of existing regulations governing offshore industry will lead to the unlawful use of 



public lands and inadequate environmental review or mitigation for what will be significant 



environmental impacts resulting from this proposal.  Further, even assuming this project could 



somehow be permitted and begins operating, there exist no regulations with guidance on how 



multiple independently-operated future projects could co-exist in federal waters without 



property rights, or how the cumulative environmental impacts of multiple projects would be 



assessed. 



 



Conclusion: 



 



As an organization that is keenly interested in the viability of long-term sustainable wild 



commercial fisheries, water quality, marine and benthic integrity, and the health of our local and 



offshore marine ecosystem, it is clear to Coastkeeper that unless and until national federal 



regulations governing environmental and other considerations for aquaculture are promulgated, 



permission cannot be granted for this project, and there exists no way to be sure adequate 



environmental review will take place and that appropriate measures and practices will be 



employed regarding particular proposals. 



 



It is important for us to put this project and its proposed activities into perspective while 



considering the applicant’s own words.  Most telling about this proposal is the very prevalent 



language in the Executive Summary for the Rose Canyon Fisheries project that calls this proposal 



a “demonstration project” and part of their “research and development”.73  The application 



itself states that, “demonstrating the efficacy of the venture at the initial scale of production will 



ensure that all the proper safeguards are in place before scaling up further.”74  Additional 



language in the permit indicates this project is very much intended to be an experimental pilot 



project; (“If successful, this project…”).75  All of this suggests that what is being sought is 



approval for an experimental pilot project with a commercial purpose.  Proper legal mechanisms 



and safeguards must first be in place prior to the project receiving approval since adverse 



impacts are required to be avoided if at all possible.  Those mechanisms and safeguards 



currently do not exist. 



                                                        
73 Executive Summary, Rose Canyon Fisheries, page 6. 
74 Permit application, page 4. 
75 Permit application, page 10. 
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At present, no federal agency has the authority to permit the proposed activities in and on 



public lands and waters.  Even if the interested federal agencies did have such actual authority, 



the EPA and NOAA are far better suited in this instance to act as co-lead agencies for NEPA 



review for the reasons mentioned above.  Finally, due to the substantial likelihood that this 



project would result in significant environmental impacts, an EIS is required. 



 



Based upon the above, and given the experimental and precedential nature of this project and 



proposal, the lack of regulatory authority to permit the activities proposed, as well as the likely 



significant environmental impacts that will result to waters in the San Diego region, San Diego 



Coastkeeper respectfully requests at least one public meeting on this matter. 



 



Thank you for the opportunity to comment on the Rose Canyon Fisheries demonstration project.  
Please feel free to contact me with any questions or for additional feedback.  We look forward 
to working with all interested parties toward development of a meaningful, effective, and truly 
sustainable approach to fisheries management in our region. 
 
 
Sincerely, 



 



 
Matt O’Malley 



Waterkeeper, Legal & Policy Director 



 
 
cc:  
Teresa Bradford, USACE, therese.o.bradford@usace.army.mil 
Elizabeth Sablad, Environmental Protection Agency, Sablad.Elizabeth@epa.gov 
Diane Windham, NOAA Fisheries, Office of Aquaculture (Western), diane.windham@noaa.gov 
Deborah Lee, CA Coastal Commission, deborah.lee@coastal.ca.gov 
Greg Murphy, Office of County Supervisor Greg Cox, greg.murphy@sdcounty.ca.gov 
Cassidy Teufel, CA Coastal Commission, cassidy.teufel@coastal.ca.gov  
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COOPERATIVE AGREEMENT 



IN SUPPORT OF 



PURE WATER SAN DIEGO  
 



 This Cooperative Agreement (Agreement) is entered into this _____ day of __________, 



2014, by and between San Diego Coastkeeper (Coastkeeper), the San Diego Chapter of Surfrider 



Foundation (Surfrider), the Coastal Environmental Rights Foundation (CERF), and the San 



Diego Audubon Society (Audubon), collectively referred to as Stakeholders, and the City of San 



Diego (City), a municipal corporation, for purposes of supporting and implementing potable 



reuse of wastewater and secondary equivalency at the Point Loma Wastewater Treatment Plant, 



known as the Pure Water San Diego program. 



 



RECITALS 



 



A. The City’s Point Loma Wastewater Treatment plant operates under a National Pollutant 



Discharge Elimination System (NPDES) permit which allows for a variance from secondary 



treatment requirements pursuant to sections 301(h) and 301(j)(5) of the Clean Water Act. 



 



B.  On March 18, 2005, the City entered into a settlement agreement with Surfrider, 



Coastkeeper (then known as San Diego Baykeeper), and the San Diego Chapter of the Sierra 



Club wherein pending litigation over the City’s NPDES permit was dismissed in return for the 



City evaluating an improved ocean monitoring program, testing new treatment technology at the 



Point Loma Wastewater Treatment Plant, and studying and evaluating an expanded water reuse 



program. 



 



C. On February 17, 2009, the City entered into a cooperative agreement with Surfrider and 



Coastkeeper wherein they agreed not to oppose the renewal of the City’s NPDES permit in 



return for the City conducting a study of ways to offload wastewater from the Point Loma 



Wastewater Treatment Plant through increased water reuse, which later became known as the 



Recycled Water Study. 



 



D. On July 17, 2012, the City Council received the Recycled Water Study, which concludes 



that potable reuse achieves favorable water costs, provides reliability and local control of the 



water supply, enhances environmental sustainability, improves water quality, and empowers 



long-term cost control, pursuant to Resolution No. R-307585. 



 



E. Stakeholders have expressed continuing concern over the City's NPDES permit for the 



Point Loma Wastewater Treatment Plant while supporting water reuse strategies described in the 



Recycled Water Study. 



 



F. The City has determined that instead of converting the Point Loma Wastewater 



Treatment Plant to a secondary treatment plant, equivalent results can be achieved by offloading 



wastewater flow from the Plant to other existing and new facilities (secondary equivalency). 
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G. The strategy of achieving secondary equivalency at the Point Loma Wastewater 



Treatment Plant through potable reuse of wastewater has been named the Pure Water San Diego 



program. 



 



H. On April 29, 2014, the City Council gave its approval and support for the Pure Water San 



Diego program, pursuant to Resolution No. R-308906. 



 



NOW, THEREFORE, in consideration of these recitals and for good and valuable consideration, 



the receipt and sufficiency of which are hereby acknowledged, Stakeholders and the City hereby 



agree as follows: 



 



AGREEMENT 



ARTICLE 1 – PROPOSED LEGISLATION 



1.1  Ocean Pollution Reduction Act. The Stakeholders shall designate from among themselves 



one or more parties to act as Stakeholder representatives. The City and the Stakeholder 



representatives will use reasonable efforts to have federal legislation passed in accordance with 



the proposal called the Ocean Pollution Reduction Act II (OPRA II), which is attached as Exhibit 



A and incorporated herein by reference. Generally, OPRA II will allow the City’s NPDES permit 



to be based on secondary equivalency with a commitment to implement potable reuse of 



wastewater. 



1.2  Lobbying. The City shall retain the services of one or more professional lobbyists to 



advocate for OPRA II. The City and the Stakeholder representatives shall also meet with elected 



and appointed officials as each may determine is reasonably necessary to support OPRA II. If the 



City and the Stakeholder representatives are jointly meeting with elected or appointed officials, 



the City may, in its sole discretion, pay for the travel and lodging of the Stakeholder 



representatives according to the same rules applicable to City employees. 



 



1.3  Other Environmental Groups. Stakeholders shall meet with other environmental groups 



not signatory to this Agreement that Stakeholders reasonably believe may object to OPRA II. 



Stakeholders will use reasonable efforts to convince those environmental groups not to object to 



OPRA II. The City shall jointly attend a reasonable number of such meetings with other 



environmental groups at the request of Stakeholders. The City may, in its sole discretion, enter 



into separate agreements with other environmental groups or other organizations to support 



OPRA II and the City’s applications for NPDES permits. 



 



1.4  Legislative Amendments. If OPRA II is introduced or amended with language that is 



materially different than that in Exhibit A, the City and Stakeholders shall meet as soon as 



reasonably possible to discuss whether the legislation is mutually acceptable. If the legislation is 



not mutually acceptable, and the parties cannot agree on a strategy to return OPRA II to its 



original or other mutually acceptable form, then this Agreement may be terminated pursuant to 



sections 5.3.2 or 5.4.2. 



 











 



Cooperative Agreement Page 3  



In Support of Pure Water San Diego  



 



1.5  Legislative Deadline. If OPRA II is not enacted by August 1, 2019, it shall be considered a 



force majeure event entitling the parties to an extension in time for performance pursuant to 



section 5.2. If OPRA II is not enacted by thirty days before the deadline for the City to file the 



next application after the 2015 application to renew the NPDES permit, this Agreement may be 



terminated pursuant to sections 5.3.3 or 5.4.3. 



 



1.6  Regular Meetings. The City and Stakeholders anticipate that regular meetings will be 



necessary to discuss the progress of the Pure Water San Diego program, at least until OPRA II is 



enacted. The City shall host, and Stakeholders shall attend, at least four meetings per year to 



discuss the progress of, and potential impediments to, the Pure Water San Diego program until 



OPRA II is enacted. After OPRA II is enacted, scheduling and attendance at meetings will be 



optional. 



 



ARTICLE 2 – PERMIT APPLICATIONS 



 



2.1  2015 Application. The City shall submit an application to renew the NPDES permit for the 



Point Loma Wastewater Treatment Plant no later than January 30, 2015, unless an extension is 



granted by the United States Environmental Protection Agency (EPA). The City shall diligently 



pursue approval of the 2015 application. The Stakeholder representatives shall attend all 



administrative hearings where the 2015 application will be discussed and express their support 



for approval of the 2015 application in the context of secondary equivalency and potable reuse. 



Stakeholders not expressing their support at the administrative hearings shall provide such 



support in writing to the agencies conducting the administrative hearings. 



 



2.2  Content. The City’s 2015 application shall be submitted to EPA in compliance with OPRA 



II in anticipation of its enactment. The City’s 2015 application shall also comply with sections 



301(h) and 301(j)(5) (as it currently exists) of the Clean Water Act in the event OPRA II is not 



enacted before the EPA completes its review of the City’s application.  



 



2.3  Amendments. If it becomes necessary for the City to amend its 2015 application, the City 



shall share the proposed amendment with Stakeholders for review and comment, at least thirty 



(30) days before submitting the amendment to EPA. The City shall consider comments received 



from Stakeholders, but the City is not obligated to incorporate comments into the amendment. 



Any amendments submitted by the City must comply with OPRA II. A Stakeholder may submit 



any dispute over an amendment to mediation pursuant to Article 6. 



 



2.4  Subsequent Applications. If the City receives a NPDES permit pursuant to its 2015 



application, the City shall timely submit subsequent applications for NPDES permits in 



compliance with OPRA II. 



 



2.5  Waiver. Each Stakeholder waives and relinquishes its right to challenge or protest the 



eligibility, validity or legality of the City’s 2015 application and the resulting NPDES permit, 



both administratively and through litigation, whether the NPDES permit is issued under OPRA 



II, or under sections 301(h) and 301(j)(5) of the Clean Water Act provided the application and 



NPDES permit comply with OPRA II. This waiver similarly applies to subsequent applications 



and NPDES permits, but only if the subsequent applications and NPDES permits comply with 
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OPRA II. This waiver does not prohibit a Stakeholder from challenging whether the City is in 



compliance with its NPDES permit (as opposed to the validity or legality of the NPDES permit 



itself). This waiver does not apply to a Stakeholder that has withdrawn from this Agreement 



pursuant to section 5.3. 



 



ARTICLE 3 – PROGRAM IMPLEMENTATION  



 



3.1  Program Implementation. The City shall design, construct, and operate facilities shown in 



Exhibit B in accordance with the deadlines and milestones set forth therein, contingent on all of 



the following events occurring in time for the City to meet them. The City shall further use 



reasonable efforts to ensure the following events occur in a timely manner: 



 



3.1.1  Legislation. OPRA II is enacted. 



 



3.1.2  Environmental Review. Environmental review is completed under the California 



Environmental Quality Act, and the National Environmental Policy Act if applicable. 



 



3.1.3  Funding. Sufficient funding is identified and appropriated pursuant to San Diego 



City Charter sections 80 and 99. 



 



3.1.4  Harbor Drive Site. The City receives the necessary approvals and plan 



amendments to construct and operate a new treatment facility on the 25-acre site near 



Harbor Drive currently leased to the Public Safety Training Institute. 



 



3.1.5  Regulatory Approval. The City receives regulatory approval to implement potable 



reuse at the flow rates specified in OPRA II. 



 



3.2  Deadlines and Milestones. The deadlines and milestones for achieving the requirements of 



OPRA II are identified in Exhibit B.  



 



3.2.1  Deadlines. Except as otherwise provided in this Agreement, the failure to meet a 



deadline is a material breach of this Agreement. If the City or a Stakeholder believes one 



of the events listed in section 3.1 may not occur in time for the City to meet a deadline, 



the parties shall promptly meet to discuss changing the deadline or event through an 



amendment to this Agreement. 



 



3.2.2  Milestones. The failure to meet a milestone is not a material breach of this 



Agreement. The City may extend milestones by up to one year each by sending written 



notice to Stakeholders prior to the date of the milestone describing the length and reason 



for the extension. If the City or a Stakeholder believes the City may not meet a milestone, 



even after extended by the City, the parties shall promptly meet to discuss ways to keep 



the Pure Water San Diego program on schedule. 



 



3.3  Pure Water CIP Plan.  The City shall develop a Capital Improvements Program (CIP) plan 



for the Pure Water San Diego program by July 1, 2015, and provide copies to Stakeholders for 



review and comment. The Pure Water CIP plan shall include a description of all new, expanded, 
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and modified facilities necessary to comply with OPRA II, the dates when the design, 



construction, testing and operation of the facilities are anticipated to start and finish, and the 



estimated cost of each facility. The Pure Water CIP plan shall be based on indirect potable reuse, 



but the City may revise the plan later if direct potable reuse is feasible. The City shall meet with 



Stakeholders to discuss their comments, but the City is not obligated to incorporate comments 



into the Pure Water CIP plan. A Stakeholder may submit any dispute related to the Pure Water 



CIP plan to mediation pursuant to Article 6. 



 



3.4  Progress Reports and Updates. The City shall prepare progress reports annually by 



December 31 describing the City’s progress in meeting the deadlines, milestones, and the Pure 



Water CIP plan. The City shall also update the Pure Water CIP plan annually by December 31, if 



necessary. The Pure Water CIP plan is subject to change based on factors such as feasibility 



studies, environmental analysis, changes in the cost of labor and material, new water reclamation 



projects of other agencies, and evolving regulatory requirements for potable reuse. If a progress 



report demonstrates that the City is not on schedule to meet the deadlines, milestones, or the Pure 



Water CIP plan, the progress report shall include a plan to bring the City back on schedule. The 



City shall provide the progress reports and any updates to the Pure Water CIP plan to 



Stakeholders for review and comment. The City shall consider comments received from 



Stakeholders, and meet with Stakeholders at their request, but the City is not obligated to 



incorporate comments into the progress reports. A Stakeholder may submit any dispute related to 



the City’s progress reports or updates to the Pure Water CIP plan to mediation pursuant to 



Article 6. 



 



ARTICLE 4 – OCEAN MONITORING 



 



4.1  Ocean Monitoring. The City shall continue the ocean monitoring program for the Point 



Loma outfall as set forth in NPDES Permit No. CA0107409 (Order No. R9-2009-0001), which is 



hereby incorporated by reference.  



 



4.2  Reports. The City shall annually complete a Receiving Waters Monitoring and Assessment 



Report, or equivalent report, for the Point Loma Ocean Outfall and post the latest report on the 



City’s website by every July 31. The City shall notify Stakeholders once the report is available 



on the City’s website. 



 



4.3  Program Changes. If the City’s NPDES permit requires ocean monitoring that differs from 



the ocean monitoring required by this Agreement, the City shall comply with whichever 



requirements are stricter. If the City or a Stakeholder desires to change the ocean monitoring 



required by this Agreement, the City and Stakeholders shall meet to discuss potential 



modifications to the program. If the City and Stakeholders agree on changes to the ocean 



monitoring program, such changes shall be memorialized in writing signed by the parties, and 



become an enforceable obligation under this Agreement. If the City and Stakeholders cannot 



reach an agreement, the dispute shall be submitted to mediation pursuant to Article 6 upon the 



request of any party. Ocean monitoring required by this Agreement shall not be changed, 



however, without the written consent of all parties. This section does not preclude the City from 



performing additional ocean monitoring beyond what is required by this Agreement. 
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ARTICLE 5 – DURATION OF AGREEMENT 



5.1  Term of Agreement. This Agreement shall be effective on the date of the last signature to 



this Agreement. This Agreement shall expire on December 31, 2035, or the date 83 million 



gallons per day of potable reuse is achieved, whichever occurs later, unless this Agreement is 



terminated sooner pursuant to this Article. 



 



5.2  Force Majeure. In the event the performance of the City or Stakeholders is delayed due to 



causes which are outside their control, and could not be avoided by the exercise of due care, 



which may include, but is not limited to, war, terrorist attack, act of God, government 



regulations, labor disputes, strikes, fires, floods, adverse weather or elements necessitating 



cessation of work, inability to obtain materials, labor or equipment, then the time for 



performance shall be extended by an amount equivalent to the length of delay. Force majeure 



also includes the events listed in section 3.1 to the extent the City’s performance is delayed 



because any of the listed events has not yet occurred, or if OPRA II is not enacted by August 1, 



2019, pursuant to section 1.5. 



 



5.3  Termination by Stakeholders. Any Stakeholder may withdraw from this Agreement prior 



to its expiration date upon the occurrence of any of the qualifying events set forth below by 



giving written notice of such withdrawal to the City. Such notice shall set forth the grounds for 



withdrawal and be delivered by certified mail with return receipt for delivery. Withdrawal shall 



be effective sixty (60) days after receipt of the notice. The right to withdraw must be exercised 



by mailing notice to the City within one year of the qualifying event or the right to withdraw is 



deemed waived unless an extension is agreed to in writing by the City. Each occurrence of a 



qualifying event gives rise to a new right to withdraw. The qualifying events are: 



 



5.3.1  Breach. A material breach of this Agreement by the City which is not cured within 



thirty (30) days of written notice of the breach from the Stakeholders. 



 



5.3.2  Legislative Amendments. OPRA II is introduced or amended prior to enactment 



with language unacceptable to the Stakeholder pursuant to section 1.4. 



 



5.3.3  Legislative Deadline. OPRA II is not enacted by thirty days before the deadline 



for the City to file the next application after the 2015 application to renew the NPDES 



permit, pursuant to section 1.5. 



 



5.3.4  Change in Law. OPRA II is enacted, but later repealed or amended to allow the 



Point Loma Wastewater Treatment Plant to discharge wastewater with a higher 



concentration or level of suspended solids or biological oxygen demand than the levels in 



OPRA II, or to allow the City to implement potable reuse in a flow rate less than 



specified in OPRA II. 



 



5.4  Termination by the City. The City may terminate this Agreement prior to its expiration 



date upon the occurrence of any of the qualifying events set forth below by giving written notice 



of such termination to Stakeholders. Such notice shall set forth the grounds for termination and 



be delivered by certified mail with return receipt for delivery. Termination shall be effective 
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sixty (60) days after receipt of the notice. The right to terminate must be exercised by mailing 



notice to Stakeholders within one year of the qualifying event or the right to terminate is deemed 



waived unless an extension is agreed to in writing by Stakeholders. Each occurrence of a 



qualifying event gives rise to a new right to terminate. The qualifying events are: 



  



5.4.1  Breach. A material breach of this Agreement by a Stakeholder which is not cured 



within thirty (30) days of written notice of the breach from the City. 



 



5.4.2  Legislative Amendments. OPRA II is introduced or amended prior to enactment 



with language unacceptable to the City pursuant to section 1.4. 



 



5.4.3  Legislative Deadline. OPRA II is not enacted by thirty days before the deadline 



for the City to file the next application after the 2015 application to renew the NPDES 



permit, pursuant to section 1.5. 



 



5.4.4  Change in Law. A change in State or Federal law, or implementation of existing 



State or Federal law, will require the Point Loma Wastewater Treatment Plant to 



discharge wastewater with a lower concentration or level of suspended solids or 



biological oxygen demand than the levels in OPRA II.  



 



5.4.5  Order. A Court order or the order of a State or Federal agency requires the Point 



Loma Wastewater Treatment Plant to discharge wastewater with a lower concentration or 



level of suspended solids or biological oxygen demand than the levels in OPRA II. 



 



5.4.6  Withdrawal by Stakeholder. A Stakeholder has withdrawn from this Agreement 



pursuant to section 5.3 and subsequently takes action inconsistent with the purpose or 



intent of this Agreement.  



 



5.5  Effect of Termination. Withdrawal by a Stakeholder shall release that Stakeholder from all 



obligations under this Agreement upon the effective date of termination. Withdrawal by a 



Stakeholder shall terminate the Agreement only as to them, and shall not affect the Agreement as 



to the City and any remaining Stakeholders unless the City terminates the Agreement. 



Termination of this Agreement by the City shall release all parties from their obligations under 



this Agreement upon the effective date of the City’s termination. 



 



ARTICLE 6 – DISPUTE RESOLUTION 



 



6.1  Mandatory Mediation. If a dispute arises between the City and any Stakeholder relating to 



a party’s obligations under this Agreement, the interpretation of OPRA II, the validity or legality 



of the City’s application or NPDES permit, or the City’s compliance with its NPDES permit, that 



cannot be resolved through informal discussions and meetings, notwithstanding anything to the 



contrary in the Clean Water Act the City and the Stakeholder shall first endeavor to settle the 



dispute in an amicable manner, using mandatory non-binding mediation under the rules of 



JAMS, AAA, or any other neutral organization agreed upon by the parties before having 



recourse in a court of law. Unless otherwise agreed in writing by the parties, mediation must be 
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completed prior to termination of this Agreement by Stakeholders or the City, except if the 



reason for termination is because OPRA II was not enacted by the time specified in section 1.5.  



6.2  Selection of Mediator. A single mediator that is acceptable to the City and the Stakeholder 



shall be used to mediate the dispute. The mediator will be knowledgeable in the subject matter of 



this Agreement, if possible, and chosen from lists furnished by JAMS, AAA, or any other agreed 



upon mediator. 



 



6.3  Mediation Expenses. The expenses of witnesses for either side shall be paid by the party 



producing such witnesses. All mediation costs, including required traveling and other expenses 



of the mediator, and the cost of any proofs or expert advice produced at the direct request of the 



mediator, shall be borne by the City if the subject of the mediation is the City’s compliance with 



its NPDES permit, or if mediation has not occurred under this Article within the last twenty-four 



months. Otherwise, mediation costs shall be paid half by the City and half by the Stakeholders 



unless otherwise agreed. 



 



6.4  Conduct of Mediation. Mediation hearings will be conducted in an informal manner. 



Discovery shall not be allowed. The discussions, statements, writings and admissions will be 



confidential to the proceedings (pursuant to California Evidence Code Sections 1115 - 1128) and 



will not be used for any other purpose unless otherwise agreed by the parties in writing. The 



parties may agree to exchange any information they deem necessary. The City and the 



Stakeholder shall have representatives attend the mediation who are authorized to settle the 



dispute, though the City's recommendation of settlement may be subject to the approval of the 



Mayor and City Council. Either party may have attorneys, witnesses or experts present. 



 



6.5  Mediation Results. Any resultant agreements from mediation shall be documented in 



writing. The results of the mediation shall not be final or binding unless otherwise agreed to in 



writing by the parties. Mediators shall not be subject to any subpoena or liability and their 



actions shall not be subject to discovery. 



 



ARTICLE 7 – REMEDIES 



 



7.1  Remedies for Breach. Except as otherwise provided in this section, the sole and exclusive 



remedy for breach of this Agreement is termination pursuant to sections 5.3 and 5.4. Damages 



shall not be recoverable by any party. Specific performance shall be available to enforce ocean 



monitoring under article 4 and mediation under article 6. This Agreement shall not affect any 



remedies available to the parties under the Clean Water Act.  



 



ARTICLE 8 – GENERAL PROVISIONS 



 



8.1  Contract Interpretation. This Agreement and its exhibits are intended to be 



complementary and interpreted in harmony so as to avoid conflict, with words and phrases 



interpreted in a manner consistent with industry standards. This Agreement is entered into and 



shall be construed and interpreted in accordance with the laws of the State of California without 



regard to the conflicts or choice of law provisions thereof. 
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8.2  Mutual Obligations. The City and Stakeholders commit at all times to cooperate fully with 



each other, and proceed on the basis of trust and good faith, to permit each party to realize the 



benefits afforded under this Agreement. 



 



8.3  Successors-In-Interest. This Agreement and all rights and obligations contained herein 



shall be in effect whether or not any or all parties to this Agreement have been succeeded by 



another entity, and all rights and obligations of the parties signatory to this Agreement shall be 



vested and binding on their successors in interest. 



 



8.4  Third Party Beneficiaries. Nothing in this Agreement shall grant rights or benefits to 



anyone other than the City and Stakeholders, and any alleged third party beneficiaries are hereby 



expressly disclaimed.   



 



8.5  Severability. Should any provision of this Agreement be held invalid or illegal by a court or 



administrative agency of competent jurisdiction, such invalidity or illegality shall not invalidate 



the whole of this Agreement, but, rather, the Agreement shall be construed as if it did not contain 



the invalid or illegal provision, and the rights and obligations of the parties shall be construed 



and enforced accordingly, except to the extent that enforcement of this Agreement without the 



invalidated provision would materially and adversely frustrate either or both parties' essential 



objectives set forth in this Agreement.  



 



8.6  Waivers. Except as otherwise specified in this Agreement, the failure of either party to 



enforce any of the provisions of this Agreement or to require performance of the other party of 



any of the provisions hereof shall not be construed to be a waiver of such provisions unless the 



waiver is in writing. Prior waivers shall not preclude the right of either party to thereafter enforce 



each and every provision of this Agreement. 



 



8.7  Limitation on Powers. Nothing in this Agreement shall be construed as a limitation upon 



the powers of the City as a chartered city of the State of California. 



 



8.8  Notices. All notices required to be given under this Agreement must be in writing and either 



served personally, sent by facsimile transmission, or mailed by express or certified mail with 



delivery confirmation. Notices shall be effective upon receipt. Notices shall be mailed to: 



 



Surfrider Foundation Coastal Environmental Rights Foundation 



San Diego County Chapter 1140 South Coast Highway 101 



9883 Pacific Heights Blvd., Suite D Encinitas, CA 92024 



San Diego, CA 92121 



 San Diego Audubon Society 



San Diego Coastkeeper 4010 Morena Blvd., Suite 100 



2825 Dewey Road, Suite 200 San Diego, CA 92117 



San Diego, CA 92106 



  City of San Diego 



  Public Utilities Department 



  9192 Topaz Way 



  San Diego, CA 92123 
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8.9  Assignment. Neither party shall assign its rights or obligations under this Agreement 



without the other party’s prior written approval, which shall not be unreasonably withheld. Any 



attempted assignment in violation of this section shall be void and incapable of creating any 



contractual relationship between a party and a putative assignee. 



 



8.10  Incorporation of Exhibits. All exhibits referenced in this Agreement are hereby 



incorporated into and made a part of this Agreement by reference. 



 



8.11  Integration Clause. The City and Stakeholders represent, warrant and agree that no oral 



promise or agreement not expressed herein has been made to them, that this Agreement contains 



the entire agreement between the parties, that this Agreement supersedes any and all prior oral 



agreements or understandings between the parties unless otherwise provided herein, and that in 



executing this Agreement, neither party is relying on any statement or representation made by 



the other party concerning the subject matter, basis or effect of this Agreement other than as set 



forth herein, and that each party is relying solely on its own judgment and knowledge. This 



Agreement may not be amended except by an instrument in writing signed by both parties. 



 



8.12  Counterparts. This Agreement may be executed in counterparts, which when taken 



together, shall constitute a single signed original as though all parties had executed the same 



page. 



 



[remainder of page intentionally blank] 
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IN WITNESS WHEREOF, this Agreement is executed by the City of San Diego pursuant to San 



Diego Resolution No. R-_________________ authorizing such execution, and the Stakeholders 



acting by and through their authorized officers. 



 



 



SAN DIEGO COASTKEEPER 



 



 



By:   



  



 



Name:  



 



 



Date:  



  



 



SURFRIDER FOUNDATION 



SAN DIEGO COUNTY CHAPTER 



 



 



By:  



 



 



Name:   



  



 



Date:  



 



 



COASTAL ENVIRONMENTAL RIGHTS 



FOUNDATION 



 



 



By:  



 



 



Name:   



  



 



Date:  



 



 



 



 



 



SAN DIEGO AUDUBON SOCIETY 



 



 



By:  



 



 



Name:   



  



 



Date:  



 



 



THE CITY OF SAN DIEGO 



 



 



By:   



 



 



Name:    



 



 



Date:   



 



 



I HEREBY APPROVE the form and legality 



of the foregoing agreement this ______ day 



of __________________________, 2014. 



 



JAN I. GOLDSMITH, City Attorney 



 



 



By:  



 Deputy City Attorney 
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EXHIBIT A 



 



OCEAN POLLUTION REDUCTION ACT II 



 



SECTION 1.  SHORT TITLE. 



 



 This Act may be cited as the “Ocean Pollution Reduction Act II.” 



 



SECTION 2.  FINDINGS AND POLICY 



 



 In 1972, Congress passed the Federal Water Pollution Control Act Amendments, which 



required Publicly Owned Treatment Works to achieve secondary treatment capability by 1977. 



 



In 1994, the Federal District Court for the Southern District of California determined that 



upgrading the City of San Diego's Point Loma Wastewater Treatment Plant to secondary 



treatment level would not be in the public interest, being excessively costly without producing 



additional environmental benefits. 



 



 The Point Loma Plant currently meets all the requirements of secondary treatment except 



for the removal of total suspended solids and biological oxygen demand.  



 



 At the direction of Congress, the Environmental Protection Agency (EPA) requested that 



the National Research Council advise the agency on ways to improve wastewater management in 



coastal urban areas. The resulting study, “Managing Wastewater in Coastal Urban Areas,” 



produced several important findings, including: 



 



- Biological oxygen demand discharged thru a well-designed outfall is generally of no 



ecological concern in open coastal waters. 



 



- Total suspended solids can be adequately controlled by advanced primary treatment 



and high dilution outfalls. 



 



- Over-control is particularly likely along ocean coasts, but nevertheless full secondary 



treatment is required regardless of cost or lack of benefits. 



 



 Past reviews by the City, the EPA, the State of California, and scientists affiliated with 



the Scripps Institution of Oceanography and the University of California at San Diego, as well as 



other organizations have concluded the Point Loma Plant does not have a significant adverse 



impact on the ocean environment. 



 



 The ocean outfall for the Point Loma Plant discharges effluent 4.5 miles from the coast at 



a depth of over 300 feet, one of the longest and deepest in the world. 



 



 Implementing full secondary treatment at the Point Loma Plant will cost approximately 



$2.1 billion. 
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 Implementing full secondary treatment is contrary to the national interest, in that it will 



compromise views from the Cabrillo National Monument and interfere with the Navy's use of 



adjacent property.  



 



 The City generates all the energy it needs to operate the Point Loma Plant onsite through 



co-generation. Implementing full secondary treatment will turn a "green" facility into one of the 



region's largest energy consumers, requiring the purchase of over $17 million each year in 



electricity and producing more than 100,000 tons of greenhouse gas emissions annually. 



 



 Implementing full secondary treatment at the Point Loma Plant will require removal of 



1,250,000 tons of earth from environmentally sensitive habitat immediately adjacent to the Point 



Loma Ecological Reserve. 



 



 Recognizing the unique situation surrounding the Point Loma Plant, Congress adopted 



the Ocean Pollution Reduction Act of 1994 (OPRA). OPRA allowed the Point Loma Plant to 



avoid conversion to full secondary treatment and instead operate under a modified permit 



according to standards contained in OPRA and section 301(h) of the Clean Water Act. 



 



 The City has complied with all requirements of OPRA and the results have been 



significant, including reduction in the discharge of total suspended solids and biological oxygen 



demand, advanced ocean monitoring, and construction of 45 million gallons per day of reclaimed 



water capacity at a cost of approximately $340 million.  



 



 Successor legislation to OPRA will capitalize on the record of improvements initiated 



under OPRA and provide a framework for further enhancements to the City's water and 



wastewater systems, increased potable water reliability, and additional meaningful 



environmental protection. 



 



 The City has completed its Water Purification Demonstration Project showing that 



municipal wastewater can successfully be treated to levels suitable for potable reuse. The City 



completed its Recycled Water Study in 2012 describing how wastewater can be diverted from 



the Point Loma Plant to new treatment facilities to generate water suitable for potable reuse. 



Through the construction and operation of new treatment facilities, the City can reduce the total 



suspended solids discharged by the Point Loma Plant to the same or lower levels as would be 



achieved by implementing full secondary treatment, while creating an important new local 



source of water. 



 



 The City currently relies on imported water for over 85% of its water supply. A new local 



source of water can significantly reduce the environmental impacts of importing water to San 



Diego from the Colorado River and the California Bay-Delta by offsetting the City’s demand for 



imported water. 



 



 Due to severe drought in California, the 2014 water allocation from the State Water 



Project is only 5% of normal, forcing water agencies to draw down water reserves, implement 



mandatory conservation measures, and search for new, dependable sources of water. 
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SECTION 3.  SAN DIEGO SECONDARY TREATMENT EQUIVALENCY. 



 



 Section 301(j)(5) of the Federal Water Pollution Control Act (33 U.S.C. 1311(j)(5)) is 



amended to read as follows: 



 



(5) SAN DIEGO SECONDARY TREATMENT EQUIVALENCY. 



 



(A) IN GENERAL. Notwithstanding anything to the contrary in the Federal Water 



Pollution Control Act or the Coastal Zone Management Act, an application for the Point 



Loma Wastewater Treatment Plant shall be reviewed and processed as the equivalent of 



an application for a secondary treatment discharge pursuant to subsection (b)(1)(B) and 



section 402 of the Federal Water Pollution Control Act, provided that the application 



includes a commitment to: 



 



(i) maintain a deep ocean outfall from the Point Loma Wastewater Treatment 



Plant with a discharge depth of no less than 300 feet. 



 



(ii) discharge no more than 12,000 metric tons of total suspended solids per year 



commencing on December 31, 2015, no more than 11,500 metric tons of total 



suspended solids per year commencing on December 31, 2025, and no more than 



9,942 metric tons of total suspended solids per year commencing on December 



31, 2027. 



 



(iii) discharge no more than a concentration of 60 milligrams per liter of total 



suspended solids calculated as a thirty day average. 



 



(iv) remove no less than 80% of total suspended solids on a monthly average, and 



no less than 58% of biological oxygen demand on an annual average, from 



wastewater flow tributary to the Point Loma Plant. Wastewater flow is tributary to 



the Point Loma Plant if it is discharged into the applicant’s wastewater system, or 



into any wastewater system connected to the applicant’s wastewater system, 



excluding wastewater flow treated and discharged from facilities separately 



permitted under section 402. 



 



(v) meet all other effluent limitations of secondary treatment, as defined by the 



Administrator pursuant to section 304(d)(1), except for any effluent concentration 



limits for biological oxygen demand. 



 



(vi) comply with federal anti-degradation policy as determined by the 



Administrator. 



 



(vii) perform ocean monitoring that meets or exceeds the Administrator’s 



requirements for section 301(h) dischargers. 
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(B) POTABLE REUSE. To be eligible to submit an application under this paragraph, the 



applicant must demonstrate to the satisfaction of the Administrator that to the extent 



potable reuse is permitted by federal and state regulatory agencies, at least 83 million 



gallons per day of water suitable for potable reuse on an annual average will be produced 



by December 31, 2035, from wastewater in the applicant’s wastewater system and 



wastewater systems connected to the applicant’s wastewater system as of the date of this 



Act. The Administrator shall determine development milestones necessary to ensure 



compliance with this paragraph and include said milestones as conditions in each permit 



issued prior to December 31, 2035. 



 



(C) PREVIOUS OCEAN MONITORING DATA. The applicant must demonstrate to the 



satisfaction of the Administrator that the applicant has performed monitoring that meets 



or exceeds the requirements for section 301(h) dischargers for at least the last 10 years.  



 



(D) PENDING APPLICATIONS. Any application for the Point Loma Wastewater 



Treatment Plant pending on the effective date of this Act shall be reviewed and processed 



under this paragraph. 



 



(E) SECONDARY TREATMENT. Nothing in this Act shall prevent the applicant from 



submitting an application for the Point Loma Wastewater Treatment Plant that complies 



with secondary treatment pursuant to subsection (b)(1)(B) and section 402
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Pure Water San Diego Project Deadlines and Milestones  



 



 



Environmental Review 



Task Deadline Milestone 



Issue Notice of Preparation of Program EIR  January 31, 2015 



Publish draft Program EIR for public review  January 31, 2017 



Certify Final Program EIR January 31, 2018  



 



 



 



 



North City Projects 



Task Deadline Milestone 



Issue NTP for pre-design of transmission pipelines   July 31, 2014 



Issue NTP for pre-design of a 15 mgd potable 



reuse facility 
 July 31, 2015 



Issue NTP for full design of transmission pipelines  January 31, 2017 



Issue NTP for full design of a 15 mgd potable 



reuse facility 
 May 31, 2017 



Advertise for bids to construct transmission 



pipelines 
 October 31, 2019 



Advertise for bids to construct a 15 mgd potable 



reuse facility 
 January 31, 2020 



Issue NTP to construct transmission pipelines  October 31, 2020 



Issue NTP to construct a 15 mgd potable reuse 



facility 
 January 31, 2021 



Complete construction of transmission pipelines June 30, 2023  



Complete construction of a 15 mgd potable reuse 



facility 
June 30, 2023  



Produce a total of at least 15 mgd of potable reuse  December 31, 2023  
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South Bay* Projects 



Task Deadline Milestone 



Issue NTPs for pre-design of a potable reuse 



facility and pipelines 
 September 30, 2018 



Issue NTPs for full design of a potable reuse 



facility and pipelines 
 September 30, 2020 



Issue NTPs to construct a potable reuse facility and 



pipelines 
 September 30, 2024 



Complete construction of a potable reuse facility 



and pipelines 
June 30, 2027  



Produce a cumulative total of at least 30 mgd of 



potable reuse**  
December 31, 2027  



 



 



 



 



Harbor Drive* Projects 



Task Deadline Milestone 



Complete real property appraisal of Harbor Drive 



site 
 June 30, 2015 



Complete acquisition of Harbor Drive site  December 31, 2019 



Issue NTPs for pre-design of a potable reuse 



facility and pipelines 
 June 30, 2025 



Issue NTPs for full design of a potable reuse 



facility and pipelines 
 June 30, 2027 



Issue NTPs to construct a potable reuse facility and 



pipelines 
 June 30, 2031 



Complete construction of a potable reuse facility 



and pipelines 
June 30, 2035  



Produce a cumulative total of at least 83 mgd of 



potable reuse**  
December 31, 2035  



 



 



 



* actual location of projects subject to change in accordance with changes to the Pure 



Water CIP plan. 



 



** cumulative totals of potable reuse include projects that may be implemented by the 



participating agencies signatory to the 1998 Metro Agreement (Doc. # OO-18517).
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Please see attached.  Best, Michael.
 
 
Kindest regards,
Michael
 
Michael H. Schwarz, Ph.D.
VIRGINIA TECH: Adjunct Assistant Professor, FWC
Aquaculture Specialist - VSAREC
General Manager: Forever Oceans/Virginia Tech International Aquaculture Academy
President: Quantum Tides Inc.
Past-President: World Aquaculture Society
Past-President: United States Aquaculture Society
 
102 S. King Street
Hampton, Virginia. 23669  USA
Tel: 1-757-727-4861
Cell: 1-757-817-1247
Fax: 1-757-727-4871
email: mschwarz@vt.edu
SKYPE: michaelhschwarz
 http://www.foreveroceans.com/
 


 


UPCOMING EVENTS: 
LATIN AMERICAN & CARIBBEAN AQ. 2015, Fortaleza, Brazil, Nov 16-19
ME & CA AQUACULTURE 2015, Tehran, Iran  Dec.14 - 16
AQUACULTURE 2016 Las Vegas, Nevada USA Feb 22-26
ASIA PACIFIC AQUACULTURE 2016, Surabaya, Indonesia May 26 - 29
AQUACULTURE AMERICA 2017 San Antonio, Texas, USA Feb. 19-22
WORLD AQUACULTURE 2017 South Africa June 2017
AQUACULTURE AMERICA 2018 Las Vegas, Nevada, USA Feb. 19-22
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Hampton, Virginia  23669 
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November 25, 2015 
 



Public Notice: Scoping for the Rose Canyon Project 
Project: Rose Canyon Fisheries Sustainable Aquaculture Project 
 
To whom it may concern, 
 
I am thankful for this public comment period to comment on this proposal. In brief, it is 
high-time we in the US take seriously the opportunities a domestic aquaculture industry 
provides our national interests. A viable domestic aquaculture production sector 
requires sustainable development on all fronts; from the land to the sea. With regard to 
open ocean aquaculture, a tremendous amount of information exists regarding our 
abilities to proceed in environmentally sound and sustainable practices. The Rose 
Canyon Fisheries, Inc. partnership brings together a qualified grouping of stakeholders 
with the abilities and dedication to achieve the intended goal, demonstrating 
environmentally and economically sustainable aquaculture methods in the open ocean 
environment. This will lead the way towards significantly enhancing US seafood safety 
and security, reducing our burgeoning seafood trade deficit, and helping our coastal 
communities benefit from employment opportunities in both capture and culture 
fisheries. I applaud this step towards development of this important sector, and 
recommend full and complete support towards the intended goal from all applicable 
Federal and state agencies to its success.  
 
 
 
Kindest regards, 
 



 
 
Michael H. Schwarz, Ph.D. 
President: Quantum Tides Inc. 
Immediate Past-President: World Aquaculture Society 
Past-President: United States Aquaculture Society 
Aquaculture Specialist: Virginia Tech 
Phone: 1-757-727-4861 
Email: mschwarz@vt.edu 
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From: Donna Lanzetta
To: Sablad, Elizabeth; R9RoseCanyon
Cc: dkent@rosecanyonfisheries.com; Neil Anthony Sims
Subject: Letter of Support
Date: Monday, December 21, 2015 4:13:55 AM
Attachments: mff letter in support rose canyon.doc


Dear Ms. Elizabeth Sablad - Attached please find letter of support regarding the Rose Canyon
 Fisheries permit application.  Thank you.
Donna
Donna Lanzetta
CEO
Manna Fish Farm, Inc.
6 Barracuda Road
East Quogue, New York   11942
631.653.9100 office
631.741.4438 mobile
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6 Barracuda Road, East Quogue, New York 11942



Phone: (631) 653-9100 Fax: (631) 653-5800 Cell: (631) 741-4438



donna@mannafishfarms.com email



Via email (R9RoseCanyon@epa.gov, Sablad.Elizabeth@epa.gov), and regular mail



November 19, 2016




Ms. Elizabeth Sablad



Environmental Scientist


US EPA Region 9



75 Hawthorne Street



(NTR-5)



San Francisco, California   94105



Regarding: Rose Canyon Fisheries



Dear Ms. Sablad,




I am writing in full support of the Rose Canyon Fisheries’ application for a permit to farm fish in Federal waters off the coast of San Diego, California.  This is an application whose time has come, as the United States verily needs offshore mari-culture development, such as the proposed Rose Canyon plan, for many reasons.  




Today in the United States we are importing 91 % of our seafood, half of which is farmed.  Seafood is the second largest, natural resource trade deficit, second only to oil, a trade deficit that costs our country over $ 12 Billion dollars annually.  In 2010, Congress passed the Open Ocean Aquaculture Act – and we are long overdue in ocean mari-culture development. Ocean Farming is in accord with the NOAA Strategic Plan, and will provide an urgently needed boost to our economy. Aquaculture is the most sustainable way to produce animal protein for human consumption, and we must begin farming the ocean now if we are to meet the growing demands to feed our world population.



The Rose Canyon proposed plan seeks to reduce our U.S. trade deficit, while at the same time ensuring that any impact to the marine environment is negligible.  Technology has developed to support such ocean mari-culture, and it is now possible to farm seafood in the ocean in a sustainable and environmentally sensitive fashion, as has been proposed.  There should be no further delay, and I urge you to approve this plan.


Respectfully submitted,



DONNA LANZETTA


CHIEF OPERATING OFFICER
 



Cc:  dkent@rosecanyonfisheries.com, oceanstewards@oceanstewards.org







From: In Defense of Animals on behalf of Jorge belloso-curiel
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, November 27, 2015 5:12:17 PM


Nov 27, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mr. Jorge belloso-curiel
431 Metro Walk Way
Richmond, CA 94801-3236
veganjorge@aol.com
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From: In Defense of Animals on behalf of Wendy Li
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Tuesday, December 15, 2015 2:42:03 PM


Dec 15, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Wendy Li
8885 18th Ave
Brooklyn, NY 11214-6001
mswendyli@aol.com
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From: In Defense of Animals on behalf of Mitchell Stern
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Thursday, December 24, 2015 6:54:47 PM


Dec 24, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Mitchell Stern
400 SE 5th Ave Apt 504
Boca Raton, FL 33432-5618
(516) 724-4811
traveltheearth@aol.com
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From: In Defense of Animals on behalf of Debi Butler
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, January 09, 2016 6:12:13 PM


Jan 9, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Debi Butler
98 S Highland Ave
Tarpon Springs, FL 34689-5331
draebutler@aol.com
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From: In Defense of Animals on behalf of Tatyana Almazova
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, January 02, 2016 11:09:40 PM


Jan 3, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Tatyana Almazova
Russia
Russia
Abakan, OK 65510
mjjtahdl@rambler.ru
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From: In Defense of Animals on behalf of lisa watson
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, December 11, 2015 7:05:41 PM


Dec 11, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. lisa watson
1729 Pennsylvania Ave
West Mifflin, PA 15122-3928
lisawatson1331@gmail.com
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From: In Defense of Animals on behalf of Mary Leon
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Monday, November 23, 2015 9:36:31 AM


Nov 23, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight.  It's
time for Sea World to go the way of the dinosaur and become EXTINCT,
while the orcas, dolphins, seals, penguins and other Marine Life goes
back to the OCEANS where they BELONG!


Sincerely,


Mrs. Mary Leon
5 Loop St
San Antonio, TX 78212-4231
(210) 281-5787
leon3@twc.com
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From: dwaynesda@juno.com
To: R9RoseCanyon
Subject: Aqua culture project off San Diego Coast
Date: Monday, January 04, 2016 4:06:37 PM


I have a giant concern with this project. As you know, there are live bluefin tuna pens
 (aquaculture) located just below the Mexican border from San Diego. Those fish have to be
 fed a lot everyday to keep them growing. The problem with the tuna pens is that sardine,
 mackerel and anchovy seiner boats have basically wiped out the bait population of northern
 Baja Mexico. I have a house in San Quintin (100 miles south of the tuna pens) and have seen
 the bait population in the area raped by the seiners that come in there everyday looking for
 tuna food over the last 5 to 7 years. Mackerel, anchovies and sardines used to be so thick you
 could almost walk on them. Not any more.
 
I am afraid of the same thing happening here in San Diego with the proposed aquaculture
 pens. The fish food has to come from some where, and local bait populations certainly are
 enticing to the business owners of the pens.
 
My vote is no on the aqua culture pens.
 
Dwayne Patenaude
San Diego.
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From: Ota, Becky@Wildlife
To: R9RoseCanyon
Subject: Corrected Rose Canyon Letter
Date: Friday, January 15, 2016 5:20:38 PM
Attachments: removed.txt


image002.png
Final_Rose Canyon Ltr_EPA.pdf


Hi Elizabeth,
I have attached a corrected letter. The only corrections are to the formatting of the letter.
Sincerely,
Becky
Becky Ota
Habitat Conservation Program Manager, Marine Region
California Department of Fish & Wildlife
350 Harbor Blvd
Belmont, CA 94002
Office: (650) 631-6789
Cell: (650) 743-7934
Becky.Ota@wildlife.ca.gov
Every Californian should conserve water. Find out how at:


SaveOurWater_Logo


SaveOurWater.com · Drought.CA.gov
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January 15, 2016 
 
Elizabeth Sablad 
U.S. Environmental Protection Agency, Region 9 
ATTN: (WTR-2-3) 
75 Hawthorne St.  
San Francisco, CA 94105 
R9RoseCanyon@epa.gov 
 
 
Subject:  Notice of Scoping for the Rose Canyon Sustainable Aquaculture Project 
 
Dear Ms. Sablad: 
 
The California Department of Fish and Wildlife (Department) has reviewed the Notice of 
Scoping for the Rose Canyon Sustainable Aquaculture Project (Project).  The U.S. 
Environmental Protection Agency (EPA) will prepare a Draft Environmental Assessment 
(DEA) to analyze the potential impacts related to the issuance of a National Pollutant 
Discharge Elimination System (NPDES) permit for the Rose Canyon Sustainable 
Aquaculture Project.  The Project proposes to establish and operate a commercial-scale 
finfish farm off the San Diego, California coast.  The proposed Project will apply a 
scaled or phased approach to develop a fish farm offshore of southern California to 
annually produce a maximum of 5,000 metric tons (MT) of yellowtail jack, white 
seabass, and striped bass in sea cages that will be located 4.5 miles (7.2 kilometers) 
west from the San Diego shoreline.  Yellowtail jack has been chosen as the initial 
species as cultured juveniles are readily available from Hubbs-Sea World Research 
Institute (HSWRI) hatcheries.  Production will be phased, beginning at 1,000 to 1,500 
MT in the first production cycle in order to achieve operational efficiency and ensure 
environmental compatibility.  Based on the results of the initial phases, the project will 
gradually expand annual production to 5,000 MT by the eighth year of operation.  
Submersible cages will be deployed initially, but the farm will have the capacity to test 
new containment systems as they are developed over time.  The proposed cages will 
be anchored with a 6.8 ton ballast weight and have additional 3000 kg shank anchors.  
At full scale operation the Project will consist of two identical mooring grids with a grid 
consisting of 66 anchors, 24 fish pens (11,000 cubic meters each), and 132 anchor 
chains. 
 
As a trustee for the State’s fish and wildlife resources, the Department has jurisdiction 
over the conservation, protection, and management of fish, wildlife, and habitat 
necessary for biologically sustainable populations of those species.  In this capacity, the 
Department administers the California Endangered Species Act, the Native Plant  
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Elizabeth Sablad 
U.S. Environmental Protection Agency, Region 9 
Page 2 of 6 
January 15, 2016 
 
Protection Act and other provisions of the California Fish and Game Code that afford 
protection to the State’s fish and wildlife trust resources.  The Department is the State’s 
fish and wildlife "Trustee Agency” under the California Environmental Quality Act (CEQA 
guidelines §15386).  The Department is also responsible for marine biodiversity 
protection under the Marine Life Protection Act (MLPA) in coastal marine waters of 
California.  Pursuant to our jurisdiction, the Department has the following comments and 
recommendations regarding the Project. 
 
Biological Significance 
 
The coastal marine waters of California are among the most biologically productive in 
the world with habitats ranging from nearshore intertidal and benthic to offshore pelagic.  
These habitats are home to State and federally listed species as well as numerous 
California Species of Special Concern (SSC).  The marine environment is a vital 
California economic resource for commercial and recreational fishing as well as a wide 
variety of other recreational and commercial activities.  The Project area is also within 
several statute miles of the South La Jolla State Marine Conservation Area (SMCA) and 
the South La Jolla State Marine Reserve (SMR).  These Marine Protected Areas 
(MPAs) are marine managed areas that were created as a statewide network pursuant 
to the MLPA.  The Department is concerned about potential impacts to marine 
resources in the vicinity of the Project, including impacts to the biological diversity within 
the MPAs. 
 
California’s Sustainable Oceans Act and Fish and Game Code §15400 
 
The Department recommends that the analysis of the Project take into account 
California’s Sustainable Oceans Act (SB 201) and Fish and Game Code §15400.  SB 
201 and Fish & Game Code §15400 calls for managing finfish aquaculture in California 
in an environmentally sustainable manner by considering “appropriate areas for siting 
marine finfish aquaculture operations to avoid adverse impacts, and minimize any 
unavoidable impacts, on user groups, public trust values, and the marine environment”.   
 
Changes to Water Quality and Ocean Conditions 
 
The Department has concerns regarding potential impacts to water quality from the 
Project.  The DEA should include an analysis of the effects of sedimentation and 
oxygenation from the fish pens on the seafloor and the potential for changes in nutrient 
distribution in the area surrounding the Project in regards to feeding practices (Price and 
Morris 2013).  The DEA should include an analysis of impacts to habitats under and 
adjacent to the Project from shading due to the fish pens.  The Project has the potential 
to alter circulation patterns and current speed in and around the Project.  Large scale 
aquaculture has been shown to reduce current speeds and current speed reduction 
may extend beyond the area of the Project (Plew 2011, Stevens 2008) if not sited 
properly with regard to prevailing oceanic conditions (Rensel, et. al. 2007).  The DEA 
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should include an analysis of the impacts of changes to all relevant ocean conditions 
before a permit is issued as well as determine the baseline conditions in the Project 
area prior to Project construction and monitoring.  Changes to ocean conditions from 
the Project could alter the habitat that is used by important fisheries. 
 
Invasive Species 
 
The Department recommends the Project develop and maintain a Hazard Analysis and 
Critical Control Point (HAACP) plan detailing measures to detect and control aquatic 
invasive species and pathogens at the facility.  The HAACP plan should include 
methods to prevent the introduction of aquatic invasive species into the facility and 
operational practices that prevent the spread of aquatic invasive species within and 
outside the facility as well as a detailed monitoring plan.  The California Fish and Game 
Code (Fish & G.Code §2270 et seq.) prohibits the importation of live plants and animals 
from infected or diseased areas and provides that no live plants or animals may be 
imported without the prior written approval from the Department pursuant to Fish and 
Game Commission regulations.  Given the Project’s close proximity to State waters, a 
comprehensive HACCP is critical to the protection of State resources from invasive 
species.  The Department recommends that the DEA include a comprehensive 
discussion of the development of a HACCP. 
 
Fisheries Impacts 
 
The Department is concerned about impacts to commercial and recreational fishing 
activities.  The Department recommends that the DEA include an analysis of the use of 
the proposed project area by commercial and recreational fishermen.  Adverse impacts 
to commercial and/or recreational fishing activities within the project area could result 
from the loss of accessible fishing area, the loss of fishing gear from snagging on the 
anchor system, the escape of cultured species or the degradation of habitat that is 
essential and part of the fisheries needs.  The Department recommends that the Project 
applicant coordinate with the Department, both commercial and recreational fishermen, 
the National Marine Fisheries Service, and the Pacific Fishery Management Council 
regarding potential impacts to fisheries from the Project and the location of appropriate 
sites. 
 
Sensitive Species, Essential Fish Habitat and Ecosystems 
 
The Project activities should not disrupt protected marine resources such as sea turtles, 
marine mammals, marine fish, and native shellfish or benthic invertebrates protected 
under federal or state law.  The DEA should include a map delineating seasonal 
abundance and known breeding or feeding areas used by state or federally protected 
species as well as the location of designated Essential Fish Habitat (EFH) in the vicinity 
of the Project.  Such areas should be avoided to the greatest practicable extent.  In 
addition, the Department is concerned about potential entanglement issues with 











 



 
Elizabeth Sablad 
U.S. Environmental Protection Agency, Region 9 
Page 4 of 6 
January 15, 2016 
 
migrating whales and other marine mammals.  Finally, the Department is concerned 
about potential ecosystem impacts from the facility, including those related to the 
potential release of cultured species.  The Department recommends that the DEA 
include a comprehensive discussion on potential impacts from the Project (including 
entanglement) to marine sea turtles, marine mammals, marine fish, and native shellfish 
or benthic invertebrates protected under federal or state law.  
 
Monitoring 
 
If the Project moves forward, a monitoring program will be a necessary component of 
the Project.  A monitoring program should include, but not be limited to:  impacts to 
recreational and commercial fishermen, potential invasive species introduction and 
transport, benthic and substrate impacts, water quality impacts, and changes to currents 
and sediment deposition.  In addition, any monitoring program should include a baseline 
study to establish before and after conditions in order to identify impacts, including 
potential impacts to nearby MPAs.  The Department recommends that the DEA include 
a discussion on the development and implementation of an acceptable monitoring 
program. 
 
Commercial Business and Import License 
 
The Project expects to cultivate and harvest a maximum of 5,000 metric tons (MT) of 
yellowtail jack, white seabass, and striped bass.  The Department recommends 
consulting with the State Aquaculture Coordinator, in conjunction with the Department’s 
License and Revenue Branch (LRB), Law Enforcement Division (LED), and Marine 
Region staff regarding the potential need for landing documentation and the 
requirement to obtain a fish health certification and a permit for importing the yellowtail 
jack, white seabass, and striped bass from outside state waters and transiting through 
state waters, as well as the transportation of juveniles from rearing facilities to the 
proposed facility. 
 
Hazards 
 
The operation of support vessels can result in spillage leading to aquatic pollution.  Spill 
contingency planning is important for protecting sensitive resources from damage and 
for improving cleanup strategies and methods.  The draft EA should include a 
discussion on how to prevent spills that could impact important aquatic and wildlife 
resources.  The Project  proponent should consult with the US Coast Guard and the 
Department’s Office of Spill Prevention and Response (OSPR) regarding federal and 
State protocols that exist for these types of projects.  In addition, the Department is 
concerned with how the submersible cages will fare in large storm events.  The 
Department recommends that the DEA include an analysis of the  safety measures and 
contingencies that would be implemented in the event that one or more of the 
submersible cages break away from the Project.  The Department’s concern relates to 
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the potential release of fish, drifting cages acting as “ghost nets”, and impacts to habitat. 
 
Other Resource and Use Considerations 
 
The Department recommends that the DEA include a discussion on activities by other 
managing agencies and resource users, such as marine sanctuaries, marine protected 
areas, recreational areas, navigational channels, oil and mineral extraction, military 
training areas, and approved dumping grounds.  We also recommend that the DEA 
include a discussion how the Project will endeavor to avoid these areas to the greatest 
extent possible. 
 
Conclusion 
 
The Department appreciates the opportunity to provide comments on the scoping notice 
to develop a DEA on the Rose Canyon Sustainable Aquaculture Project.  If you require 
additional information, please contact Mr. Eric Wilkins, Environmental Scientist, at (831) 
649-2813 or via e-mail at Eric.Wilkins@Wildlife.ca.gov. 
 
Sincerely, 
 



  
    for 
             
Craig Shuman, D Env. 
Regional Manager 
Marine Region 
 
 
ec:   Becky Ota, Program Manager  



Department of Fish and Wildlife  
Becky.Ota@wildlife.ca.gov 



 
Marci Yaremko, Program Manager 
Department of Fish and Wildlife 
Marci.Yaremko@wildlife.ca.gov 
 
Katie Perry, Program Manager 
Department of Fish and Wildlife 
Katie.Perry@Wildlife.ca.gov 
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Kirsten Ramey, Senior Environmental Scientist 
Department of Fish and Wildlife 
Kirsten.Ramey@Wildlife.ca.gov 
 
William Paznokas, Senior Environmental Scientist Supervisor 
Department of Fish and Wildlife 
William.Paznokas@Wildlife.ca.gov 
 
Eric Wilkins, Environmental Scientist  
Department of Fish and Wildlife  
Eric.Wilkins@Wildlife.ca.gov 
 
Loni Adams, Environmental Scientist  
Department of Fish and Wildlife  
Loni.Adams@Wildlife.ca.gov 
 
Randy Lovell, Aquaculture Coordinator  
Department of Fish and Wildlife  
Randy.Lovell@wildlife.ca.gov 
 



cc:   Cassidy Teufel 
California Coastal Commission 45 Fremont Street, Suite 2000 
San Francisco, CA 94105-2219 
 
Bryant Chesney 
National Marine Fisheries Service Habitat Conservation 
Division 501 W. Ocean Blvd. 
Long Beach, CA 90802 
 
Monica DeAngelis 
National Marine Fisheries Service 
501 W. Ocean Blvd. 
Long Beach, CA 90802 
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From: Kristen Monsell
To: R9RoseCanyon
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
Date: Thursday, January 14, 2016 8:37:12 AM
Attachments: 80_romano_2004.pdf


Amnesic Shellfish Poisoning (ASP) __ Washington State Dept.pdf
Anderson_Coastal&MarineHazards_2014.pdf
Aquaculture and coastal resources.pdf
aquaculture-human-health impacts-reportfinal2005.pdf


Attached is the first batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:34 AM
To: 'R9RoseCanyon@epa.gov'
Subject: Comments on Scoping for Rose Canyon Aquaculture Project
 
Hello,
 
Attached please find comments from the Center for Biological Diversity on the Rose Canyon
 Fisheries offshore aquaculture project. I will be sending several additional emails with the
 references cited in the comments attached.
 
A copy of the comments and cited references are also being sent via first class mail.
 
Cheers,
Kristen
 
Kristen Monsell
Staff Attorney
Center for Biological Diversity
1212 Broadway, Ste. 800
Oakland, CA 94162
(510) 844.7100 x337
www.biologicaldiversity.org
 
This e-mail message is for the sole use of the intended recipient(s) and may contain confidential and privileged
 information. Any unauthorized review, use, disclosure, or distribution is prohibited by law. If you are not the
 intended recipient, please contact the sender by reply e-mail and destroy all copies of the original message.
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Anthropogenic sound and marine mammal health:
measures of the nervous and immune systems
before and after intense sound exposure



T.A. Romano, M.J. Keogh, C. Kelly, P. Feng, L. Berk, C.E. Schlundt, D.A. Carder,
and J.J. Finneran



Abstract: Anthropogenic sound is a potential stressor for marine mammals that may affect health, as has been demonstrated
in other mammals. Therefore, we have initiated investigations on the effects of intense underwater sounds on nervous
system activation and immune function in marine mammals. Blood samples were obtained before and after sound exposures
(single underwater impulsive sounds (up to 200 kPa) produced from a seismic water gun and (or) single pure tones
(up to 201 dB re 1 µPa) resembling sonar “pings” from a white whale, Delphinapterus leucas, and a bottlenose dolphin,
Tursiops truncatus, to measure neural–immune parameters. Norepinephrine, epinephrine, and dopamine levels increased
with increasing sound levels and were significantly higher after high-level sound exposures (>100 kPa) compared with
low-level sound exposures (<100 kPa) or controls (P = 0.003, 0.006, and 0.020) for the white whale. Alkaline phosphatase
decreased over the experimental period (P < 0.001), while γ-glutamyltransferase increased over the experimental period
(P < 0.001). Significant neural–immune measurements for the dolphin after exposure to impulsive sounds included an
increase in aldosterone (P = 0.003) and a decrease in monocytes (P = 0.006). Neural–immune changes to tonal sound
exposures were minimal, although changes were observed in multiple neural–immune measures over time.



Résumé : Les sons d’origine d’anthropique constituent des stress potentiels pour les mammifères marins qui peuvent affecter
leur santé, comme c’est le cas chez les autres mammifères. Nos avons donc initié des travaux pour voir les effets de
sons sous-marins intenses sur l’activation du système nerveux et la fonction immunitaire chez les mammifères marins.
Nous avons prélevé des échantillons de sang chez un béluga, Delphinapterus leucas, et un grand dauphin, Tursiops truncatus,
avant et après des expositions à des sons (des impulsions sonores uniques sous-marines pouvant atteindre 200 kPa) produits
par un canon sismique à eau et (ou) des tons purs uniques (pouvant atteindre 201 dB re µPa), qui ressemblent à des « pings »
de sonar, afin de mesurer les paramètres neurologiques et immunitaires. Chez le béluga, les concentrations de norépinéphrine,
d’épinéphrine et de dopamine s’accroissent toutes en fonction du niveau du son et elles sont significativement plus élevées
après une exposition à un son de haute intensité (>100 kPa) qu’après une exposition à un son de basse intensité (<100 kPa)
et plus élevées que chez les témoins (P = 0,003, 0,006 et 0,020). La concentration de phosphatase alcaline a décru pendant
la durée de l’expérience (P < 0,001), alors que celle de la gamma glutamyl transférase a augmenté (P < 0,001). Parmi
les mesures significatives de changements neurologiques et immunitaires chez le grand dauphin après une exposition à
des sons impulsifs, signalons une augmentation de l’aldostérone (P = 0,003) et une diminution des monocytes (P = 0,006).
Les changements neurologiques et immunitaires lors d’expositions à des sons tonals sont minimaux, bien qu’on observe
des changements de plusieurs paramètres neurologiques et immunologiques sur une période temps plus longue.



[Traduit par la Rédaction] Romano et al. 1134
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Introduction



Within the last decade, there has been increasing concern
regarding the potential effects of anthropogenic (human-
generated) sound on the marine mammal auditory system
and the impact that these sounds may have on the navigational,
foraging, reproductive, and hearing capabilities of cetaceans.
Anthropogenic sounds of concern include those associated
with dredging and construction, oil and gas drilling, geophysical
surveys, sonars, transportation, explosions, and oceanographic
research (Richardson et al. 1995). Observational studies have
shown whales deviating from normal migratory paths to avoid
human-generated noise as well as behavioral changes associated
with exposure to anthropogenic sound (Frankel and Clark
2000; Miller et al. 2000; Morton and Symonds 2002).
Moreover, it has been proposed that cetacean strandings
have been the result of human-made noise (Frantzis 1998;
Malakoff 2001; US Department of Commerce and US Navy
2001). There is considerable debate about the actual impact
of sound on marine mammals. Scientific data and knowledge
of the physiological and health effects of loud sound exposure
on marine mammals are lacking (Popper et al. 2000).



Anthropogenic sound is a potential “stressor” for marine
mammals. Not only can loud or persistent noise impact the
auditory system of cetaceans, it may impact health by bringing
about changes in immune function, as has been shown in
other mammals (Raaij et al. 1996; Spehner et al. 1996; Van
Archana and Namasivayam 2000). Although the effects of
sound on the cetacean auditory system and behavior have
been investigated (Au et al. 1999; Finneran et al. 2000;
Schlundt et al. 2000) and continue to be investigated, only
one study has looked at human-generated noise as a stressor
by investigating plasma epinephrine and norephinephrine levels.
In this single study, Thomas et al. (1990) measured epinephrine
and norepinephrine levels as indicators of physiological stress
after exposing white whales to playbacks of noise from an
oil drilling platform. To date, no studies of cetaceans have
measured autonomic nervous system and neuroendocrine
activity with immune function before and after noise exposure.



The catecholamines (norepinephrine, epinephrine, and
dopamine) are among the first molecules released from the
adrenal medulla and sympathetic nerves as an initial response
to stress (“fight or flight reaction”) (see Fowler (1995) and
Young and Landsberg (1998) for review). In addition, hormones
from the hypothalamic pituitary axis initiate release of gluco-
and mineral-corticoids from the adrenal cortex. Cortisol is
the primary glucorticoid that has been identified and studied
in marine mammals. However, aldosterone (a mineralcorticoid
normally not considered part of the stress response in most
mammals) has been implicated in playing a major role in the
stress response in marine mammals (St. Aubin et al. 1996;
Ortiz and Worthy 2000; St. Aubin and Dierauf 2001). Both
the catecholamines and glucocorticoids, which are released
in response to stressors such as noise (Tafalla and Evans
1997; Van Raaij et al. 1997; Muchnik et al. 1998), have been
shown to affect the immune system by bringing about changes
in numbers and distribution of white blood cells including
specific subsets of lymphocytes (e.g., T cells, T helper cells,
cytotoxic T cells, and B cells) as well as changes in immune
function (Sgoutas-Emch et al. 1994; Dhabhar et al. 1995,
1996) in both animals and humans.



Measurements of the nervous and immune systems such



as those described above, before and after stressors, especially
anthropogenic sound, are difficult to carry out in cetaceans.
However, through collaborative efforts with the US Navy
Marine Mammal Program, we were able to obtain blood
samples from a white whale, Delphinapterus leucas, and a
bottlenose dolphin, Tursiops truncatus, during a series of
experiments designed to understand the impact of anthro-
pogenic noise on cetacean hearing. These experiments were
designed to measure temporary elevations in the hearing
threshold, or temporary threshold shifts (TTS), in marine
mammals exposed to intense underwater sound. Using reagents
and assays currently available (some developed specifically
for cetaceans), we were able to measure plasma catechol-
amines (norepinephrine, epinephrine, and dopamine), cortisol
and aldosterone, and specific lymphoid cell subsets (T cells,
B cells, T helper cells, and MHC class II cells) in cetaceans
before and after exposure to single underwater impulsive
sounds produced from a seismic water gun (Finneran et al.
2002) and brief tones resembling sonar pings (Finneran et al.
2001). It is hypothesized that exposure to these sounds may
bring about changes in the above neural–immune parameters.
Routine serum chemistries, hematology, and complete blood
cell counts were also evaluated to monitor health status
throughout the duration of the experiment. The purpose of
this study was to investigate anthropogenic noise as a “stressor”
and potential impacts on the marine mammal immune system.
The studies are intended to contribute to an understanding of
the effects of sound on marine mammal health.



Methods



Subjects and samples
Subjects consisted of one female white whale, designated



MUK (age 32 years), and one male bottlenose dolphin,
designated BEN (aged 36 years). Hearing thresholds were
measured in each subject before and immediately after
exposure to intense sound. TTS was defined as a 6-dB or
larger difference between pre- and post-exposure thresholds.
MUK was exposed to single underwater impulses produced
by a seismic water gun (see Finneran et al. (2002) for a
detailed description of the experimental design and results).
Impulse peak pressure levels ranged from approximately 8 to
200 kPa or 198–226 dB re 1 µPa peak pressure. BEN was
exposed to water gun impulses (44–207 kPa or 213–226 dB
re 1 µPa peak pressure) and 1-s, 3-kHz tones with sound
pressure levels ranging from 130 to 201 dB re 1 µPa (Finneran
et al. 2001). Control sessions were also conducted with each
subject where hearing thresholds were measured before and
after a “mock” sound exposure (i.e., no intense sound was
presented). For tests with the water gun, two test sessions
were conducted each day: one control and one exposure.
The order (control or exposure) of the tests was randomized
from day to day. Tonal experiments were conducted one
session (either control or exposure) per day.



The subjects were trained to voluntarily and on signal
present their tail flukes for blood collection. The hearing
studies and all blood collection for this study followed a
protocol approved by the Institutional Animal Care and Use
Committee under the guidelines of the Association for the
Accreditation of Laboratory Animal Care. Thirty-five millilitres
of blood (drawn on sodium heparin, EDTA, or without additive)
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was collected before testing began, 1 h after exposure to the
sounds or 1 h after a control (no sound), and 24 h after the
sound exposure or control. One hour was the soonest that
the blood could be collected after the sound exposure or
control so as not to interfere with the subsequent hearing
tests. Blood was placed on ice and taken to the laboratory
for immediate processing.



Blood processing
Clotted whole blood and the blood containing sodium heparin



were centrifuged at 1600g for 10 min at 10 °C in an IEC
centrifuge (Centra GP8R). Plasma and (or) serum from each
tube was removed and aliquoted into 1-mL cryovials (Sarstedt
Inc, Newton, North Carolina, USA), frozen on dry ice, and
stored at –80 °C until analysis. The white blood cells were
harvested and the mononuclear cells were isolated as described
below.



Lymphocyte isolation
Dolphin mononuclear cells (lymphocytes and monocytes)



were isolated from heparinized whole blood using a density
gradient. Briefly, 10 mL of blood was diluted 1:2 with RPMI
1640 supplemented with 5% fetal bovine serum plus 200 mmol
L-glutamine·L–1, pen-strep and layered on 10 mL of Histopaque
1077 (Sigma-Aldrich Corp., St. Louis, MO 63178, USA).
Tubes were centrifuged at 400g for 30 min at room temperature.
The recovered mononuclear cell layer was washed twice
with media and then incubated with 0.17 mol ammonium
chloride·L–1 for 10 min at room temperature to lyse the red
blood cells. The lymphocytes were counted on a hemocytometer,
with trypan blue exclusion as a measure of viability. The
cells were then washed twice in Hank’s balanced salt solution
and resuspended to a final concentration of 0.5 × 106 cells·mL–1.



Indirect immunofluorescence
Lymphocytes were labeled with 50 µL of the following



monoclonal supernatants for 30 min at 4 °C: Q5/13, a
monoclonal antibody to human class II molecules that cross-
reacts with dolphin class II molecules (Romano et al. 1992),
a monoclonal antibody against cetacean CD2 and CD21
(De Guise et al. 2002), SIM4, a monoclonal antibody to
human CD4 that cross-reacts with cetacean CD4 (De Guise
et al. 1997), and a cetacean-specific monoclonal antibody to
CD4 (Romano et al. 1999). Monoclonal supernatant of the
myeloma cell line P2X63-AG8.653 was used as a negative
control. The cells were washed three times with Hank’s balanced
salt solution before incubation with fluorescein isothiocyanate
conjugated affinity purified goat anti-mouse F ab 2( )′ IgG
(Immunotech, Westbrook, ME 04092, USA) for 30 min at
4 °C in the dark. Cells were washed twice in phosphate-buffered
saline and resuspended in 500 µL of 1% paraformaldehyde
for subsequent flow cytometry analysis.



Analyses



Catecholamines
Dolphin plasma previously frozen and stored at –80 °C



was submitted to ARUP Laboratories (Salt Lake City, Utah)
for catecholamine analyses. Norepinephrine, epinephrine, and
dopamine were quantified using high-performance liquid
chromatography with electrochemical detection after alumina
extraction. Briefly, 2.0 mL of dolphin plasma was added to



30 mg of alumina (Bio-Rad Laboratories, Inc., Hercules,
CA 94547, USA) in a conical centrifuge tube containing
200 µL of working internal standard and 1.0 mL of Tris
buffer. After vigorous shaking, the tubes were centrifuged at
1300g for 5 min. The supernatant was removed and the alu-
mina washed twice with 1.0 mL of high-performance liquid
chromatography grade water. One hundred and fifty microlitres
of 0.1 M phosphoric acid was added to the alumina and
vortexed for 30 s to extract the catecholamines. The supernatant
was removed after centrifugation at 1300g for 2 min. Fifty
microlitres of extract was injected onto a plasma catecholamine
analytical column (Bio-Rad). Quantitation was determined
by comparing peak height ratios of norepinephrine, epinephrine,
and dopamine to an internal standard in the unknown sample
with the corresponding ratios in the plasma calibrator sample.



Cortisol and aldosterone
Hormone assays for serum cortisol and aldosterone were



carried out in duplicate using commercially available radio-
immunoassay kits (Diagnostic Products Corporation, Los An-
geles, Calif.). Hormone test kits were validated for dolphins
by limiting dilution. Samples from each testing period (base-
line, exposure, or control, 24 h later) were run together.
Intraassay variability was less than 5% for both cortisol and
aldosterone, while interassay variability was less than 10%
for cortisol and less than 15% for aldosterone. The sensitivity
or “minimal detectable dose” of the cortisol assay was
0.01 µg·dL–1 and 0.26 pg·mL–1 for aldosterone.



Complete blood cell counts and serum chemistries
Two millilitres of serum and 2 mL of EDTA blood were



submitted to Quest Diagnostics (San Diego, Calif.) for serum
chemistry analysis and complete blood cell count determina-
tions. The US Navy Marine Mammal Program routinely
submits dolphin samples to Quest Diagnostics for evalua-
tion, and there is a long history of quality control for health
screening of the animals.



Lymphocyte subsets
Samples were analyzed on an LSR flow cytometer (BD



Biosciences, San Jose, California, USA). Forward/side scatter-
plots were obtained for each subject. Lymphocytes were
gated based on their size and low degree of granularity. Ten
thousand gated events were analyzed by histogram statistics.



Statistics
A multivariate analysis of variance (MANOVA) was used



to evaluate the effects of sound (impulsive and tonal) on
neural–immune measurements. Owing to the low number of
data points for each sound exposure, the data were pooled
into a low impulsive sound exposure group (peak pressures =
8.2, 20.2, 58.6, and 87.2 kPa) and a high impulsive sound
exposure group (peak pressures = 116, 118, 143, 160, and
198 kPa) for MUK. However, for BEN, both sound exposure
data for the water gun experiments (peak pressures = 146,
207 and 220 kPa) and the tonal experiments (sound pressure
level = 180, 190, 196, 198, 200, and 201 dB re 1 µPa) were
each evaluated as one sound exposure group because of the
limited number of exposures. Neural–immune measurements
were used as the dependent variables, while the sound exposure
levels no (control), low, or high (for MUK) or control versus
exposure (for BEN) were used as the independent variable in
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the MANOVA. The effect of the order of exposures for the
water gun experiments (whether the experimental exposure
or control was given first) was also investigated in the
MANOVA. Order was not found to have a significant effect
and so was excluded in further analyses.



Univariate ANOVAs were also conducted and group
differences (for MUK) were determined using Tukey’s post
hoc pairwise comparison. Regression analysis was run on
those variables that were significant to determine if neural–
immune measurements were linearly increasing or decreasing
with sound exposure. The date of the measurements was also
considered in the analysis, since the experimental groups
and the date of the experiments were correlated. Therefore,
several analyses of covariance (ANCOVAs) were performed
using the date of the experiment as a covariate and experi-
mental group as a factor with each significant neural–immune
measurement as the dependent variable and then assessing
the differences among the groups.



The changes from baseline to 24 h later were calculated
for those neural–immune measures that showed significant
effects in the experiment. These differences were viewed as
a measurement of the long-term effects of the experiment,
which were then compared for each experimental condition
using a nonparametric ANOVA (the Kruskal–Wallis test).
Regression analysis of the baseline and 24-h data was carried
out to see if these values changed over the duration of the
experimental period.



Results



MUK seismic water gun experiment
Measurements of the nervous and immune systems including



catecholamines, hormones, and lymphocyte subsets were in-
vestigated to determine the effects of loud sound on cetacean
health. Complete blood cell counts, hematological parameters,
and serum chemistries, routinely measured by marine mammal
veterinarians, were also measured to ensure that these



parameters were in the normal ranges for the experimental
subjects before initiation of the experiment and during the
duration of the experimental period. A MANOVA revealed
significant differences between the groups (Pillai’s trace, P =
0.038). Univariate analyses showed significant differences
among the control, low, and high sound exposure groups for
MUK for the following neural–immune measurements:
catecholamines (norepinephrine, epinephrine, and dopa-
mine), mean cell volume (MCV), alkaline phosphatase, and
γ-glutamyltransferase (GGT) (Table 1).



Tukey’s post hoc tests revealed that mean norepinephrine,
epinephrine, and dopamine levels increased significantly
immediately after a high-level sound exposure but not after
a low-level sound exposure (Fig. 1). Mean norepinephrine
levels increased by 337.75 pg·mL–1, mean epinephrine levels
increased by 30.92 pg·mL–1, and mean dopamine levels
increased by 37.42 pg·mL–1 after high-level sound exposures.



Regressing catecholamine levels on sound levels showed
that all three increased significantly with increasing sound
levels (P = 0.021, 0.012, and 0.021, respectively) (Fig. 2).
Each increase in 10 kPa of sound impulse corresponded to a
mean increase of 22.1, 2.1, and 1.9 pg·mL–1 in norepinephrine,
epinephrine, and dopamine levels, respectively.



Statistically significant differences among the control, low,
and high sound exposure groups were also observed in the
mean levels of MCV, alkaline phosphatase, and GGT. However,
when date was included as a covariate in an ANCOVA model,
these hematological and serum chemistry constituents no longer
showed significant differences between the sound exposure
groups, unlike the catecholamines (Table 2); date accounted
for more variability than the sound level. MCV and alkaline
phosphatase decreased over the experimental period (P =
0.004 and < 0.001, respectively), whereas GGT increased
over the experimental period (P < 0.001) (Fig. 3).



In addition to samples collected after sound exposure, blood
samples were also taken before any testing was initiated, as
a baseline, and then 24 h after the sound exposure or control
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Variable Group N Range Min. Max. Mean SD P



Norepinephrine (pg·mL–1) Control 5 322 763 1085 925.20 150.81 0.003
High 6 503 947 1450 1223.00 184.93
Low 5 410 461 871 692.60 176.76



Epinephrine (pg·mL–1) Control 4 21 17 38 31.25 9.91 0.006
High 6 55 40 95 62.17 18.45
Low 3 25 5 30 21.00 13.89



Dopamine (pg·mL–1) Control 5 45 37 82 52.60 17.29 0.020
High 6 65 49 114 82.67 23.88
Low 5 29 37 66 49.60 11.52



Alkaline phosphatase (U·L–1) Control 5 19 59 78 66.80 7.26 <0.001
High 6 8 63 71 67.33 2.87
Low 5 14 74 88 81.20 5.93



GGT (U·L–1) Control 5 4 18 22 20.20 1.64 0.002
High 6 3 17 20 18.83 1.17
Low 5 4 15 19 17.00 1.41



MCV (fL) Control 5 3 180 183 182.00 0.99 0.019
High 6 2 181 183 182.00 0.66
Low 5 2 182 184 183.00 0.54



Table 1. Descriptive statistics (including the number of measurements in each group (N) and the range, minimum (Min.), maximum
(Max.), means, and SD) for significant (P < 0.05) neural–immune measures for MUK in the control, high sound exposure, and low
sound exposure groups.
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to determine if significant changes in neural–immune measures
returned to baseline levels. The change from baseline to 24 h
after the exposures (control, low, and high) was calculated
for the catecholamines, MCV, alkaline phosphatase, and
GGT. No significant effects were observed after 24 h for any
of the variables, except alkaline phosphatase. The average
alkaline phosphatase levels decreased from the baseline to
24 h later in the control (average decrease of 2.3 U·L–1,
where U is the quantity of enzyme that will catalyze the re-
action of 1 µmol of substrate per minute) and low sound ex-
posure (average decrease of 1.4 U·L–1) groups but increased
in the high sound exposure group (average increase of
2.2 U·L–1). The control group was not significantly different
from the low sound exposure group, but the high sound ex-
posure group was significantly higher than the control and
the low sound exposure group (P < 0.05).



Regression analysis of each variable over time of the ex-
perimental period from the baseline and 24-h groups showed
that alkaline phosphatase, triglycerides, MCV, blood urea
nitrogen, percent T helper cells, and creatine all declined
over the study period in either the baseline or 24-h data,
while GGT increased significantly over the study period in
the baseline data (Table 3).



Fig. 1. Boxplots of the means ± SE of plasma (a) norepinephrine
(N = 5), (b) epinephrine (N = 5), and (c) dopamine (N = 6) for
the three experimental groups (Control, E1 (low sound exposure),
and E2 (high sound exposure)) for MUK. Norepinephrine levels
were higher in E2 than in E1 (P = 0.003) and E2 levels were
higher than the control (P = 0.036). Epinephrine levels were
higher in E2 than in E1 (P = 0.009) and E2 levels were higher
than the control (P = 0.28). Dopamine levels were higher in E2
than in the control (P = 0.24).



Fig. 2. Regression analysis showing increasing levels of (a) nore-
pinephrine (P = 0.021, R2 = 0.324), (b) epinephrine (P = 0.012,
R2 = 0.453), and (c) dopamine (P = 0.021, R2 = 0.327) with
increasing sound levels. The data point corresponding to a tempo-
rary threshold shift (*TTS) in hearing for MUK is circled. Corre-
sponding groups of the individual data points: circles, low sound
exposure; solid triangles, high sound exposure; open triangles,
control.
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BEN water gun experiment
The same neural–immune measures that were used as



dependent variables for MUK were used similarly for BEN,
with the session type (control or exposure) as the independent
variables in univariate ANOVA analyses. Only two neural–
immune measurements, aldosterone and monocytes (absolute
count), showed significant differences (P = 0.003 and 0.006,
respectively) between the experimental and control groups
for the open-water experiment (Fig. 4). Neural–immune
parameters that showed significant differences for MUK did
not show significant differences for BEN.



As with MUK, since the experimental groups and the date
of the experiment are correlated, an ANCOVA was performed
on the variables that were significant in the ANOVA. When
date of the experiment was used as a covariate and the
differences between the two groups assessed, the experi-
mental group continued to have significantly higher aldosterone
values than the control group (P < 0.001) and significantly
lower monocyte counts (P = 0.015). Aldosterone levels were
significantly higher in the experimental condition than in the
control, with a mean difference of 50.48 pg·mL–1, when
adjusting for an overall increase in aldosterone levels over
the experimental period. Absolute monocyte counts were
significantly lower in the experimental condition than in the
control with a mean difference of 192.00 cells.



BEN tone experiment
Dopamine and mean corpuscular hemoglobin showed



significant differences between the control and exposure
groups for BEN in the tone sound experiment using ANOVA
(P = 0.052 and 0.027, respectively). However, when time
was used as a covariate in an ANCOVA to assess differences
between the two groups, dopamine was no longer significant
(P = 0.099) and mean corpuscular hemoglobin only slightly
significant (P = 0.050). There were no significant differences
for those neural–immune measures that were significant for
MUK or for aldosterone and absolute monocyte counts as
were found significant for BEN during the open-water
experiments. Regression analysis of the baseline neural–
immune measurements over the experimental period showed
increases over time in absolute T cells, class II+ cells, T
cell / T helper cell ratio, red blood cells, hemoglobin, and
lymphocyte percentage. Cortisol, norepinephrine, white blood



Neural–immune
response variable Explanatory variable P



Dopamine Date 0.307
Control vs. low 0.335
High vs. low 0.022*
High vs. control 0.025*



Epinephrine Date 0.353
Control vs. low 0.232
High vs. low 0.018*
High vs. control 0.050*



Norepinephrine Date 0.310
Control vs. low 0.054
High vs. low 0.002*
High vs. control 0.017*



MCV Date 0.186
Control vs. low 0.631
High vs. low 0.763
High vs. control 0.189



Alkaline phosphatase Date 0.050
Control vs. low 0.299
High vs. low 0.264
High vs. control 0.990



GGT Date 0.035
Control vs. low 0.543
High vs. low 0.739
High vs. control 0.124



Note: Significant group differences (P < 0.05) for each neural–immune
response variable after including date as a covariate in the analysis are in-
dicated with an asterisk.



Table 2. ANCOVA results of neural–immune measures for MUK. Fig. 3. Regression analysis showing decreasing levels of (a) mean
cell volume and (b) alkaline phosphatase and increasing levels of
(c) GGT over time for MUK. Corresponding groups of individual
data points: plus signs, low sound exposure; solid triangles, high
sound exposure; open triangles, control.
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cell counts, neutrophil counts, platelets, and MCV decreased
over the study period (Table 4).



Discussion



“Stress” is a concept that is difficult to define and attempts
in defining stress have brought about much controversy. How-
ever, it is generally agreed that stress can be described as a
state of threatened homeostasis (Moberg 1985). Stress can
be beneficial, initiating responses that promote a homeostatic
state, or harmful, degrading the homeostatic state, depending
on its duration and intensity. The response to stress, whether
it is physical, psychological, or environmental, begins with
cognitive processes in the brain that send information through
descending pathways by stimulation of the hypothalamic



pituitary axis and (or) sympathetic nervous system. Centers
in the hypothalamus control pathways of the autonomic
nervous system as well as the release of factors that stimu-
late the release of hormones from the pituitary (Moberg
1985; Fowler 1995; Elenkov et al. 2000). Epinephrine is
released from specialized cells in the adrenal medulla with
release of norepinephrine from postganglionic sympathetic
nerve terminals in the periphery. Adrenocorticotropin releasing
hormone is released from the pituitary, which signals the
release of glucorticoids, such as cortisol, from the adrenal
cortex. The temporal release of these hormones depends on
many factors (e.g., type of stressor, duration, and intensity).
Furthermore, evidence from a variety of disciplines supports
the bidirectional communication between the nervous and
immune systems (see Madden et al. (1995), McEwen et al.
(1997), and Dhabhar (2002) for review). An anatomical path-
way between the brain and immune system has been shown
in cetaceans as well as in terrestrial mammals in which
postganglionic sympathetic nerve fibers innervate cellular
compartments of lymphoid organs, establishing close associ-
ations with cells of the immune system (Romano et al. 1994,
2002). Moreover, noradrenergic nerve terminals were identified
closely abutting lymphocytes at the electron microscopic level
in the cetacean spleen, adrenergic receptors were identified
on cetacean peripheral blood lymphocytes, and functional
changes in the lymphocyte proliferation response were observed



Fig. 4. Group differences (Control versus exposure) of (a) serum
aldosterone (P = 0.003) (N = 3) and (b) absolute monocyte
counts (N = 4) for BEN in the water gun study. The boxplots
indicate mean ± SE aldosterone and absolute monocyte number.



Neural–immune response variable Variable Slope P R2



Alkaline phosphatase Baseline data –0.81 <0.001 0.811
GGT Baseline data 0.15 0.002 0.426
Triglycerides Baseline data –1.57 0.030 0.249
MCV 24-h data –1.35 0.017 0.345
Blood urea nitrogen Baseline and 24-h data –0.371, –0.30 <0.001, 0.001 0.727, 0.551
T helper cells (absolute no.) Baseline –0.000009 0.042 0.249
T helper cells (%) Baseline –0.0000003 <0.001 0.600
Class II+ (%) Baseline –0.0000001 0.002 0.491
T cell / T helper cell ratio Baseline 0.00000006 <0.001 0.665
Creatine Baseline and 24-h data –0.008, –0.007 0.007, 0.011 0.358, 0.363



Note: Significant (P < 0.05) results are shown.



Table 3. Regression analysis of baseline and 24-h neural–immune measures for MUK over time.



Neural–immune response variable Slope P R2



Class II+ (absolute no.) 36.471 0.018 0.341
T cells (absolute no.) 24.948 0.047 0.253
T cell / T helper cell ratio 0.056 0.011 0.380
Red blood cells 0.014 0.031 0.273
Hemoglobin 0.058 0.004 0.432
Lymphocytes (%) 0.572 0.020 0.312
Cortisol –0.257 0.001 0.540
Norepinephrine –36.112 <0.001 0.776
White blood cells –0.138 0.013 0.344
MCV –0.256 0.002 0.495
Platelets –6.442 0.006 0.407
Neutrophils (absolute no.) –0.134 0.006 0.406



Note: Significant (P < 0.05) results are shown.



Table 4. Regression analysis of baseline change over time for
BEN during the tone sound exposure experiment.
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when cetacean lymphocytes were incubated with isoproterenol,
a beta adrenergic agonist (see Romano et al. (2002) for
review). The evidence for communication between the ner-
vous and immune systems suggests that stressors such as
loud sound may have an effect on the immune system and
the ability to defend the body against foreign invaders. To
date, there have been no investigations of sound as a “stressor”
as in other mammals, with implications for effects on marine
mammal health. In this study, the effects of seismic impulses
and sonar pings on various measurements of the nervous and
immune systems in cetaceans were investigated to provide
preliminary information in this regard.



This study identified several neural–immune measurements
that may be implicated as indicators of stress in the white
whale and bottlenose dolphin that were either released acutely
or changed over time during the experimental period. The
catecholamines (norepinephrine, epinephrine, and dopamine)
were the primary neural–immune measurements that showed
changes in response to high-level impulsive sound in the
white whale. Similarly, plasma and urinary levels of epinephrine
and norepinephrine, to a lesser degree, have been shown to
increase in response to noise stress in other animals (Schmid
et al. 1989; Van Raaij et al. 1997; Muchnik et al. 1998) and
humans (Testa et al. 1994; Tafalla and Evans 1997). How-
ever, it should be recognized that responses are not consistent
among studies and can depend on many factors including the
duration and intensity of the sound, the species and strain of
the animal, and the individual’s response to the sound
stressor and the amount of control that an individual has
over the stressor (Irwin et al. 1989; Sudo and Miki 1993;
Peters et al. 1998). Our findings of increased catecholamine
levels after high-level sound in the white whale differ from
the findings of Thomas et al. (1990) in which playbacks
from an oil drilling platform showed no significant changes
in catecholamine levels or behavior in white whales after
sound exposure. Differences in the type of sound (oil drilling
versus simulated underwater explosion), intensity and duration
of the sound, the individual’s response, and the surrounding
circumstances of the individual’s environment may attribute
to these differences. Moreover, the differences in methodology
used to measure catecholamines may also attribute to the
differences in the results obtained. High-performance liquid
chromatography with electrochemical detection for quantifying
levels of plasma catecholamines used in this study allowed
for improved sensitivity, selectivity, and precision compared
with radioenzyme assays, which were used in the prior study.



Furthermore, Miksis et al. (2001) measured increases in
the heart rate of the bottlenose dolphin in response to playbacks
of conspecific vocalizations. Increases in heart rate from
baseline were observed in the dolphin with playbacks of jaw
clap threats and signature whistles but not in response to
tank noise. Heart rate is a measurement of the autonomic
nervous system and increases suggest activation of the auto-
nomic nervous system, similar to increases in catecholamines
as found in the white whale. Although there were no observed
increases in catecholamines after impulsive sound exposure
for the bottlenose dolphin as there were for the white whale,
it cannot be concluded with confidence that there were no
significant effects for these hormones, given the small sample
size for BEN in the water gun experiments. Measurements



of catecholamines and heart rate in the same animal before
and after sound exposures warrant investigation and future
studies.



The catecholamines function as neurotransmitters and
hormones and play important roles in maintaining homeo-
stasis, yet very little information is available in regard to
cetaceans. J.R. Geraci (Mystic Aquarium and the Institute
for Exploration, Mystic, CT 06355, USA, and Baltimore
Aquarium, 501 East Pratt Street, Baltimore, MD 21202, USA,
personal communication) measured catecholamine levels in
white whales after chase and capture with levels far exceeding
those observed in MUK after high-level sound exposure.
The catecholamines are among the first molecules released
in response to “stress” and are short-lived in most mammals
(Fowler 1995; Young and Landsberg 1998). Given the short
half-life of catecholamines, it was surprising that cate-
cholamine levels remained high in MUK 1 h after sound
exposure. However, studies of repeated chase and encirclement
with a purse-seine net on spotted dolphins in the Eastern
Tropical Pacific showed elevated catecholamine levels several
hours after initiation of the chase (St. Aubin 2002), with
dopamine showing unusually high levels when compared
with terrestrial species. Although we observed increases in
catecholamine levels with increasing sound exposure, the
TTS observed in MUK was associated with the highest levels
of dopamine but not necessarily the highest levels of epi-
nephrine and norepinephrine. Given all of the above obser-
vations, it is possible that the synthesis and metabolism and
(or) sources and mechanisms of action of catecholamines
may be different in cetaceans than in terrestrial mammals.
This is highly likely, given the pressor effects of catechol-
amines and their influence on the vasculature and circulation
(Young and Landsberg 1998) and the unique aspects of the
circulatory and vascular system (e.g., thoracospinal rete, large
portal system, large posterior vena cava, and countercurrent
heat exchangers) and diving adaptations in cetaceans (Slijper
1962; Williams et al. 1999; Reynolds et al. 2000).



Other changes (in addition to the catecholamines) observed
in this study for the white whale included a decrease over
time in the MCV, a decrease in alkaline phosphatase, and an
increase in GGT. MCV is a hematological parameter, and
alkaline phosphatase and GGT are enzymes involved in many
tissue and organ functions (i.e., kidney, liver, heart, bone,
skeletal muscle, and pancreas). It is difficult to determine
whether these serum concentrations were changing over time,
independently of the testing conditions, or if there were
physiological changes that occurred in the high-level expo-
sure group that persisted over time and affected the control
measurements. The measurements from the baseline and 24 h
after exposure groups showed the same trends over time,
which could support either theory. However, when effects
were measured as the difference in the 24-h and baseline
data, only alkaline phosphatase showed significant effects of
the high-sound levels. It is important to consider, however,
that alkaline phosphatase can be affected by a number of
factors including age, nutritional status, and health status
(Fothergill et al. 1991; McBain 2001).



The bottlenose dolphin, BEN, showed different changes in
neural–immune parameters than the white whale. BEN showed
significant increases in aldosterone and a decrease in absolute
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monocyte levels after the impulsive loud sound exposure.
Aldosterone is a mineralcorticoid released from the adrenal
cortex and has been implicated as one of the primary stress
hormones in cetaceans and may be a more sensitive indicator
of stress than cortisol (Thomson and Geraci 1986; St. Aubin
and Geraci 1989; St. Aubin and Dierauf 2001). Monocytes
are cells of the immune system that originate in the bone
marrow and migrate via the peripheral blood to organs and
tissues where they differentiate into macrophages that are
capable of phagocytosis and intracellular digestion of invad-
ing microorganisms. Their numbers have been shown to
decrease as a consequence of stress (Weisse et al. 1990;
Dhabhar et al. 1995, 1996). Therefore, the increase in aldo-
sterone and the decrease in absolute monocyte levels after
the impulsive loud sound exposure for BEN can be expected;
however, this needs confirmation with additional data
points. Moreover, the very small sample size for this data set
(four experimental observations and three control observations)
does not allow us to detect small to moderate effects of the
experimental conditions for all neural–immune measure-
ments tested. Furthermore, the small data set did not allow
for examination of measurements over time, although it was
observed that the levels of aldosterone and monocytes returned
to baseline levels within 24 h.



While there was only one slight observed difference in
neural–immune measures between exposure groups for BEN
in the tone sound experiment, there were significant changes
over time for multiple neural–immune parameters. It is inter-
esting to note that the catecholamine levels and the cortisol
levels as well as total white blood cells including neutrophils
were high in the first few weeks of the experiment but steadily
decreased over the experimental period with no significant
differences in the experimental and control conditions. The
confounding variable of the new testing environment (the
pool versus the open-water environment) may play a role in
these changes; however, there was a run-in period for the
dolphin to get used to the pool for 4 months before the loud
sound exposure sessions and control sessions were run
1 month before sound exposure sessions. Regardless of the
run-in period, there were observations of a stress response in
the beginning of the experimental period with higher neutro-
phils, cortisol, and catecholamines and lower lymphocyte
percentages and subsets that decreased or increased appro-
priately as the experimental period advanced. It should be
kept in mind that these results could reflect “anticipation” of
the pool and experimental procedures, with an adaptation to
the new experimental conditions over time.



The limitations of this study are recognized. Although the
TTS experiments offered an opportunity to obtain blood sam-
ples before and after sound exposure, the neural–immune
study was compromised to accommodate the primary TTS
study. For instance, the shortest time period that a blood
sample could be obtained postexposure was 1 h so as not to
interfere with the subsequent auditory test after the sound
exposure. Because of experimental limitations, only two ce-
taceans were used in these studies, which were of different
species. The fact that these animals are housed in San Diego
Bay, an environment with harbor activity and noise, may
affect the perception of noise as a stressor in these animals.
The pool condition for BEN, while offering a more “quiet” en-
vironment for the hearing tests, added a confounding variable



(a new environment and testing setup) to the neural–immune
study. Moreover, because a number of measurements were
considered in this study, it is possible that some statistically
significant differences are spurious. However, we find addi-
tional evidence that some of these measurements (such as
the catecholamines in the whale) are indicators of stress,
since they are significantly associated with the sound level
and continued to show significant differences when adjust-
ing for the date of the experiment. It should be kept in mind
that further studies are needed to verify these results with
more animals from both species.



Despite the limitations and constraints in investigating the
effects of sound on the health of marine mammals, there is a
recognized need for such studies (Richardson et al. 1995;
Popper et al. 2000; US Department of Commerce and US
Navy 2001). This is the first attempt to investigate the effects
of sound on the cetacean nervous and immune systems.
Studies such as this one, utilizing cetaceans kept under
human care and carried out under controlled experimental
conditions, offer valuable information regarding sound expo-
sure for cetaceans in the wild (with recognized limitations).
Specific examples of anthropogenic sound sources that have
brought about controversy and questioning as to effects on
marine mammals include (i) ATOC (acoustic thermometry
of ocean climate) experiments involving the transmission of
low-frequency sounds over ocean basins to study global
ocean temperatures, (ii) SURTASS LFA sonar, a long-range
low-frequency sonar signal that allows the US Navy to detect
and find quiet submarines, (iii) “ship-shock” trials of US
Navy ships that called for detonations, (iv) LFAS, a low-
frequency active sonar system operated by NATO, and
(v) LWAD (littoral warfare advanced development sea test)
designed to test technologies with active acoustic compo-
nents for the US Navy including utilization of midrange-
frequency sonar. Moreover, mass strandings of multiple ceta-
cean species over the past few years have occurred during
similar time periods and geographic locations as the testing
of the above, e.g., Bahamas stranding event of March 2000.
Experiments such as this neural–immune study carried out
in conjunction with auditory experiments such as the TTS
study on cetaceans kept under human care will provide a
guideline as to the hearing and nervous and immune system
effects of various types of anthropogenic sound on ceta-
ceans. Our studies and those of Schlundt et al. (2000) and
Finneran et al. (2002) show that these studies can be done
safely without long-term detriment to the animals. A full
workup of live stranded as well as beached and expired ceta-
ceans during future stranding events is required to provide
additional information on these events and their causes.
Testing the auditory system and obtaining blood samples to
carry out neural–immune measures on live stranded animals
will provide real-time data on wild cetaceans. A complete
necropsy workup of beached cetaceans including sampling
of heart, adrenals, and lymphoid organs will provide infor-
mation on the state of autonomic nervous activation and
immune status.



Future studies will be directed at measuring similar and
additional neural–immune parameters (some currently being
developed) after longer duration simulated sonar pings, after
multiple simulated sonar pings, and after actual shipborne
tactical sonar on US Navy dolphins. This study is the first
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attempt to investigate the autonomic nervous system and
immune systems after loud sound exposure in cetaceans in
helping to understand the effects of anthropogenic sound on
marine mammal health.
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Amnesic Shellfish Poisoning (ASP) from Domoic Acid



What is domoic acid?



Domoic acid is a toxin, called a "biotoxin," that is produced by the diatom Pseudonitzschia sp.,
which is a type of naturallyoccurring microscopic algae. Shellfish eat this algae and can retain
the toxin, sometimes at dangerous levels. Domoic acid causes Amnesic Shellfish Poisoning
(ASP) in humans that eat contaminated shellfish. Severe cases of ASP can result in permanent
loss of shortterm memory. 



What types of shellfish are affected?



Razor clams are most often affected by domoic acid because the algae that produces the toxin,
Pseudonitzschia, is more commonly found in coastal areas. However, in recent years domoic
acid has been detected in mussels, clams, and oysters in Puget Sound. Dungeness crab,
because they feed on razor clams and other shellfish, can also become toxic. Even if the crab
meat is safe, domoic acid tends to accumulate in crab gut and butter (the whiteyellow fat inside
the back of the shell). Always clean crab thoroughly. Remove all butter and discard the gut. 



What causes unsafe levels of domoic acid?



It's normal for biotoxinproducing algae to be present in marine water. They are usually at very
low concentrations and pose no problems. However, when the algae "blooms" the concentration
increases dramatically. The increased algae simply becomes a greater food source for shellfish.
The more algae the shellfish eat, the more biotoxin they accumulate. Biotoxins don't harm
shellfish, so the level in their tissue continues to climb until the bloom subsides. When the
number of toxinproducing algal cells returns to normal low levels, the shellfish eventually flush
the toxin from their systems. It can be several days to several months or longer before they're
safe to eat again. 



What causes domoic acid blooms?



When water conditions are favorable, the algae "blooms" and reproduces. Continuing research
has pointed to certain cause and effect situations, but the exact combination of conditions that
cause the blooms is not yet known. The Northwest Fisheries Science Center has a website that
further explains harmful algal blooms (HABs) and Marine Biotoxins and algal bloom dynamics. 



 
Does cooking the shellfish make it safe to eat?



No. The toxin is not destroyed by cooking or freezing.  





http://www.nwfsc.noaa.gov/research/divisions/efs/microbes/harmful_algae/index.cfm


http://www.nwfsc.noaa.gov/research/divisions/efs/microbes/harmful_algae/climate.cfm








What are the symptoms of Amnesic Shellfish Poisoning?



ASP symptoms include vomiting, nausea, diarrhea, and abdominal cramps within 24 hours of
ingestion. In more severe cases, neurological symptoms develop within 48 hours and include
headache, dizziness, confusion, disorientation, loss of shortterm memory, motor weakness,
seizures, profuse respiratory secretions, cardiac arrhythmias, coma, and possible death. Short
term memory loss can be permanent. 



What should I do if I think I have ASP?



If symptoms are mild, call your health care provider and your local public health agency. If
symptoms are severe, call 911 or have someone take you to the emergency room
immediately.   



What is the treatment?



There is no antidote. The only treatment for severe cases is the use of life support systems until
the toxin passes from the victim's system.  



How can I protect myself from ASP?



Prevention is the best protection. We regularly test shellfish for biotoxins and close areas when
unsafe levels are detected. Always check for closures at our shellfish safety mapping site or call
the Biotoxin Hotline at 18005625632 before harvesting. Also check with the local health
department in the area you plan to harvest. Beaches are sometimes posted with warning signs,
but don't assume a beach is safe if there are no signs. Closure signs seem to be popular and
can "disappear" soon after they are placed.  



Are there any other illnesses associated with shellfish?



Yes. Other types of biotoxins found in the northwest are Paralytic Shellfish Poison and Diarrhetic
Shellfish Poison. Harmful bacteria and viruses can cause intestinal upset (see Vibriosis in
Shellfish and Norovirus in Shellfish).Some people can have an allergic reaction to shellfish.



What about shellfish offered by restaurants, stores, and farmers'
markets? Are they safe to eat?



Shellfish harvested commercially and sold to the public come from licensed, certified growers.
Commercial harvest operations must meet stringent state and federal health standards, and the
shellfish they harvest are regularly tested for biotoxins. 



More Resources



Current Closures



Shellfish Beach Closures (clickable maps)



Biotoxin Bulletin



Call our recorded Biotoxin Hotline at 18005625632.



Call the local health department in the area you plan to harvest.





http://www.doh.wa.gov/AboutUs/PublicHealthSystem/LocalHealthJurisdictions


https://fortress.wa.gov/doh/eh/maps/biotoxin/biotoxin.html


http://www.doh.wa.gov/AboutUs/PublicHealthSystem/LocalHealthJurisdictions


http://www.doh.wa.gov/Portals/1/Documents/4400/beach-signs.pdf


http://www.doh.wa.gov/CommunityandEnvironment/Shellfish/BiotoxinsIllnessPrevention/Biotoxins/ParalyticShellfishPoison


http://www.doh.wa.gov/CommunityandEnvironment/Shellfish/BiotoxinsIllnessPrevention/Biotoxins/DiarrheticShellfishPoisoning


http://www.doh.wa.gov/CommunityandEnvironment/Shellfish/BiotoxinsIllnessPrevention/Vibriosis


http://www.doh.wa.gov/CommunityandEnvironment/Shellfish/BiotoxinsIllnessPrevention/Norovirus


https://fortress.wa.gov/doh/eh/maps/biotoxin/biotoxin.html


https://fortress.wa.gov/doh/eh/portal/odw/si/BiotoxinBulletin.aspx


http://www.doh.wa.gov/AboutUs/PublicHealthSystem/LocalHealthJurisdictions








Call our office at 3602363330.



Biotoxins



Paralytic Shellfish Poisoning (red tide)



Okadaic Acid (causes Diarrhetic Shellfish Poisoning) 



Biotoxins: Myths and Misconceptions 



Recreational Shellfish Program



Harmful Algal Blooms, Northwest Fisheries Science Center



Harmful Algae, National Office for Harmful Algal Blooms



Handout



Domoic Acid (ASP) in Shellfish (PDF)





http://www.doh.wa.gov/CommunityandEnvironment/Shellfish/BiotoxinsIllnessPrevention/Biotoxins/ParalyticShellfishPoison


http://www.doh.wa.gov/CommunityandEnvironment/Shellfish/BiotoxinsIllnessPrevention/Biotoxins/DiarrheticShellfishPoisoning


http://www.doh.wa.gov/CommunityandEnvironment/Shellfish/BiotoxinsIllnessPrevention/Biotoxins/MythsandMisconceptions


http://www.doh.wa.gov/CommunityandEnvironment/Shellfish/RecreationalShellfish


http://www.nwfsc.noaa.gov/hab/habs_toxins/index.cfm


http://www.whoi.edu/redtide/page.do?pid=9257


http://www.doh.wa.gov/Portals/1/Documents/4400/332-057-ASPDefined.pdf
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ABSTRACT
Harmful algal blooms (HABs) are extreme biological events with the potential for
extensive negative impacts to fisheries, coastal ecosystems, public health, and coastal
economies. In this chapter, we link issues concerning the key drivers of HABs with the
various approaches for minimizing their negative impacts, emphasizing the use of
numerical modeling techniques to bridge the gap between observations and predictive
understanding. We review (1) recent studies on the environmental pressures that
promote HABs; (2) prominent strategies for preventing or controlling blooms;
(3) modeling methods, specifically addressing harmful algal species dynamics, and
their use as a predictive tool to facilitate mitigation; and then (4) highlight several
coastal regions where the mitigation of HABs is generally approached from a regional
Earth system and observation framework. Lastly, we summarize future directions for
“living with” HABs in an era of limited financial resources for ocean observing.



17.1 INTRODUCTION



Decades of research on harmful algal blooms (HABs) in the world’s coastal,
estuarine, and freshwater environments have revealed immense complexity in
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the conditions that promote bloom development and the diversity of HAB
species. Just as the physical features of the coastal zone cannot be represented
by a single model across spatial and temporal scales, the biological variability
within aquatic ecosystems requires a regional perspective, one that considers
indigenous communities (from plankton to humans), habitat connectivity, and
the influence of large-scale drivers of change (Cloern et al., 2010). Although
levels of devastation experienced by coastal communities during HAB events
might not approximate those of many natural disasters, the economic losses
are often of great importance to local seafood industries (Imai et al., 2006; Jin
et al., 2008; Dyson and Huppert, 2010) as are the risks to public health (Van
Dolah et al., 2001). Ecosystem functioning and wildlife populations are also
often negatively impacted by HABs, with legacy effects that compound over
time (Sekula-Wood et al., 2009, 2011; Paerl et al., 2011; Montie et al., 2012).
Understanding the ecological role of harmful algae and their seeming rise to
prominence in phytoplankton communities requires that the role of natural
variability be teased apart from human disturbance (Hallegraeff, 1993, 2010;
Figure 17.1). The field of HAB science has made significant advances in this
area, and this ecological knowledge is now informing methods for mitigating
the harmful effects of HABs on natural resources and human populations, and
in some instances, pushing forward technological advancements with broad
application (Anderson et al., 2012b).



A major struggle in the study and management of HABs has been the sheer
breadth of species, life histories, ecosystems, and impacts involved. The
phytoplankton that are categorized as potentially harmful do not belong to a
single, evolutionarily distinct group. Rather, they span the majority of algal
taxonomic clades, including eukaryotic protists (armored and unarmored
dinoflagellates, raphidophytes and diatoms, euglenophytes, cryptophytes,
haptophytes, and chlorophytes) and microbial prokaryotes (the ubiquitous,
sometimes nitrogen-fixing cyanobacteria that occur in both marine and
freshwater systems). Interestingly, dinoflagellates account for the majority
(75 percent) of HAB species (Smayda, 1997). The list of potential impacts from
HABs include (1) the production of dangerous phycotoxins that enter food
webs, the atmosphere (if aerosolized), fisheries, and the potential contami-
nation of water supplies from freshwater reservoirs or desalination plants; (2)
the depletion of dissolved oxygen and/or the smothering of benthic biota as
algal biomass decays; and (3) physical damage to fish gill tissue. HABs fall
under the umbrella term Ecosystem Disruptive Algal Blooms (EDABs;
Sunda and Shertzer, 2012; Sunda et al., 2006), and all HABs or EDABs may
impact local ecosystems and economies (e.g., fisheries, tourism, recreation).
These impacts include noxious or nuisance blooms such as “brown tides” of
pelagophytes Aureoccocus anophagefferens and Aureoumbra lagunensis
(Gobler and Sunda, 2012) or the surfactant-producing Akashiwo sanguinea
(Jessup et al., 2009). Given this diversity, no single set of conditions or
approach to mitigation will apply to all harmful algae, nor is the often-used
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term “red tide” appropriate for phenomena with a broad range of pigment and
spectral qualities generally undetectable to the human eye (Dierssen et al., 2006).



The suite of epidemiological syndromes associated with phycotoxin
exposure is itself impressive (see Table 17.1 for symptoms and acronyms);
more details on the symptoms associated with these syndromes and the
geographic locations where illnesses have been reported can be found in
reviews of phycotoxin poisonings (Fleming et al., 2002; Backer et al., 2005;
Backer and Moore, 2012). New toxins and syndromes are continually
discovered, such as the ecosystem-disruptive yessotoxin (De Wit et al., 2014)
produced by the dinoflagellates Gonyaulax spinifera (Rhodes et al., 2006),
Protoceratium reticulatum (Paz et al., 2004; Alvarez et al., 2011), and Lin-
gulodinium polyedrum (Howard et al., 2008, Figure 17.2), a bioluminescent



FIGURE 17.1 The expansion of global cases of Paralytic shellfish poisoning (PSP) from 1972 to



2011. PSP is associated with the marine dinoflagellates Alexandrium and Pyrodinium, several



species of which produce saxitoxin, a dangerous neurotoxin that makes its way into the food web



and can be lethal.Map used with permission from the National Office for Harmful Algal Blooms at



Woods Hole Oceanographic Institution.
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TABLE 17.1 Human Syndromes Caused by Ingestion or Exposure to Marine HAB Toxins



Syndrome Toxin(s) Causative Organism Symptoms



CFP Ciguatoxins Gambierdiscus spp.b Nausea, vomiting, diarrhea, numbness of the mouth and extremities,
rash, and reversal of temperature sensation. Neurological symptoms
may persist for several months.



PSP Saxitoxin and
its derivatives



Alexandrium spp.
Pyrodinium spp.
Gymnodinium spp.



Numbness and tingling of the lips, mouth, face, and neck; nausea;
and vomiting. Severe cases result in paralysis of the muscles of the
chest and abdomen possibly leading to death.



ASP Domoic Acid Pseudo-nitzschia spp.
Nitzschia navis-varingica



Nausea, vomiting, diarrhea, headache, dizziness, confusion,
disorientation, short-term memory deficits, and motor weakness.
Severe cases result in seizures, cardiac arrhythmia, respiratory
distress, coma, and possibly death.



AZP Azaspiracid and
its derivatives



Azadinium spp.a Nausea vomiting, severe diarrhea, and abdominal cramps



NSP Brevetoxin Karenia spp. Nausea, temperature sensation reversals, muscle weakness, and
vertigo



DSP Okadaic acid and
its derivatives



Dinophysis spp.
Prorocentrum spp.



Nausea vomiting, severe diarrhea, and abdominal cramps
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DSPe Yessotoxin Gonyaulax spinifera
Protoceratium reticulatum
Lingulodinium polyedrum



Nausea, vomiting, abdominal cramps, reduced appetite, cardiotoxic
effects, respiratory distress



DSPe Cooliatoxinc Coolia spp.b Nausea, vomiting, abdominal cramps, reduced appetite, cardiotoxic
effects, respiratory distress



Palytoxicosis Palytoxin and
its derivativesd,f



Ostreopsis spp.b Nausea; vomiting; diarrhea; abdominal cramps; lethargy; tingling of
the lips, mouth, face, and neck; lowered heart rate; skeletal muscle
breakdown; muscle spasms and pain; lack of sensation; respiratory
distress



Lyngbyatoxicosis Lyngbyatoxin-A and
its derivatives



Lyngbya majusculad,g Weakness, headache, lightheadedness, salivation, gastrointestinal
inflammation, potent tumor promoter



Note that aside from the diatom Pseudo-nitzschia and the cyanobacteria Lyngbya majuscula (nowMoorea spp.), the causative organisms are all dinoflagellates. Freshwater
groups such as the hepatotoxin-producing Microcystis spp. are not included here. ASP, amnesic shellfish poisoning; AZP, azaspiracid shellfish poisoning; CFP, ciguatera
fish poisoning; DSP, Diarrhetic shellfish poisoning; DA, Domoic acid.
aAzaspiracid was first thought to be associated with Protoperidinium (Yasumoto 2001; James et al. 2003) but was later shown to be produced by Azadinium spp. (Tillmann
et al., 2009).
bBenthic epiphytes.
cA monosulfated analog of yessotoxin (Rhodes et al., 2000); complete structure uncharacterized (Van Dolah et al., 2013).
dProduces aerosolized toxins with known health consequences (Osborne et al., 2001; Ciminiello et al., 2010).
eYessotoxins and cooliatoxins are grouped with DSP syndrome (Draisci et al., 2000) but may be more like PSP since yessotoxin exposure does not lead to diarrhea
(Paz et al., 2008).
fOne of the most toxic natural substances known.
gLyngbya majuscula newly classified as Moorea producens (Engene et al., 2012).



Adapted from Table 17.2 in Marques et al. (2010).
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dinoflagellate common to the US West Coast. Widespread bird mortality
caused by blooms of the dinoflagellate A. sanguinea is a new threat along the
US West Coast (Jessup et al., 2009; Berdalet et al., 2013). Azaspiracid
shellfish poisoning, caused by the dinoflagellate Azadinium, is another
burgeoning disease with a possible worldwide distribution (Salas et al., 2011)
after first being noticed in Northern European coastal communities (Krock
et al., 2009) and now recently detected in Puget Sound, WA, USA
(Trainer et al., 2013). Palytoxicosis is an emerging issue in the Mediterranean
where palytoxin, the most toxic marine compound known, has caused
extensive seafood poisoning after bioaccumulating in commonly consumed
crustaceans and fish that have grazed upon the benthic dinoflagellate
Ostreopsis (Amzil et al., 2012).



Discussion of HABs in the literature has traditionally focused on the
disruptive or even “catastrophic” nature of “red tides” as toxic and/or high-
biomass blooms (Margalef, 1978). However, the caveat is often made that
such blooms are not new, unnatural phenomena (Cullen, 2008; Hallegraeff,
2010), and they have long been part of a region’s local ecology, primary
productivity, and important biogeochemical cycling. That said, there is
increasing recognition that the effects of HABs on public health, marine and
freshwater ecosystems, economies (Hoagland and Scatasta, 2006), and human
social structures (Hatch et al., 2013) are worsening (Heisler et al., 2008;
Anderson, 2009; Hallegraeff, 2010; Anderson et al., 2012b, Figure 17.1) and
require new solutions from collaboration among scientists, the private sector,
and governing bodies (Green et al., 2009). The potential causes for this trend
have been thoroughly vetted elsewhere (e.g., Hallegraeff, 1993, 2010; Glibert
et al., 2006; Anderson et al., 2002, 2008; Heisler et al., 2008; Paerl et al.,



FIGURE 17.2 Sonoma County, California. In 2011, a mass mortality of red abalone, urchins, sea



stars, chitons, and crabs (right) was the largest invertebrate die-off recorded for the region (De Wit



et al., 2013). Yessotoxin was implicated as the causative agent (De Wit et al., 2014) and is pro-



duced by a number of common “red tide” dinoflagellates (inset) in coastal California (left). Red



tide photo taken by Kai Schumann.
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2011). Eutrophication, climate change, ballast water dispersal, and improved
monitoring are the most cited factors for the increased frequency of reported
blooms.



At the interface between HABs and human communities is the socioeco-
nomic outfall around which the majority of impacts are contextualized. The
interaction between HABs and humans involves both positive and negative
feedbacks to the blooms themselves and to the ability of society to mitigate
adverse effects (Figure 17.3). Hoagland (2014) carefully illustrates
this process for toxic blooms of Karenia brevis on Florida’s Gulf coast and
describes how “legacies” of indigenous and modern human behavior and
the complex history of mitigation strategies inform past and future “policy
responses” to HAB events. Ultimately, how these policies are implemented
will depend on the cost-effectiveness of mitigation strategies that range from
the reduction of exposure risk and illness to fisheries regulation (Heil and
Steidinger, 2009; Heil, 2009; Hoagland, 2014). Significant overlap occurs with
oil spill response strategies (Liu et al., 2011) that integrate local community
impacts with particle tracking models, remote detection techniques, wildlife
biology, and regional management mandates. Bringing these socioeconomic,
governmental, and traditional science realms together is a challenging but
crucial goal for next-generation coastal marine hazard mitigation.



In this chapter, we link issues concerning the key drivers of HABs with the
various approaches for minimizing their negative impacts, emphasizing the use
of numerical modeling techniques to bridge the gap between observations and
predictive understanding. First, we review recent studies on the environmental
pressures that promote HABs (Section 17.2); prominent strategies for
preventing or controlling blooms (Section 17.3); and modeling methods,
specifically addressing harmful algal species dynamics, and their use as a



FIGURE 17.3 Schematic diagram illustrating the dynamic links that couple nature (e.g., water



and weather conditions), HABs, and human communities. Modified from Hoagland (2014).
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predictive tool to facilitate mitigation (Section 17.4). Next, several coastal
regions are highlighted where the mitigation of HABs is generally approached
from a regional Earth system and observation framework (Section 17.5). Such
a framework ideally merges traditional monitoring methods, networked arrays,
satellite observations, autonomous platforms, predictive models, and local to
regional governance to mitigate impacts on human populations and ecosys-
tems (Figure 17.3). In some instances, this approach may necessitate adaptive
management for optimal resource use (Section 17.5.4). Lastly, we summarize
future directions for “living with” HABs in an era of limited financial
resources for ocean observing (Section 17.6).



17.2 ENVIRONMENTAL FORCING OF HABs



Research on the ecological processes that cause HABs and identification of the
factors responsible for their worldwide increase has led to the development of
predictive tools and mitigation strategies (GEOHAB, 2003, 2006). Highlights
from recent studies are summarized in the following subsections to introduce
the state of the science rather than duplicate the many exhaustive reviews
(e.g., Heisler et al., 2008; Hallegraeff, 2010; Anderson et al., 2012b).



17.2.1 Eutrophication



The ecosystem response to eutrophication (i.e., biomass increases as a result of
nutrient overenrichment) in coastal waters is complex and depends on the
concentrations of macro- and micronutrients, the chemical form of those
nutrients (organic vs inorganic), and the ratio of nutrient supply (Anderson
et al., 2002, 2008; Heisler et al., 2008; Glibert and Burkholder, 2011; Kudela
et al., 2010). These can all select for phytoplankton functional type (dinofla-
gellate, diatom, flagellate, cyanobacteria) as well as promote toxicity in
toxigenic HAB species (Howard et al., 2007; Cochlan et al., 2008; Kudela
et al., 2008). One compelling line of evidence from eutrophication studies is
that land-based runoff and associated alteration of nutrient ratio supply
(particularly Si:P and Si:N) away from the mean Redfield ratios selects
for flagellates relative to diatoms (Smayda, 1997). This resource-mediated
community composition shift is well-documented (reviewed in Anderson
et al., 2002; Glibert and Burkholder, 2006) and now buttressed by increasing
recognition that organic nutrients and reduced forms of nitrogen such as urea
can modulate phytoplankton growth and toxicity (reviewed in Glibert et al.,
2006; Kudela et al., 2010). This is important when we consider that industrial
nitrogenous fertilizers are now predominantly composed of urea over nitrate
(Glibert and Burkholder, 2006; Glibert et al., 2006). The role of groundwater
in driving and regulating bloom development is also an important but under-
studied theme (Paerl, 1997). For example, Liefer et al. (2009, 2013) showed
that dense blooms of toxigenic Pseudo-nitzschia species in the Northern Gulf
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of Mexico cluster near rivers known to transport high volumes of nitrate-rich
discharge.



Davidson et al. (2012) challenged the rationale of some of the most
canonical studies (e.g., “red tides” in Hong Kong; Hodgkiss and Ho, 1997) that
link the process of nutrient enrichment with the effect of eutrophication and
increasing HABs (Smayda, 2008). Although somewhat selective in its critique,
the review provides a useful summary of the theoretical controls on nutrient
uptake kinetics. It also reminds us of the caveats in applying nutrient limitation
models to field scenarios where the role of organic nutrients (Howard et al.,
2007), cell quotas/thresholds (Flynn, 2010), mixotrophy (Stoecker, 1998;
Mitra and Flynn, 2010), “luxury” consumption of nutrients (Roelke et al.,
1999), and interspecific competition for limiting resources are still poorly
understood. Indeed, the interplay between cellular nutrient stoichiometry,
exogenous nutrient pulses, and toxin production is nicely illustrated for
Alexandrium tamarense, a paralytic shellfish poisoning (PSP)-causing organ-
ism that may have a high capacity for luxury phosphorous storage, thereby
altering its response to ambient N:P ratios depending on its prior nutrient
history (Van de Waal et al., 2013).



Despite this physiological complexity, nutrient loading from terrestrial
environments into coastal and freshwater systems that are experiencing severe
N and/or P limitation often appears directly related to the development of algal
blooms (e.g., Glibert et al., 2001; Beman et al., 2005; Glibert, 2006; Paerl et al.,
2011). The extent to which these blooms manifest as dense accumulations of
biomass or as sources of harmful toxins depends on ecosystem responses and
interactions. For instance, algal proliferation is heavily regulated by grazing
pressure from zooplankton, with trophic cascades representing an often
understudied component of bloom development and persistence (e.g., Gobler
et al., 2002; Turner and Graneli, 2006; Smayda, 2008) relative to bottom-up
effects or the pervasive influence of physical processes (Franks, 1992;
Donaghay and Osborn, 1997; Ryan et al., 2008; Stumpf et al., 2008; Pitcher
et al., 2010). Eutrophication may exert an indirect effect on zooplankton grazing
efficiency such that at higher nutrient levels, grazing control of phytoplankton
becomes saturated (Kemp et al., 2001). Mitra and Flynn (2006) further
demonstrate that high nutrient conditions not only promote HAB species but
also suppress grazing by enhancing the production of toxin grazing deterrents, a
positive feedback that intensifies negative impacts of HABs (Sunda et al., 2006).
Although we should be cautious about implicating the increase in HAB events
specifically to eutrophication or to changes in nutrient ratios and specific
nutrient compounds, it is clear that nutrient availability strongly modulates
many aspects of HAB ecology. Ultimately, investigators will need to integrate
nutrient dynamics at the landesea interface, coastal and estuarine physics, and
food web interactions to successfully model, predict, and forecast coastal HABs
in a changing climate (Glibert et al., 2010).
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17.2.2 Climate Change



The recently released Fifth Assessment Report by the Intergovernmental Panel
on Climate Change (IPCC) verifies the role the ocean has played as a major
heat sink, absorbing 90 percent of Earth’s net energy increase over the past
40 years with an almost 4 �C increase in the upper 75 m of the water column
(IPCC, 2013). Although internal variability remains a dominant governing
force of regional climates, warming of the top 100 m of the ocean by as much
as 2 �C is expected by the end of the twenty-first century (Stocker et al., 2013).
Moore et al. (2008), Hallegraeff (2010), and Anderson et al. (2012b) examine
the observed and expected consequences of warming sea surface temperatures,
climate trends, and large-scale variability on phytoplankton. These conse-
quences range from changing phenologies, “matchemismatch” in marine food
webs, proliferation of HAB species into newly primed environments, potential
adaptation to rapid adjustments in physicochemical conditions, and surprising
range expansions. For the latter, debate still exists about whether observed
expansions are driven by climate-mediated ocean circulation patterns or ship
ballast water dispersal (Hallegraeff, 1993, 2010; Smayda, 2007). Warmer
temperatures are projected to broaden the seasonal period over which phyto-
plankton can grow, i.e., phenology, thereby enhancing the risk of negative
impacts and exposure to dangerous toxins (Moore et al., 2008, Figure 17.4).
Natural decadal cycles of variability such as the El Niño Southern Oscillation
(ENSO), North Atlantic Oscillation, Pacific Decadal Oscillation, North Pacific
Gyre Oscillation, and the MaddeneJulian Oscillation are also known regula-
tors of phytoplankton primary production through their modulation of atmo-
spheric patterns, water column mixing, stratification, circulation, and surface



FIGURE 17.4 Puget Sound, Washington. The annual temperature window for accelerated growth



of Alexandrium catenella for the present-day and in response to a 2, 4, and 6 �C increase in sea



surface temperature. Modified from Moore et al. (2008).
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nutrient delivery (Barton et al., 2003; Waliser et al., 2005; Di Lorenzo et al.,
2008; Moore et al., 2008; Cloern et al., 2010). In the absence of long-term
data, however, decadal and subdecadal oscillations in phytoplankton abun-
dance and species composition (Jester et al., 2009) can camouflage secular
trends.



17.2.3 Ocean Acidification



Anthropogenic CO2 inputs to the atmosphere are overwhelming the buffering
capacity of the ocean’s carbonate system, leading to a corrosive environment
for calcified organisms (e.g., Fabry et al., 2008; Feely et al., 2008).
More counterintuitive is the effect that this change in aquatic pCO2 will have
on noncalcareous phytoplankton. Laboratory experiments demonstrate an
increase in toxicity by the domoic acid (DA)-producing diatoms Pseudo-
nitzschia multiseries and Pseudo-nitzschia fraudulenta and the saxitoxin-
producing Alexandrium catenella after simulating projected pCO2 levels in
semicontinuous cultures (Sun et al., 2011; Tatters et al., 2012, 2013). This is
caused by currently unexplained mechanisms tied to growth and toxin
production. The effect will need to be verified and extended to other toxigenic
HAB organisms, given the potentially complex, multifactorial response
expected for natural ecosystems. As ocean acidification alters the saturation
states of CO2, HCO



�
3 , and CO2�



3 , it will also interact with variability in tem-
perature, salinity, and nutrient fields, leading to difficult-to-predict
consequences for the phytoplankton (Moore et al., 2008), not to mention
possible biophysical feedbacks that could amplify greenhouse gas emissions
(Woods and Barkmann, 1993; Paerl et al., 2011). Cyanobacterial HABs that
span a range of environments are expected to respond favorably to rising global
temperatures, preferentially growing in warmer waters and outcompeting other
phytoplankton for carbon because of their enhanced ability to acquire aqueous
CO2 over the more energetically expensive HCO�



3 and CO2�
3 (Paerl et al.,



2011). While we are reminded that natural variations experienced by many
coastal environments already expose phytoplankton to pH and pCO2 concen-
trations well beyond long-term projections for the open ocean (Talmage and
Gobler, 2009), pH levels in the Arctic, Southern Ocean, and coastal California
are now on the verge of exceeding their “preindustrial variability envelopes”
(Hauri et al., 2013). The synergistic effects of ocean acidification and
eutrophication (Cai et al., 2011) on HABs (Figure 17.5) are severely stressing
nearshore fin- and shell fisheries (Waldbusser et al., 2011).



17.3 BLOOM CONTROL AND PREVENTION



The desire to protect valuable fisheries and natural resources has motivated
extensive research on methods for directly modifying blooms. Kim (2006)
classifies these mitigation strategies for HABs into two categories,
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precautionary impact preventions and bloom controls. Precautionary impact
preventions refer to monitoring, predictive, and emergent actions. Bloom
control involves both direct controls applied after an HAB has begun and
indirect controls dealing with preventive strategies, including management of
land-derived nutrient inputs. In this section, the distinction is made between
(1) approaches to prevent and control a bloom and its impacts (Section 17.3.1)
and (2) prediction, detection, and modeling capabilities (Section 17.3.2),
which will form the backbone of future mitigation strategies within a regional
Earth system framework (Section 17.3).



17.3.1 Biological and Chemical Control Methods



Biological and chemical controls refer to direct application or stimulation/
suppression of factors that modify the biological (e.g., growth, grazing,
mortality) or chemical (e.g., pH, inhibitors) composition or function of the
ecosystem. These controls are often administered as emergency measures for
suppressing blooms that threaten aquaculture facilities, or other spatially
restricted regions, and their use can significantly accelerate the demise of a
bloom or rid the water of toxins. These methods are most successful over small
spatial scales within confined fish farms, reservoirs, desalination plants, or
lakes and involve the manipulation of the environment and/or causative



FIGURE 17.5 Conceptual diagram of cyanobacterial bloom development that can be generalized



to a wide variety of algal blooms including HABs. The arrows indicate relationships between



major biogeochemical processes found in both marine and freshwater environments; humans in-



fluence HAB development through modulation of nutrient sources at the landesea interface and in



the benthic zone where some mitigation strategies target the remineralization of limiting nutrients



back into the water column. Figure reproduced with permission from Paerl et al. (2011).
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organism (Anderson et al., 2001; Kim, 2006). Biological agents such as
grazers, parasites (Kim et al., 2008; Mazzillo et al., 2011), viruses (Nagasaki
et al., 1999), and algicides (e.g., Jeong et al., 2003; Kim et al., 2009) are often
host specific (Kodama et al., 2006) targeting a particular HAB species. Other
moieties such as clays are used to promote flocculation and settling of algal
particles to the sediment. Everything from microbial biosurfactants called
sophorolipids (Sun et al., 2004; Lee et al., 2008) to algicidal bacteria (Imai
et al., 1998; Doucette et al., 1999; Gumbo et al., 2008; Kang et al., 2008; Roth
et al., 2008; Kim et al., 2009) and fungi (Jia et al., 2010) can be effective, at
least in laboratory settings. The most extensively studied biocontrols target the
PSP-producing Alexandrium spp. (Nakashima et al., 2006; Amaro et al., 2005;
Bai et al., 2011; Su et al., 2007, 2011; Wang et al., 2010, 2012) or the
fish-killing Cocholidinium spp. (Jeong et al., 2003; Kudela and Gobler, 2012),
Heterosigma akashiwo (Nagasaki and Yamaguchi, 1997; Lovejoy et al., 1998;
Imai et al., 1998; Jin and Dong, 2003; Kim, 2006), and Chatonella spp. (Imai
et al., 2001). Zhou et al. (2008) achieved 80 percent inhibition of several
species of Alexandrium in culture after applying garlic extract above
0.04 percent and attributed this effect to the active ingredient, diallyl trisulfide.
This sort of “environmentefriendly” approach to bloom control is appealing
given the uncertainty and risk surrounding the use of toxic chemical agents that
endanger a variety of aquatic flora and fauna. These compounds also minimize
the issues associated with more environmentally damaging mitigation methods
such as the use of copper sulfate (CuSO4) on K. brevis blooms in the 1950s
(Rounsefell and Evans, 1958 as cited in Kim, 2006). However, CuSO4 and
chlorination are still used routinely to rid drinking water reservoirs of nuisance
algae and toxins (McKnight et al., 1983; Zamyadi et al., 2012).



Clay minerals such as kaolinite and loess compounds have been used
effectively to control blooms in Asia, Europe, and the United States.
Suspensions of the clay are sprayed onto the surface layer of a bloom
(Figure 17.6), resulting in scavenging and flocculation of algal cells with over



FIGURE 17.6 Southern Sea of Korea. Clay dispersal used to mitigate blooms of Cochlodinium



polykrikoides. Photos by S. Moore.
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80 percent removal efficiency from surface waters in some cases (Sengco and
Anderson, 2004). Phoslock� (lanthanum-modified bentonite) and chitosan have
been applied to cyanobacterial blooms but prove too costly and impractical for
routine management in the United States (Sellner et al., 2013), and in the case of
Phoslock�, can lead to phosphorous limitation and increased ammonium
regeneration (Sellner et al., 2013), further promoting cyanobacteria that respond
to both P and N inputs (Paerl et al., 2011). Bloom removal is often successful
only at very high clay and chitosan concentrations, with HAB species, pH
(i.e., time of day), growth phase, and chitosan quality influencing results
(Sellner et al., 2013). In lakes and ponds, barley straw and its extract can be
cost-effective alternatives to controlling toxic cyanobacterial blooms and
subsequent regrowth (Sellner et al., 2013; references in Brownlee et al., 2003),
but it may have limited use in coastal marine environments where only a few
dinoflagellate species appear susceptible (Terlizzi et al., 2002; Brownlee et al.,
2003; Hagstrom et al., 2010). Peroxide additions are also effective
(e.g., Matthijs et al., 2012) but limited due to cost and hazardous chemical
permitting (particularly in the United States). In addition, little is known about
the effects that this removal of toxic phytoplankton to the benthos has on the
biota (Shumway et al., 2003) or on the potential for anoxic conditions in deeper
waters (Imai et al., 2006). The list of physical disturbance methods now being
tested is long, and most do not translate well to open coastal zones despite
success in lakes and fjords; these include sediment capping (Pan et al., 2012),
dredging (Lurling and Faassen, 2012), and even solar-powered circulation
(Hudnell et al., 2010). A novel and potentially environmentally benign approach
to control of blooms of cyst-forming HAB species (e.g., Alexandrium) in
shallow, localized systems is being explored wherein manual mixing of bottom
sediments can bury cysts uniformly throughout the disturbed layer, greatly
reducing the number of cysts in the oxygenated surface layer, and thus the
potential inoculum for future blooms (D. Anderson and D. Kulis, pers. comm.).



Viral and bacterial lysis appear to play a natural role in regulating
phytoplankton communities and carbon flux (e.g., Fuhrman and Azam, 1980;
Salomon and Imai, 2006). Capitalizing on this natural pathogenicity seems like
a logical, cost-effective solution to HAB control. However, society has grown
weary of runaway experiments with nature that introduce foreign, potentially
invasive species or irreversibly alter natural assemblages in an ecosystem
(Sanders et al., 2003; Secord, 2003). Given how poorly we understand
phytoplankton community ecology, let alone viral and bacterial systematics and
ecological interactions, Secord (2003) warns of the possibility for evolving host
specificity in introduced viral and bacterial biocontrols that may not only prey
switch but also could become less effective as their HAB hosts start to develop
resistance. In a thought-provoking review on algicidal bacteria, Mayali and
Azam (2004) considered the broader ecological context of microbial
interactions in phytoplankton communities. Despite the many laboratory
studies demonstrating the harmful predatory effects of heterotrophic bacteria on



508 Coastal and Marine Hazards, Risks, and Disasters











algal species, they argued that most field studies have failed to show conclu-
sively the causal relationship between the decline of a bloom in natural
ecosystems and the behavior of an introduced, algicidal bacterium. Moreover,
translation from laboratory conditions to the field is inherently complex, given
the flexibility of predatoreprey dynamics mediated by the presence or absence
of other algal species (Mayali and Azam, 2004) and the potential for toxicity
effects due to HABemicrobe interactions (Moore et al., 2008).



17.3.2 Preventive Measures



The ultimate management strategy for preventing many algal blooms,
particularly cyanobacterial blooms, is the reduction of nutrient inputs and the
promotion of biodiversity. The rise of toxic Nodularia spumigena blooms in
the Baltic Sea and their subsequent control after the Helsinki Convention
in 1974 remains one of the strongest supporting narratives for curbing
land-based nutrient pollutants (Elmgren and Larsson, 2001). The Baltic Sea is
a complex network of contiguous basins bordering 12 nations. It has a long
and ongoing history of hypoxia and fish kills associated with cyanobacteria
blooms that are modulated by long-term climatic change and human land use
practices (Zillen et al., 2008). Regions of both N and P limitation are separated
in space and time with internal sources of phosphorous, an important regulator
of offshore Baltic biogeochemistry (Vahtera et al., 2007). This not only
necessitates but also complicates the dual reduction of N and P inputs to the
system (Elmgren and Larsson, 2001; Conley et al., 2002; Vahtera et al., 2007).
The largest source of nitrogen entering the Baltic is agriculture, but point-
source discharge of sewage makes up a significant fraction. Sweden has
adaptively managed sewage outflow by removing 80e90 percent of N and
95.5 percent of P to bring down overall phytoplankton biomass (Figure 17.7).
They intermittently release more N into surrounding waters when there is a
high risk of encouraging potentially toxic blooms of cyanobacteria species
(called N2 fixers or diazotrophs). Because diazotrophs can “fix” nitrate from
elemental nitrogen in the atmosphere, they respond to low N:P ratios and thus
will likely not bloom if additional N is supplied to the system (Elmgren and
Larsson, 2001). This ecological strategy is stated in the joint initiatives
management plan of the forward-thinking Helsinki Commission that advocates
both N and P reductions and maintenance of biological diversity
(HELCOM-BSAP, 2007) with the goal of returning the Baltic to a pristine
state (Ronneby Declaration of 1990; Ehlers, 1994). The perennial problem
noted by Elmgren and Larsson (2001) is the minimal involvement of local and
regional stakeholders in decision making by most European Union (EU)
directives and the lack of a clear end goal for determining restoration. One
lesson learned is that dual reduction of N and P loads (Figure 17.7; see reviews
by Conley et al., 2009; Paerl et al., 2011) as well as periodic control of N:P
ratios appears appropriate for this region despite the theoretical limitations that
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an exogenous nutrient ratio approach has been shown to impose on nutrient
uptake by phytoplankton (Flynn, 2010).



Lake Erie, the shallowest, warmest, and most anthropogenically impacted
of the Laurentian Great Lakes, poses another unique condition. Although it is a
freshwater system, its large size and far-reaching impacts make it a good case
study for marine HAB mitigation. In the mid-1960s to the 1970s, extensive
cyanobacterial blooms, with associated hypoxic/anoxic conditions, were in-
dicators of eutrophication within the shallow stratified portions of the western
lake (Millie et al., 2009). Assemblages of other cyanobacteria species do
occur, but the predominant bloom species in this region is Microcystis aeru-
ginosa, a producer of the hepatotoxin microcystin. Phosphorus abatement
strategies in the late 1970s successfully terminated blooms of cyanobacteria.
However, following an invasion of foreign Dreissena mussels (zebra/quagga),
cyanobacterial blooms began to reoccur in 1995 (Budd et al., 2001; Juhel
et al., 2006). Zebra mussels were purportedly responsible for increased water
clarity in the lake, but the consequence is that they selectively prey on
eukaryotic phytoplankton, leaving cyanobacteria to thrive. Like clockwork,
summerefall blooms of M. aeruginosa have plagued the western basin on an
annual basis ever since (Brittain et al., 2000; Vanderploeg et al., 2001),
significantly impacting Ohio’s beaches and water suppliers, with occasional
effects in Michigan and Canada. In 2013, Carroll Township’s water treatment
facility in Ohio detected microcystin at concentrations more than threefold
higher than the World Health Organization threshold of 1.0 part per billion in
finished drinking water, forcing a shutdown of the municipal water supply
(Henry, 2013). The chronic effects of human exposure to microcystin are



FIGURE 17.7 Baltic Sea. Reduction in the annual mean phytoplankton biomass in the upper



mixed layer of Himmerfjärden, Sweden (left) after 1997 following N removal from the sewage



treatment plant and subsequent declines in total nitrogen (TN) and dissolved inorganic nitrogen. As



N:P ratios decreased, populations of N2-fixing cyanobacteria rose in summer leading to an adaptive



management strategy to control potentially toxic N2 fixers. In contrast, phytoplankton biomass did



not decrease at the open coastal reference station (right), nor did the annual mean TN and total



phosphorus (TP). Figure reproduced with permission from Elmgren and Larsson (2001).
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poorly documented, and acute exposure is routinely implicated in deaths of
domestic dogs and livestock shortly after exposure (Backer et al., 2013). As a
result of exposure through recreational contact with water, contact dermatitis,
nausea, and respiratory irritation (through inhalation of contaminated lake
water) have been reported (Backer and McGillicuddy, 2006). The watershed
surrounding the western basin is primarily represented by agricultural areas
and drains into western Lake Erie by the Maumee River. The effluent of the
Maumee River has elevated nutrients (particularly phosphorus), further
exacerbating the cyanobacterial blooms (Stumpf et al., 2012). Unfortunately,
as a consequence of climate change and resulting increases in water temper-
ature, it is anticipated that toxic cyanobacterial events will increase in
magnitude and frequency (Paerl and Huisman, 2008). Efforts to launch an
operational forecasting system for cyanoHABs in Lake Erie are currently
underway at the US National Oceanic and Atmospheric Administration
(NOAA) as part of the Harmful Algal Bloom Operational Forecasting System
(NOAA HAB-OFS; Wynne et al., 2013).



Biological diversity, although more difficult to assess, is an important
determinant of water quality. Cardinale (2011) demonstrated that enhanced
niche partitioning by benthic diatoms increased nitrogen uptake, providing a
natural “buffer” against nutrient enrichment relative to less diverse commu-
nities associated with spatially homogenous environments. Promoting algal
biodiversity and habitat preservation may then facilitate greater nutrient uptake
capacity, particularly in protected environments where physical advection
processes do not dominate phytoplankton turnover rates. Allelopathic
interactions introduced when algae exude dissolved phycotoxins into the
environment are an indicator of interspecific competition for limiting resources
(Graneli and Hansen, 2006). It may also be that as species diversity increases,
the ability of a given toxic species to dominate its competitors is suppressed by
the wider array of competitive strategies present in the community. As marine
ecosystem models become more sophisticated and include realistic
phytoplankton biodiversity (Follows et al., 2007; Goebel et al., 2010), varying
management strategies can be assessed in relation to community composition,
competitive interactions, and nutrient dynamics.



17.4 MONITORING AND MODELING HABS



17.4.1 Ocean Observing



Once the far-reaching pressures of global climate change are superimposed on
human impacts at regional scales (Figure 17.5), the projected response by
phytoplankton communities becomes a seemingly intractable problem that
can only be tackled through vigilant observation. This need for constant
monitoring is a recurring mantra in the scientific and resource management
communities. Baseline patterns cannot be distinguished from secular or
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decadal trends without consistent time series (McQuatters-Gollop et al., 2011).
In particular, observations of species composition, phycotoxin loads
throughout the food web, and ancillary measures of physical and chemical
constituents are needed. These measurements are broadly defined into point,
transect, and synoptic categories, all of which are necessary and require
thoughtful integration for adequate HAB tracking and prediction (Stumpf
et al., 2010; Jochens et al., 2010). It has been argued that at least 30 years of
consistent monitoring data of HABs are required to discern climate-scale
effects (Dale et al., 2006). One such record is provided by the 75-year time
series of phytoplankton captured by the Continuous Plankton Recorder (CPR)
in the North Sea. Using CPR data, a large-scale regime shift in open ocean
phytoplankton was identified in the mid-1980s (McQuatters-Gollop et al.,
2007). This “alternate resilient state” typified by anomalously high chlorophyll
concentrations was found to be closely tied to climatic variability in the North
Atlantic and decoupled from the significant reductions in nutrient loading
implemented by the EU in the 1980s and the 1990s. Trophic cascades initiated
by overfishing may also contribute to this rise in biomass (McQuatters-Gollop
et al., 2007). Only via a fully integrated assessment of these pressures (using a
combination of models and time series analysis) can the various factors be
teased apart (Stumpf et al., 2010; Tett et al., 2013).



Efforts to codify public policy on reducing the impacts of HABs on human
populations, wildlife, fisheries, aquatic ecosystems, aquaculture facilities, and
drinking water supply (Bauer, 2006, Jewett et al., 2008) have been part of a
growing movement by scientists and managers in the United States to “harness”
monitoring and prediction capabilities through targeted research priorities
aimed at holistic mitigation (HARRNESS, 2005). Federal investment in short-
and long-term studies was mandated by the Harmful Algal Bloom and Hypoxia
Research and Control Act (HABHRCA) of 1998, followed by the Harmful
Algal Bloom and Hypoxia Amendments Act of 2004. While severe reduction in
funding these programs has disrupted regional HAB monitoring in the United
States, HABHRCAwas recently reauthorized through 2018 indicating renewed
interest in supporting HAB research. Many of the current and future efforts to
apply technological advancements and Earth system frameworks in ocean
observing to HAB ecology leverage the US Integrated Ocean Observing Sys-
tem (US IOOS) to bridge regional monitoring networks and sensor arrays with
biological measurements (Green et al., 2009; Jochens et al., 2010; IOOS, 2013;
Kudela et al., 2013).



Integrated observing systems to address HABs have been developed in
several countries (See Section 17.5.3; Stumpf et al., 2010; Bernard et al.,
2014). At the international level, the Global Ocean Observing System (GOOS)
sponsored by the International Oceanographic Commission (United Nations
Educational, Scientific and Cultural Organization) offers near real-time
measurements of the state of the ocean (e.g., the successful Argo float
program). It is part of a “permanent global collaborative system” with regional
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alliances comprising government and nongovernmental entities (GOOS,
2013). Fundamental gaps exist with respect to HABs in the initial design of
most observing systems since there is greater emphasis on physics and
meteorology than on biology (Frolov et al., 2012; Kudela et al., 2013; see also
Section 17.6.1). The focus will be on leveraging those existing assets to create
an end-to-end predictive system for HABs and other coastal hazards (Kudela
et al., 2013), since the regional ocean observing networks now represent the
best option for sustained HAB monitoring and forecasting in coastal waters.



17.4.2 Numerical Approaches to HAB Prediction



The number of approaches for monitoring, detecting, predicting, and
forecasting the onset, fate, and demise of algal blooms is arguably compa-
rable to the diversity of species being studied. Over the past two decades,
there has been an increasing desire to apply our heuristic understanding of
bloom ecology toward practical, numerical methods that will alert managers
and communities of impending dangers (see McGillicuddy, 2010). An ideal
alert system provides quantitative predictions of HAB likelihood, intensity,
and movement or potential landfall along coastal margins. These approaches
rely on a range of platforms from space-based, airborne, and in-water optical
sensors, to traditional environmental sampling, to purely computational
methods. Here, we focus our summary on the prediction of HABs using
models or creative combinations of models, satellite observations, and in situ
sampling (Table 17.2). We do not address the large body of work that directly
associates aquatic optical properties with algal constituents nor the devel-
opment of remote sensing indices for HAB detection (see recent review
chapters in Pettersson and Pozdnyakov, 2013; the “HABWatch” volume,
Babin et al., 2008; Stumpf and Tomlinson, 2005). Several regions are
examined in detail in Section 17.5 to provide examples of how geographical
variation in HAB species, monitoring programs, available satellite and
modeling products, and resource management issues dictate the most effec-
tive mitigation strategy.



17.4.2.1 Empirical Models



Empirical or statistical methods range from fairly simple, steady-state regres-
sion techniques to more deterministic numerical solutions that draw from
machine learning, such as artificial neural networks (ANN) and genetic pro-
gramming (GP), or logic and rule-based reasoning, such as fuzzy logic. Some
successful applications of linear regression to the prediction of HABs are found
for toxigenic Pseudo-nitzschia populations (amnesic shellfish poisoning or-
ganism), beginning with a study that built several models of cellular DA con-
centration from cultures (with some field data) of Pseudo-nitzschia pungens
using stepwise multiple regression (Blum et al., 2006). Anderson et al. (2009,
2010) and Lane et al. (2009) achieved similar success (w75 percent accuracy)
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TABLE 17.2 Summary of Numerical Models Used to Predict Target HAB Species; in Some Cases, These are Forced with Output



from (or Coupled to) 3D Circulation Models, and a Few are Involved in (or Moving Toward) Operational Use



Type of Model Target Species Region



Specific



Approach



Forced with Other



Regional Models,



Observations Source



Empirical/
statistical



Cyanobacteria Japan, Finland,
Australia



ANNs Recknagel et al. (1997)



Skeletonema spp. Hong Kong ANNs Lee et al. (2003)



Pseudo-nitzschia Cardigan Bay,
Canada



Multiple linear regression
to predict toxins (DA)



Blum et al. (2006)



Nodularia
spumigena,
Alexandrium
minutum,
Dinophysis
spp., Karenia
mikimotoi



Baltic sea, Gulf
of
Finland, Sweden,
Ireland, United
Kingdom,
Netherlands



Fuzzy logic HABES project Laanemets et al. (2006),
Blauw et al. (2006)



Phaeocystis
globosa



Dutch coast,
Netherlands;
United Kingdom



Decision tree;
nonlinear regression; fuzzy
cellular automata; fuzzy
logic



Delft3D-WAQ
(HABES project)



Chen and Mynett (2004),
Chen and Mynett (2006),
Blauw et al. (2006),
Blauw et al. (2010)



Dinophysis
acuminata



Western
Andalucia,
Spain



ANNs Velo-Suarez and
Gutierrez-Estrada,
(2007)
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Lyngbya majuscula Deception Bay,
Queensland,
Australia



Bayesian model
averaging



Hamilton et al. (2009)



Pseudo-nitzschia
spp.



Santa Barbara
Channel,
CA, USA;
Monterey Bay



GLM (logistic), multiple
linear regression to predict
abundance and toxin
concentration (DA)



ROMS-CoSiNE (CCS),
HYCOM-CoSiNE
(CCS), MODIS
ocean color,
HFR



Anderson et al. (2009,
2011), Lane et al.
(2009), Anderson
et al. (in review)



Pseudo-nitzschia
spp.



Chesapeake Bay GLM (logistic) ChesROMS-Fennel
ecosystem model



Anderson et al. (2010)



Karenia brevis Gulf of Mexico Supported vector machine
learning



Gokaraju et al. (2011)



Karlodinium
veneficum,
Microcystis
aeurginosa,
Prorocentrum
minimum



Chesapeake Bay ANNs, GP, GLM (logistic) ChesROMS-Fennel
ecosystem model



Brown et al. (2013)



Mechanistic Alexandrium
fundyense



Gulf of Maine Deterministic cyst
germination and growth
model



HYCOM-ROMS Stock et al. (2005), He
et al. (2008),
Mcgillicuddy et al.
(2005, 2011)



Karenia brevis West Florida
Shelf



Deterministic nutrient-
limited growth model



HYCOM with
MODIS FLH and
LCS method



Olascoaga et al. (2008)
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TABLE 17.2 Summary of Numerical Models Used to Predict Target HAB Species; in Some Cases, These are Forced with Output



from (or Coupled to) 3D Circulation Models, and a Few are Involved in (or Moving Toward) Operational Usedcont’d



Type of Model Target Species Region



Specific



Approach



Forced with Other



Regional Models,



Observations Source



Gambierdiscus
spp.



Hawaii, Big
Island



Deterministic nutrient-
limited growth and export
model



Parsons et al. (2010)



Pseudo-nitzschia
seriata; Psuedo-
nitzschia spp.



Cultured from
Scottish
waters; Monterey
Bay, CA



Deterministic nutrient-
limited growth-mortality-
toxin production model



Terseleer et al.
(2013), Anderson
et al. (2013)



Physical indices
and Lagrangian
particle tracking



Psuedo-nitzschia
spp.



Galician Coast,
Spain;
Lisbon Bay,
Portugal



Upwelling index; SST and
UI; wind current patterns



AVHRR SST and
SeaWiFS chlorophyll



Sacau-Cuadrado et al.
(2003), Palma et al.
(2010)



Karenia brevis Texas Shelf;
Tampa Bay,
FL, USA (Gulf of
Mexico)



Passive tracer advection
diffusion; trajectory/transport
modeling from physics; LPT
applied ex post facto to an
identified K. brevis event



ROMS;
HYCOM-ROMS-
FVCOM with HFR;
POM



Hetland and
Campbell (2007),
Weisberg et al.
(2009), Havens
et al. (2010)



Dinophysis
acuminate



Bantry Bay,
Ireland; Bay of
Biscay, Spain



Wind index; LPT
(Ichthyop) to simulate
D. acuminate bloom



MARS3D-Ichthyop Raine et al. (2010),
Velo-suarez et al.
(2010)
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Pyrodinium
bahamense
(Phaeocystis
globosa,
Gymnodinium
mikimotoi,
Prorocentrum
minimum)



South China
SeaeVietnam;
Manila bay



Rudimentary growth
model & passive tracer
advection diffusion; LPT
applied ex post facto to
an identified HAB event



POM-SWAN; POM Villanoy et al.
(2006), Dippner
et al. (2011)



Ecosystem/
biogeochemical



Karenia brevis West Florida
Shelf, Gulf
of Mexico



Complex N-P-Z-D model
with explicit K. brevis box
and aerosolized brevetoxins



POM; FVCOMS, ROMS,
HYCOM



Walsh et al., (2001,
2002)



Potentially toxic
cyanobacteria



Baltic Sea Ensemble forecasting of
C:Chl for
cyanobacteria



Finnish Meteorological-
Institute-coupled
physicalebiological
model



Roiha et al. (2010)



Pseudo-nitzschia
spp.



Pacific Northwest Particle tracking and wind
index from a fully validated
ecosystem model



ROMS (Eastern Pacific) Giddings et al. (2013)



FLH, fluorescence line height; FVCOM, finite volume community ocean model; LCS, lagrangian coherent structures; MODIS, moderate-resolution imaging
spectroradiometer; AVHRR, advanced very high resolution radiometer; C:Chl, carbon to chlorophyll ratio; HFR, high-frequency radar, SWAN, simulating waves nearshore;
SST, sea surface temperature; UI, upwelling index; SeaWiFS, sea-viewing wide field-of-view sensor; WAQ, water quality. Empirical models relate the species distribution
and abundance patterns of a particular algal taxonomic group to combinations of physical, chemical, biological, and optical environmental indices using varying levels of
statistical complexity. Mechanistic models strive to numerically parameterize fundamental physiological and life history traits of the target organism to predict its
abundance and/or toxicity. Physical methods range from statistical relationships between HAB species and physical indices to LPT methods that rely on sophisticated
numerical solutions of the physical circulation to predict particle trajectories. LPT is a general method that is widely applied in ecological forecasting with some HAB
examples cited here. The broad field of ecosystem or biogeochemical modeling has not historically focused on HAB prediction, but there are now several examples of
direct incorporation of HAB species into model design or model analysis. For a comprehensive discussion of 3D physicalebiological models applied to both HAB and
non-HAB algal groups, see Petersson and Pozdynkaov (2013).
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when applying a range of stepwise linear and logistic regression (as generalized
linear models, GLMs) to time series of in situ physicochemical parameters to
predict both DA and Pseudo-nitzschia blooms in the Chesapeake Bay
(Anderson et al., 2010) and coastal California (Lane et al., 2009; Anderson
et al., 2009; more in Section 17.6). An advantage of these simple models is their
reproducibility and retuning by other investigators as data sets lengthen as well
as the easily interpreted, ecological relationships between variables.



Somewhat more obscure are the numerical approaches that use artificial
neural networks to model biological phenomena. ANN mimic complicated
nonlinear neuronal connections, and thus are expected to capture the chaotic
component of ecological patterns by deterministically modeling the inherent
nonlinearity of the system. Time series data are generally divided into
“learning” and validation sets for training the ANN to recognize patterns that
connect the response and predictor variables, an approach also used for sup-
port vector machine learning techniques (Gokaraju et al., 2011; Ribeiro and
Torgo, 2008). An early application of ANN was conducted by Recknagel et al.
(1997) to predict algal blooms in four lake systems. Velo-Suarez and
Gutierrez-Estrada (2007) were very successful (r2¼ 94e96 percent) in pre-
dicting Dinophysis acuminata blooms (diarrhetic shellfish poisoning (DSP)
organism) over short timescales in Spanish coastal waters using ANN. Muttil
and Lee (2005) applied GP evolutionary algorithms to chlorophyll data sets
from Tolo Harbor, Hong Kong, a site with a long history of HAB events
(Hodgkiss and Ho, 1997), and achieved good correspondence between
observed and predicted chlorophyll (86 percent). Bayesian model averaging
and similar techniques are becoming more popular in ecological studies due to
their ability to stringently quantify uncertainty over all possible model forms
and parameter estimates, as described by Hamilton et al. (2009) for Lyngbya
majuscula blooms (now Moorea producens) in Australia. Fuzzy logic ap-
proaches include the HABs Expert System (HABES, http://habes.
hrwallingford.co.uk) sponsored by the EU Fifth Framework Program.
HABES predicted (using “Ecofuzz”; an open source model) a suite of HAB
species at seven EU coastal sites (Blauw et al., 2006). The program illustrates
the many regional considerations necessary when attempting to encompass
regional diversity of HAB issues including N. spumigena in the Gulf of
Finland (Laanemets et al., 2006) and nuisance blooms of Phaeocystis globosa
along the Dutch coast (Blauw et al., 2010; Chen and Mynett, 2004, 2006).



17.4.2.2 Physical Models and Particle Tracking



A number of investigators have examined bloom formation and duration with
hydrodynamic circulation models to constrain the physical processes con-
trolling bloom dynamics. The numerically least intensive approaches use
physical indices or relationships to predict conditions likely to promote HABs
such as upwelling (Palma et al., 2010; Sacau-Cuadrado et al., 2003) or
favorable winds (Raine et al., 2010). Using this empirical approach and
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recognizing that DSP-causing Dinophysis blooms (Table 17.1) on the south-
western Ireland coast occur during summer when offshore water is advected
into the highly stratified nearshore, Raine et al. (2010) developed a model
based on the wind index as a proxy for wind-driven exchange of water and
HAB probability onto the shelf. This simple but elegant model has proven
helpful for understanding the dynamics of DSP intoxications that have greatly
impacted the shellfish in Bantry Bay.



Once a bloom has been positively identified through environmental
sampling, satellite algorithms, or models, its trajectory can be mapped using
particle transport (Lagrangian particle tracking (LPT)) coupled to either a
two-dimensional or three-dimensional (3D) circulation model. Widely used in
oil spill tracking and studies of fish larval transport, LPT is seeing growing
popularity for HAB risk management. Because many blooms originate offshore
and are advected into the nearshore environment via physical processes like
mesoscale eddies, LPT can be a powerful tool for estimating the timing and
spatial impact of landfall. Wynne et al. (2011) evaluated LPTapplied to satellite
data for cyanobacterial blooms in Lake Erie and confirmed that the model
improved the accuracy of forecasted bloom locations. Another study tracked
passive particle transport of aK. brevis bloom in TampaBaywith LPT coupled to
the Princeton Ocean Model (POM) to identify zones most likely to be affected,
but was unable to adequately validate predictions with monitoring data (Havens
et al., 2010; more on K. brevis particle tracking in Section 17.5). Velo-Suarez
et al. (2010) determined the physical processes responsible for the demise of aD.
acuminata bloom in the Bay of Biscay using an LPT model (“Ichthyop”)
coupled to a downscaled regional ocean model (MARS3D, Model for Appli-
cation at Regional Scale), illustrating the importance of retentionedispersion
patterns driven by the physics of the bay. Summer southwest monsoon patterns
were shown to drive transport of HABs into sensitive aquaculture and coral reef
zones along the Vietnamese coast of the South China Sea with a Lagrangian
model coupled to the Hamburg Shelf Ocean Model (Dippner et al., 2011). Also
focusing on the SW monsoon season, Villanoy et al. (2006) incorporated the
physicalebiological interaction into their LPT-POM coupled model by
including a rudimentary individual-based growth model (IBM) for Pyrodinium
cyst resuspension and transport in Manila Bay, similar to the treatment by
McGillicuddy et al. (2003) to determine the offshore initiation of Alexandrium
fundyense blooms from dormant cysts in the Gulf of Maine (both are PSP or-
ganisms). An advantage to IBMs is the ability to include diel vertical migration,
a fundamental nutrient-acquisition strategy in dinoflagellates (Kamykowski
et al., 1999; Peacock and Kudela, 2014) that may greatly affect passive tracer
behavior if correctly applied to LPT models (Henrichs et al., 2013).



17.4.2.3 Coupled PhysicaleBiological Models



In the 17 years since Franks (1997) showcased the potential utility of coupled
physicalebiological models to HAB ecology, the fields of ecosystem modeling
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and data assimilation have advanced significantly. At the same time, a growing
recognition has occurred that satellite observations for real-timeHABprediction
are limited due to the poor temporal and spatial resolution of ocean color im-
agery; large uncertainty in chlorophyll-a (chl-a) estimates for coastal, optically
complexwaters; and the lack of taxonomic specificity that can be extracted from
current sensors (e.g., Allen et al., 2008; Stumpf et al., 2009). Petersson and
Pozdynkaov (2013) reviewed the current state of satellite methods and coupled
physical-ecosystem models available for use in HAB studies. Many of these
models predict bulk chlorophyll biomass rather than species-specific biomass
pools (e.g., Allen et al., 2008; ERSEM model, European Regional Seas
Ecosystem Model), highlighting the limitation that few models explicitly
simulate HAB species dynamics. An additional take-home message is the tight
symbiosis between observations and models, echoed by both Franks (1997) and
Weisberg et al. (2009), who noted this joint utility in the design of ocean
observing systems and the fine-tuning of predictive models. Despite model ad-
vances, some of the major hurdles outlined by Franks (1997) remain: (1)
assimilation of biological and chemical observations to improve ecosystem
model performance (a crucial role for satellite observations, see Gregg et al.,
2009); and (2) uncertainty in initial conditions and multispecies interactions.
Moreover, limitations still exist for most HAB species in understanding the
mechanisms responsible for bloom initiation, termination, and toxicitydthe
factors most useful to managers. These limitations will persist so long as the
large-scale observing systems continue to focus on variables with limited
applicability to understanding species-specific dynamics (see Section 17.4.1).



The descriptive term often used for a wide variety of basic to complex
deterministic formulations that examine the dynamical interaction of these
biogeochemical compartments in zero-dimensional to 3D settings is nitrogen-
phytoplankton-zooplankton-detritus (N-P-Z-D) model. Walsh et al. (2001)
subdivided the phytoplankton state variable in an N-P-Z-D model into six
functional/taxonomic groups, including an explicit HAB “box” for Gymno-
dinium breve, now classified as K. brevis. They then predicted (hindcasted)
transport/landfall for the well-documented 1979 event on the West Florida
Shelf by combining this one-dimensional model with a POM circulation
model and light-mediated vertical migration behavior and proposed that the
bloom was regulated by organic nutrients (Walsh et al., 2002). Olascoaga et al.
(2008) applied a new technique, also for the West Florida Shelf, that isolates
distinct regions in the flow termed Lagrangian coherent structures to back-
calculate the origin of a satellite and field-detected K. brevis bloom. This
latter approach is only possible where a bloom can be preverified and is in
contrast to the forecasting efforts of Walsh et al. (2001) who also noted the
“real-world” limitations of their complex model and a reliance on in situ
biooptical sensors for model evaluation. Giddings et al. (2013) recently
improved predictive skill of toxic DA events in the Pacific Northwest of the
United States using a fully validated ecosystem model coupled to a Regional
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Ocean Modeling System (ROMS) by tracking particle advection of simulated
Pseudo-nitzschia particles (represented by the “large phytoplankton” size class
in their model). They filtered out false positive values by sequentially applying
a wind index and the presence of appropriate size classes of cells to classify
favorable periods for onshore HAB transport.



17.4.2.4 Mechanistic HAB Models and Blended Dynamical
Approaches



Mechanistic models that simulate HAB population dynamics or toxin produc-
tion (as observed for a particular species or genus) are still rare (Parsons et al.,
2010; Stock et al., 2005; Anderson et al., 2013; Terseleer et al., 2013), but they
are arguably a key component to HAB forecasting from ecosystem models
where, if not too complex, they can function as a tracer or a fully integrated state
variable. In the Gulf of Maine, A. fundyense population dynamics is parame-
terized for cyst germination, growth, and mortality (McGillicuddy et al., 2005;
Stock et al., 2005) and treated as a tracer within a regionally downscaled ROMS
model (He et al., 2008) to make real-time, weekly A. fundyense forecasts during
the bloom season as well as seasonal ensemble forecasts (McGillicuddy et al.,
2011). Based on years of resting cyst abundance data for the region, models
initiated with the previous year’s cyst bed data were sufficient for estimating a
climatological bloom horizon for the following year to alert stakeholders and
resource managers of potential PSP outbreaks (Figure 17.8; Anderson et al.,
2005; Li et al., 2009). McGillicuddy et al. (2011) candidly described the failure
of this relationship to manifest a correct seasonal prediction for thewestern Gulf
of Maine in 2010 after historically high cyst abundance in 2009 indicated
otherwise (Figure 17.8). Nonlinearities in the dynamic system may be to blame,
and the scenario is likened to that of the 1990s when poor ENSO model per-
formance arose from shifts in the underlying ocean state far outside those used
for model construction (McGillicuddy et al., 2011). This case study also dem-
onstrates that ensemble forecasts from varying boundary conditions, while a
potentially powerful management tool for creating model uncertainty envelopes
and conducting sensitivity analyses (Roiha et al., 2010), are not immune to these
nonlinearities. This emphasizes the need for advanced data assimilation tech-
niques if ecosystem models are to be used operationally (McGillicuddy et al.,
2011). Statistical models would likely also fail when the underlying ocean state
shifts outside that used for model construction, highlighting the sensitivity of
both these “simple” and more complex modeling approaches. Clearly, a need
exists for close coordination between observation and modeling efforts.



Approaches that blend empirical and dynamic methods leverage the prac-
ticality of statistical HAB models with the sophistication of coupled
hydrodynamic-ecosystem models (e.g., Anderson et al., 2010, 2011). The
Chesapeake Bay Ecological Prediction System (CBEPS) is one such project,
currently generating nonoperational nowcasts and 3-day forecasts for several
HAB species (unpublished ANN and GLM empirical models for Karlodinium
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veneficum, M. aeruginosa, and Prorocentrum minimum), stinging jellyfish called
seanettles (Decker et al., 2007), pathogens such as Vibrio cholerae (de Magny
et al., 2009), and dissolved oxygen content for the largest estuarine system in the
United States (Brown et al., 2013). The CBEPS uses a downscaled ROMS



FIGURE 17.8 Gulf of Maine. Top panel: (a) Contour maps created from sediment samples of



Alexandrium fundyense cysts collected from 2004 to 2009 (open circles). (b) Cyst abundance is



paired with corresponding maps of paralytic shellfish poisoning (PSP) closures for the following



year, i.e., 2005e2010. Bottom panel: Ensemble forecast of A. fundyense cell abundance generated



from 2009 cyst data and a hydrodynamic (ROMS) model for 2004e2009 to constrain the variability



in physical forcing each year while holding the biology (i.e., cyst distribution) constant. Predictive



skill broke down in 2010 when water mass anomalies fell outside the “envelope of variability” used



to train the model. Figures reproduced with permission from McGillicuddy et al. (2011).
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(“ChesROMS”) coupled to an N-P-Z-D model (Fennel et al., 2006; Xu and
Hood, 2006) that includes inorganic P and N, organic N, and dissolved oxygen.
The ChesROMS configuration considers United States Geological Survey
(USGS) river discharge and atmospheric deposition of nutrients, but does not
currently run the real-time data assimilation routines developed for the region
(Hoffman et al., 2012; Zhang et al., 2010). CBEPS is moving toward rigorous
evaluation of model skill (Brown et al., 2013), a fundamental goal for all applied
modeling systems (see Stow et al., 2009). Brown et al. (2013) report a mean
accuracy of 59 percent for the K. veneficum nowcasts (Figure 17.9). Given that
the only significant predictor variables are month, salinity, and temperature, all
of which are well-validated for ChesROMS (Warner et al., 2005), this implies
that the model may be too simple to sufficiently capture K. veneficum variability.
Forthcoming endeavors to evaluate HAB models and assimilate biological data



FIGURE 17.9 Chesapeake Bay. Skill assessment of Karlodinium veneficum simulations created



from empirical HAB models and forced with a coupled ROMS and biogeochemical model for



2007e2009. Accuracy measures are based on comparisons with in situ data from 24 stations



monitored by the Chesapeake Bay Program. Figure reproduced with permission from Brown et al.



(2013).
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for this project and others, although extremely difficult, are imperative for
strengthening the role of HAB forecasting in potential mitigation.



17.4.2.5 Valuation of Models for HAB Mitigation



The societal goal for all HAB modeling efforts should be the mitigation of
negative impacts. The costs for developing an operational forecast system are
ideally balanced by the socioeconomic gains and protection of living marine
resources, or they should at least provide significant added value. These
operational forecast systems also add value to the often significant investment
in underlying observational infrastructure, costs incurred whether or not the
data are used for HAB applications. One of the few (or perhaps only) such
costebenefit analyses that evaluates the relative investment of HAB model
prediction looks at commercial finfish and shellfisheries in New England with
respect to the A. fundyense forecast and tracking system discussed above for
the Gulf of Maine (Jin and Hoagland, 2008). A unique advantage of a fore-
casting system for fishermen and shellfish growers is the fine-tuned spatial
and temporal prediction of bloom or toxin presence and movement, which
would enable targeted, proactive harvests and even geographic shifts in
fishing effort (e.g., offshore to Georges Bank). In their study, Jin and
Hoagland (2008) modeled the economic impacts of predictions in terms of
(1) harvest loss if no prediction is made, (2) the value of HAB prediction over
a range of possible skill levels, (3) the annual economic value to a public or
private decision maker if action is or is not taken given a particular HAB
prediction; and (4) the total value of a prediction. By examining a range of
HAB frequency (from 2- to 30-year events) and model accuracy, the study
elegantly estimated the variation in monetary value for responses to a given
scenario. Not surprisingly, model accuracy is a leading factor driving
prediction value, but so is the frequency of HABs, i.e., the value of a
prediction increases when blooms are more common. For example, the model
yields a 30-year maximum net value of $51.3 million when forecasts are
completely accurate and PSP events occur every 2 years (Jin and Hoagland,
2008). Of course, one crucial aspect not captured in this study is the
ecosystem service value of a functioning ecosystem and healthy wildlife
populations, and as the authors note, spillover effects to other industries such
as tourism or nontargeted fisheries.



17.5 REGIONAL EARTH SYSTEM FRAMEWORK



Whether predicting when a potentially dangerous bloom will strike or tracking
its path, models should always be anchored to the regional chemistry, physics,
and biology. Alert systems and mitigation strategies will be dictated by the
history of human resource use in the region and will hinge on local to federal
government mandates for protecting those resources. For these reasons, a
“one-size-fits-all” approach for modeling HABs is not practical. This section
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highlights several regional narratives in the United States and EU that integrate
observation networks and predictive models in idiosyncratic ways to meet
society’s challenge of mitigating the negative consequences of HABs.



17.5.1 Pacific Northwest of the United States



The Earth system framework for detecting and forecasting HABs in the PNW
is composed of a diverse range of elements with varying degrees of complexity
to overcome the challenges that are associated with the environment. For
example, cloud and fog prevent bloom detection using satellites over much of
the year. Furthermore, the toxic HAB species “bloom” in the PNW makes up
only a small percentage of the total phytoplankton biomass. This renders the
use of satellite-derived chlorophyll ineffective as a direct indicator of these
events (e.g., Trainer et al., 2009). Direct observations of fish-killing HABs that
form visible surface water accumulations are at some places made by small
aircraft, but this is not effective for the toxic HABs that contaminate shellfish
because they rarely discolor the water. Therefore, in situ observations are
(necessarily) more commonly used for HAB detection, although progress is
being made through the use of coupled satellite and modeling efforts
(Giddings et al., 2013). In situ observations are obtained by manually
collecting and analyzing samples using traditional methods, and also using
advanced robotic sensors such as the Environmental Sample Processor (ESP).
The coupled natureehuman (CNH) system that contextualizes the impacts of
HABs is also unique in the PNW. This is because of the cultural, spiritual, and
economic significance of shellfish for over a dozen Native American tribes in
the region. Shellfish feature so prominently in tribal customs that the native
language of one coastal tribe includes a phrase that means “clam hungry.” It
stands to reason that the tribal people of the PNW may be disproportionately
impacted by HABs and their toxins.



17.5.1.1 Puget Sound



Puget Sound is a large coastal estuary (2,330 km2) in Washington State with
long and branching basins and a complex coastline (Figure 17.10). A heuristic
model of toxic blooms of Alexandrium was developed for Puget Sound using
long-term records of PSP toxin concentrations in shellfish tissues. Blue
mussels (Mytilus edulis) were used as a sentinel for toxic bloom activity
because they readily acquire and accumulate toxins to high levels during a
bloom, and they also rapidly depurate the toxins in the absence of toxic cells
(Bricelj and Shumway, 1998). The model was based on toxin dynamics at “hot
spot” sites where mussels most frequently attained the highest concentrations
of toxin in their tissues. By examining daily time series of environmental
conditions leading to the most toxic events at these hot spot sites, a specific
combination of environmental conditions was identified that appeared to favor
bloom development. These conditions are warm air and water temperatures,
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weak winds, low streamflow, and small tidal variability. A temporal “window
of opportunity” exists for toxic blooms of Alexandrium when these conditions
occur in combination, and a wider window (i.e., more days) indicates
increased bloom risk.



The window of opportunity for Alexandrium in Puget Sound can be used
to evaluate past and future bloom scenarios (Moore et al., 2011). The caveat
of this approach is the assumption that the environmental conditions that
favor present-day blooms of Alexandrium have not changed from past
conditions and will continue to favor blooms in the future. Moore et al.
(2011) examined future Alexandrium bloom scenarios using the IPCC
climate change projections for the PNW. Perturbations to the local



FIGURE 17.10 US Pacific Northwest. Coastal variability in algal blooms can be seen from this



satellite-derived chlorophyll image (moderate-resolution imaging spectroradiometer-Aqua sensor)



smoothed over a 10-day window. Major physical features such as the Juan de Fuca Eddy and



Heceta Bank are sites of active research since they are associated with elevated primary pro-



duction. Puget Sound is connected to coastal waters via the Strait of Juan de Fuca. Symbols denote



observation platforms for monitoring coastal winds, surface currents, and clamming beaches to



assess environmental forcing of HABs. Modified and used with permission from Hickey et al.



(2013); MODIS image courtesy of R. Kudela.
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environmental conditions that comprise the window of opportunity were
calculated using climate projections from global climate models. The
resulting forecast indicates that by the end of the twenty-first century,
Alexandrium blooms may begin up to two months earlier in the year and
persist for one month later compared to the present day. Changes to the
duration of the bloom season (phenology) appear to be imminent and may be
detectable within the next 30 years.



A framework that incorporates the heuristic model for Alexandrium with
weather forecasts and in situ observations could inform managers and shellfish
growers of increased HAB risk in Puget Sound (Figure 17.11). The advanced
warning provided by this framework is of the order of a few days to a week,
the timescale that has been identified by end users to be the most useful for
putting mitigation measures in place to protect human health and reduce
economic impacts. Mitigation measures for shellfish growers, and the cost
savings associated with these measures, have been identified by Jin and
Hoagland (2008) for the shellfish industry in the Gulf of Maine and include
selectively harvesting different growing areas or increasing prebloom harvests
to partially offset losses during bloom periods (Section 17.4.2.4). Public health
managers can also better allocate limited resources to monitoring by targeting
“hot spot” locations during time periods with increased risk for a bloom, or
closing-growing areas during bloom periods more selectively than they would
without a forecast.



FIGURE 17.11 A risk-based approach to managing HABs in Puget Sound that provides



advanced warning of outbreaks and identifies opportunities to mitigate impacts. The framework



includes forecasts of the environmental conditions that favor bloom development (i.e., the window



of opportunity) and timely observations of algae in the water to inform targeted and timely testing



of shellfish for toxins.
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A key component of the risk-based framework shown in Figure 17.11 is
timely observations of harmful algae in the water. To overcome sampling
challenges, in situ observations of harmful algae are provided by a citizen
science program called SoundToxins (www.soundtoxins.org), which is a
partnership of shellfish growers, fish farmers, tribes, environmental learning
centers, and the general public. Participants are provided equipment and mi-
croscopes to collect and analyze water samples for HABs near their growing
areas or near their homes, and the information is entered into a real-time
database where all partners can assess the risk of imminent HABs. This
program is an effective way to obtain observations of HABs from locations all
around Puget Sound, but since participation is voluntary, the frequency of
observations at most sites is limited to weekly. In contrast, autonomous in situ
observations by an advanced biosensor, the Environmental Sample Processor
(ESP), can provide high-frequency information on HAB abundance at key
locations that complement the spatial coverage offered by SoundToxins ob-
servations. The ESP uses sensitive and specific molecular assays to quantita-
tively detect HABs and their toxins (Scholin et al., 2009). The results of the
assays are captured in a photograph that is relayed via telemetry in near-real
time. The entire process, from sample collection through results delivery,
can occur in as little as 3 h. The ESP was first deployed in Puget Sound in
2012 and has been used to provide advanced warning of HABs at a com-
mercial shellfish farm and a tribal shellfish hatchery as well as to answer
research questions related to the ecology and oceanography of HAB species.
The ESP is a new and powerful asset in the Earth system framework for
detecting and forecasting HABs in the PNW.



17.5.1.2 Outer WashingtoneOregon Coast



A mechanistic understanding of toxic Pseudo-nitzschia blooms on the outer
WashingtoneOregon coast underpins the approach used to forecast these
HABs. Pseudo-nitzschia spp. are a common and natural component of the
marine phytoplankton community in the PNW and are generally not toxic.
However, when they are toxic they can have significant impacts; a single toxic
bloom can cost as much as $22 million in lost revenue (Dyson and Huppert,
2010). A series of multiyear studies discovered two sources of toxic cells that
are associated with retentive oceanographic features: the seasonal Juan de
Fuca eddy located off the northern Washington coast and Heceta Bank located
off the central Oregon coast (Hickey and Banas, 2003; Trainer et al., 2009). By
examining measured and modeled (ROMS) ocean currents in relation to razor
clam toxicity at coastal beaches, it has been shown that the Juan de Fuca eddy
is the source of toxic cells of Pseudo-nitzschia in the summer and fall, whereas
Heceta Bank is the source in the spring (Hickey et al., 2013). From the Juan de
Fuca eddy, toxic cells can escape and be transported southward during periods
of upwelling-favorable winds (MacFadyen et al., 2005) or transported onshore
to coastal beaches during downwelling-favorable conditions (i.e., storm
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events; MacFadyen et al., 2005; Trainer et al., 2002). The transport of toxic
cells from Heceta Bank to the Washington coast is complicated by the buoyant
Columbia River plume, which during the summer and fall, acts as a barrier to
onshore transport of toxic cells to Washington’s beaches, but in the spring, acts
primarily as a conduit (Hickey et al., 2013).



Data describing the environmental conditions that are known to bring toxic
cells from the offshore source regions to the coastal beaches comprise the basis
of the HAB forecasting framework for Pseudo-nitzschia on the outer Wash-
ingtoneOregon coast. These data are examined and synthesized by local
experts, and forecasts are based on the risk or likelihood of toxic cells being
transported onshore. Risk factors are assessed using prior 10-day winds,
observations, and numerical forecasts of regional weather, surface currents, and
the Columbia River plume. A more detailed description of the complete set of
models and environmental conditions that are used by the framework is given
by Brown et al. (2012a). The overall risk of toxic cells contacting the coastal
beaches is communicated via the PNW HAB Bulletin (http://www.pnwhabs.
org/pnwhabbulletin/). The level of risk is conveyed using a “traffic light”
approach, where a green symbol indicates a low risk of a toxic bloom occur-
ring, and conversely, a red symbol indicates a high risk. The Bulletin is made
available to managers and coincides with scheduled openings of the coastal
razor clam beaches. As comanagers of the coastal clam resource, Washington
State and Native American tribes use the Bulletin to inform their communi-
cations with stakeholders, such as sport razor clammers, coastal tourist busi-
nesses, and commercial crab fishers and processors, so that they may plan a
productive season. The Bulletin also contains a narrative of the rationale behind
the forecast which has helped to make the science accessible to managers.



A critical component of the PNW HAB Bulletin is information on Pseudo-
nitzschia abundance and toxicity obtained from biweekly monitoring at six
coastal beaches coordinated by the Olympic Region Harmful Algal Bloom
(ORHAB) program (www.orhab.org; Trainer and Suddleson, 2005), a partner-
ship of academic, federal, tribal, and state researchers. When concentrations
exceed a size-dependent threshold (50,000 cells/l for large cells and 1 million
cells/l for small cells), toxin testing of seawater and shellfish is triggered. The
synergistic management approach provided by ORHAB and the PNW HAB
Bulletin allows for effective and timelymanagement of the coastal clam resource.



17.5.2 Gulf of Mexico



Over the past two decades, blooms of K. brevis have occurred almost annually
along the Gulf Coast of Florida, intermittently along the Texas and east Florida
coasts, and rarely along the coasts of Louisiana, Mississippi, and Alabama. As
these blooms affect large sections of coastline, the most effective form of
mitigation is to use a large synoptic framework to prevent exposure to the
toxins. The Earth system framework for forecasting toxic K. brevis blooms
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comprises a combination of satellites, buoys, autonomous underwater vehicles
(AUVs) and other remote technologies, along with shipboard observations to
identify the initial presence of a bloom. Once K. brevis is identified and
confirmed by water samples, blooms are monitored through the use of this
system. Several models have been developed for understanding bloom dy-
namics and physical transport (see Table 17.1). These include an upwelling
prediction model (Lanerolle et al., 2006), a biophysical model developed by
Walsh et al. (2006), and a physical circulation model for transport (Weisberg
et al., 2009). While complex ecosystem and high-resolution hydrodynamic
models are extremely important for understanding bloom dynamics, they are
not always conducive to real-time forecasting. Often, a simpler approach can
provide improved guidance for mitigating bloom impacts, as the data streams
and resolution are not always available in real time.



The two major human health concerns from K. brevis are neurotoxic
shellfish poisoning (NSP) and respiratory irritation. Florida Department of
Agriculture and Consumer Services (FDOACS) use the regulatory limit of
5,000 cells/l for shellfish closures to minimize the risk of NSP. In a compre-
hensive review on health effects associated with Florida red tide, Kirkpatrick
et al. (2004) indicated that once this level is reached, beds remain closed until
cell counts remain below this level for over 2 weeks and mouse bioassays
indicate that levels in shellfish are below 20 MU/100 g (MU¼mouse units).
Current remote monitoring systems are not conducive to detection at that level
and still rely on the state’s system of field water sampling. As opposed to
regulating NSP incidents, no regulatory limit exists for exposure to brevetoxin
in seawater or air at this time, and a routine monitoring program for brevetoxin
does not exist. In Florida, where the blooms occur annually, beaches are not
closed even during active nearshore bloom events (Kirkpatrick et al., 2004).
The abundance of K. brevis that typically leads to respiratory irritation in most
people is >50,000 cells/l, densities that can be detected with remote sensing
(Tomlinson et al., 2009; Tester et al., 1998). In an effort to predict the impact
of K. brevis blooms, NOAA’s Harmful Algal Bloom Operational Forecast
System (NOAA HAB-OFS) was established and has provided HAB forecasts
twice a week during the bloom season since 2004 (Stumpf et al., 2009,
Figure 17.12). This system is the only operational HAB forecast system within
the United States; however, several others have been developed and are being
provided through crucial research programs (McGillicuddy et al., 2011). It is
important to note that by being operational in the United States, the systems
are “sustained, systematic, reliable and robust mission activities with institu-
tional commitment to deliver appropriate, cost-effective products and
services” (NOAA, 2008; Wilson, 2011). Although the investment in devel-
oping operational HAB forecast efforts is not trivial, significant costs can also
occur in system maintenance. Operational systems can also be somewhat
static, so planning improvements such as transition of new research tools into
operations is crucial.
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The details regarding the development of the forecast have been
addressed before (Tomlinson et al., 2004; Fisher et al., 2006; Stumpf et al.,
2008, 2009; Wynne et al., 2005). The current forecast for Florida requires a
combination of a satellite-derived chlorophyll anomaly product, wind speed
and direction from NOAA’s buoy system, and field validation and counts of
K. brevis (provided by the Florida Fish and Wildlife Commission and
shellfish bed sampling efforts by FDOACS). Since continental shelf circu-
lation is mostly wind driven out to 50e60 m depth (Wiseman and Sturges,
1999), surface winds (rather than circulation models) are used to predict
when the blooms will affect the coast, and how they will move along Flor-
ida’s Gulf coast. In addition, a combination of cell concentration and wind
speed and direction are used to predict the level of the respiratory effects at
beaches (Stumpf et al., 2009). The forecasts are issued twice a week and the
spatial resolution is at a half-“county” level. Ideally, forecasts would be
issued on a beach-by-beach basis to account for the diurnal effect of sea
breeze on aerosol contamination. This capability is limited by available



FIGURE 17.12 Western Gulf of Mexico. HAB Operational Forecast System for Karenia brevis



blooms and brevetoxin events. Top left panel shows chl-a imagery from moderate-resolution



imaging spectroradiometer-Aqua, with overlaid red polygons indicating likely K. brevis bloom



due to anomalously high chlorophyll. Bottom right shows chlorophyll anomaly image used to



create red polygon features as described in (Stumpf et al. 2013). The beach condition report shown



in the top left, provided by Mote Marine Laboratory, provides information on respiratory irritation



at individual beaches which, along with imagery and field samples, are used to produce the



Operational Conditions Report in the bottom right panel.
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technologies and resources (Fisher et al., 2006; Stumpf et al., 2009).
Nevertheless, the current forecasts provide guidance for state sampling
programs and give the public a general idea where blooms are anticipated to
impact beaches. Using this information, individuals can reduce their expo-
sure to the blooms by choosing to visit beaches that are not affected or
traveling inland, remaining indoors, and/or changing vacation plans.



A unique aspect of this Earth system framework is that a human sentinel
system has been established, where professional lifeguards are equipped
with personal data assistants, to provide beach data regarding probable
respiratory irritation intensity (i.e., audible coughing), dead fish, water color,
wind direction and surf conditions at individual beaches (Kirkpatrick et al.,
2008). These data are uploaded in near-real time and used in the analysis
reported in the HAB forecasts. An instrument known as the BreveBuster
(Kirkpatrick et al., 2000), which analyzes the optical signature of the water
column, has been installed at Venice and Naples Piers, FL, USA, to facilitate
monitoring. NOAA also purchased a Slocum glider equipped with a
BreveBuster to locate the presence of the blooms offshore and subsurface.
However, insufficient funding prevents the personnel-intensive AUV
running, and these data have been unavailable for improving the forecasts.
Even though weather forecasts are issued at an institutional level and
significant resources are allocated for better accuracy of the forecasts,
marine ecological forecasts are decades away from reaching this goal.



When looking at the cost of respiratory illnesses associated with K. brevis,
Hoagland et al. (2009) found that just for Sarasota County, FL, USA the
capitalized costs of emergency department visits were $0.5e4 million,
depending on the magnitude of the bloom. Since this estimate only takes into
account the costs based on respiratory illness, it clearly underestimates the
total costs for the region. In a study looking at the loss of revenue for
restaurant and lodging sectors near the Ft. Walton Beach and Destin areas of
Florida, red tide accounted for the most significant losses compared with
tropical storms and precipitation events. For example, average restaurant
revenue dropped by 2.9 percent per month during red tide events compared to
4.1e5.7 percent reduction due to hurricane or tropical storm events (Larkin
and Adams, 2007). Direct losses to fishing and tourism sectors, including
cleanup and subsequent costs, were $18 million following a bloom event in
Galveston County, Texas, in 2000 (Evans and Jones, 2001; Larkin and Adams,
2007). A single 1997e1998 event of K. brevis in North Carolina, USA, cost
over $30 million to the fisheries industries (Stumpf and Tomlinson, 2005).
Additional costs associated with animal deaths, tourism, increased sampling
efforts, to name a few, have not yet been accounted for. Mitigation strategies
that communicate possible risk (through poison control center hotlines,
signage, education, and outreach materials), facilitate natural resource man-
agement (shellfish bed closures, beach cleanup efforts), and guide nutrient
control efforts all entail significant costs as well (Hoagland et al., 2009).



532 Coastal and Marine Hazards, Risks, and Disasters











Through a CNH system, Hoagland (2014) usedK. brevis blooms in Florida to
describe human interactionswith HABs. Although he acknowledged that the role
of anthropogenic nutrients in stimulating K. brevis blooms continues to be a
subject of scientific debate, policies associated with nutrient reduction were
suggested to prevent blooms.Mechanisms for reducing nutrients through erosion
control, fertilizer reductions, holding ponds for rainwater, and improvements to
septic systems and tertiary municipal wastewater treatment plants may be
effective. A second policy to reduce human exposure to phycotoxins involves
monitoring and forecasts of blooms and increasing efforts to alert the public. The
beach condition report that NOAAprovides is just one aspect of such a policy that
aims to reduce human exposure to brevetoxins in Florida. Other efforts are co-
ordinated by Solutions to Avoid Red Tide and Mote Marine Laboratory to pro-
vide educational materials, effective beach signs, and public service
announcements; the Aquatic Toxins Hotline established through collaboration
with Florida Department of Health and Poison Control Center/Miami; and the
“Beach Conditions Report” provided by Mote Marine Laboratory.



17.5.3 Northern European Continental Shelf



A EU project called Applied Simulations and Integrated Modelling for the Un-
derstanding of Toxic and Harmful Algal Blooms (HABs) (ASIMUTH) developed
short-term forecasts of HAB events along Europe’s Atlantic coast from 2010 to



FIGURE 17.13 Northern Europe. Conceptual construct of the ASIMUTH forecasting system



that compiles satellite Earth observation products with in situ monitoring and regional models to



produce HAB forecasts with feedback to a network of end users in the aquaculture industry across



five countries. EO, Earth Observations; RSS, Really Simple Syndication; DDSS, Distributed



Decision Support System.
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2013 (Figure 17.13), targeting a large range of HAB species and phycotoxins
throughout the region (www.asimuth.eu). The project consortium was spread
along the Atlantic coast of EuropedPortugal, Spain, France, Ireland, and Scot-
landdand included research agencies across the EU that are responsible for
monitoring and regulating shellfish biotoxins and phytoplankton programs.
Operational HAB model forecast systems were developed to track the regional
distribution of selected phytoplankton species considered harmful and/or toxic to
fin- and shellfish produced commercially by the aquaculture industry. Although
local differences occur in existing model structures, physical oceanographic
conditions, and species of interest, an important part of the process was the ex-
change of information (e.g., computer routines, methodologies, HAB alerts be-
tween subregions when blooms were likely to enter a neighboring domain)
between partners in each EUmember state. The operational system was run for a
test period in 2013, and several partner countries continue to incorporate the
system into operational activities past the lifetime of the ASIMUTH project.



The HAB groups common to all regions are Dinophysis, Pseudo-
nitzschia, Alexandrium, and Karenia mikimotoi. The project sought to
establish a new 3- to 4-day forecast service to the European Atlantic aqua-
culture industry making better use of historical data, current monitoring, and
novel technologies. The forecast was delivered as a series of weekly HAB
regional alert bulletins published online (http://www.asimuth.eu) with the
overarching aim of providing the aquaculture industry and regulatory
authorities with an assessment of areas at risk. To achieve this, a fusion of all
relevant information from models (hydrodynamic, biogeochemical, biolog-
ical), remote sensing (satellite and airborne), and in situ observations
(monitoring stations) for the northeast Atlantic was assembled with local,
experienced individuals in the field interpreting the information from the
above data streams to produce a regular HAB bulletin for stakeholders.



17.5.3.1 Hydrodynamic Models



Each partner country developed hydrodynamic models to describe the physical
processes in their selected geographical domain. In Ireland, France, and Spain,
these models were based on ROMS; in Scotland, the Finite Volume
Community Ocean Model (FVCOM) was used to account for Sea Lochs; and
the Portuguese Coast Operational Model System/Modelo Hidrodinamico was
developed in Portugal. Outputs from the French Mercator-Ocean (system
name: PSY2V4), an operational model for the entire North Atlantic, were used
for regional model boundary conditions and model initialization. This model
provides daily predictions of ocean circulation, the mesoscale features, and
ocean water properties (e.g., temperature, salinity, sea surface height).
Regional models were run to produce hydrodynamic and ecological
predictions, whereas Lagrangian (LPT) models are considered important in the
interregional alert systems to track bloom progression between adjacent
subregions. In the model domains, HABs were treated as particles and were
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tracked using the LPT approach, which has proven successful for tracking
known HAB populations in the field (Section 17.4.2.2; Velo-Suarez et al.,
2010; Mateus et al., 2012). In these cases, particle release and tracking were
executed at monitoring stations and their progress modeled to aid assessment
of risk to aquaculture operations. Upwelling events, coastal currents, and
advection of water masses into aquaculture-producing bays were incorporated
into the 3- to 4-day forecasts generated in each country.



17.5.3.2 Biogeochemical Models



Particle tracking is particularly useful for tracking HABs when little is known
about aspects of HAB biological behavior. For example, sexual reproduction
and resting life cycle stages are still unknown for many species. Where
possible, efforts were made to produce models with biological behaviors to use
in the forecast system. Ireland and Scotland developed K. mikimotoi functional
models. Physical parameters including advection, diffusion, and shear were
incorporated with biological processes of growth and mortality based on the
algorithms developed by Gentien et al. (2007) to estimate progression of these
blooms. The Irish model was subsequently modified to include additional
behavioral procedures such as diel vertical migration, response to inorganic
nutrients and oxygen, preference for ammonia as a source of nitrogen, an
ability to kill other species of phytoplankton, and variation in swimming
speeds depending on the temperature at depths where growth is most favor-
able. Mortality rates derived from turbulence, autotoxicity, and sinking were
also included. Spain and Ireland use the biogeochemical model developed by
Fennel et al. (2006) (also used in the Chesapeake Bay, CBEPS). In Portugal, a
biomass-based pelagic biogeochemical model developed by Baretta-Bekker
et al. (1995, 1997) is under development to account for all major phyto-
plankton groups, and in the context of this project, reflects the dynamics of the
major HAB species/groups in Portuguese waters.



17.5.3.3 Satellite Remote Sensing



Satellites are an effective platform for obtaining a synoptic view of various
water surface characteristics over large spatial areas, and to this end, the
European Earth Observation Programme, operated by Copernicus, supports
and develops downstream services such as those provided by the ASIMUTH
project. Ocean color chl-a data are used to detect phytoplankton blooms from
space from Moderate Resolution Imagine Spectroradiometer (MODIS) aboard
National Aeronautics and Space Administration “Aqua” satellite. With chl-a as
a proxy for phytoplankton biomass, the location of dense phytoplankton
blooms can be detected. Since Northern Europe experiences considerable
cloud cover, the North Atlantic merged chlorophyll product developed by
French Research Institute for Exploration of the Sea (IFREMER) (Gohin et al.,
2002; Saulquin et al., 2011) is used. This product interpolates daily cloudless
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fields of chl-a to minimize gaps created by cloud interference, allowing
ASIMUTH to identify high-biomass blooms with a potential to cause harm.
Investigative work aboard research vessels and monitoring programs validated
chl-a levels and identified the causative organism. Chl-a anomaly routines
developed by the Gulf of Mexico K. brevis forecast system (Section 17.5.2;
Stumpf et al., 2003; Tomlinson et al., 2004) were also used in a modified form
to identify new blooms at the surface, whereas satellite-derived sea surface
temperature helped define upwelling events and the location of oceanic frontal
zones. An example of how Earth observation data were used in ASIMUTH is
presented in Figure 17.14; high chl-a levels that extended from County Dublin
on the east coast of Ireland as far south as County Wexford on the southeast
were confirmed from shipboard observations to be Phaeocystis spp., and the
extent confirmed by airborne observations. The bloom persisted for a month
and was monitored using satellite tools. Although it was more of a nuisance
(i.e., EDAB) than an HAB, coastal communities were informed of its presence
and their concerns were addressed through local and national media. It is
anticipated that higher spatial/temporal resolution and number of spectral
bands that can detect phytoplankton composition (i.e., functional types) will be
fulfilled with the launch of the European Space Agency’s Sentinel-3 in 2014.



17.5.3.4 In situ Monitoring



Each European state has a legal obligation to monitor marine HAB species and
associated phycotoxins in shellfish. Weekly marine phytoplankton and shell-
fish samples are collected along the Atlantic coastline, and laboratory data are
stored by government institutions. Data were made available to the project by
each national monitoring program and were assessed and incorporated into the
national forecast bulletins by the local ASIMUTH expert. Additional moni-
toring is carried out for fish-killing phytoplankton by aquaculture operators



FIGURE 17.14 East Coast of



Ireland. The spatial extent of a



large Phaeocystis bloom in the



Irish Sea is apparent in this



satellite-derived chlorophyll-a im-



age (moderate-resolution imaging



spectroradiometer) from June



2013.
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and private laboratories. ASIMUTH used these in situ marine data sets to
complement satellite and modeled simulation products on the current state of
the marine system, thereby producing time and space distribution maps for the
public (Figure 17.15).



17.5.3.5 HAB Reports/Forecasts



A synopsis of each region was prepared using hydrodynamic and biogeo-
chemical simulations, combined with satellite and in situ observations. These
were assessed and weekly forecasts prepared, taking other information into
account such as historical trends, extent of local events, bloom progression,
and ad hoc information from social media streams. Bulletins were produced
and made available on a frequent basis when an HAB risk was present
(Figure 17.16), and custom-built weekly reports were produced for the target
areas in Portugal, Spain, France, Ireland, and Scotland. Aquaculturists deem
HAB forecasts a priority; therefore, the bulletin’s primary intent was to give an
assessment of the current HAB risk to the industry in order to assist in day-
to-day management activities. Feedback indicated that: 80 percent of
growers who filled out a satisfaction questionnaire were already using the
information presented in the regional forecasts; 9 percent of respondents felt
that the bulletin contained enough information to make it a useful tool; and
8 percent felt that the ideal forecast would be between 3 days and 1 week (as
opposed to 3e4 days). The forecast was very well received, with 6 percent of
respondents giving it a “good” or “very good” ranking and the remainder



FIGURE 17.15 Irish Coast. Maps of Dinophysis acuminata abundance and its associated DSP-



producing biotoxin, okadaic acid. (a) Dinophysis acuminata levels and (b) okadaic acid levels.
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Past bulletins can be found at http://www.asimuth.eu/en-ie/HAB-Bulletin



Ireland HISTORIC TRENDS 
2003-2012 Shellfish Toxicity: does not include winter carry over of biotoxins
ASP events: weeks 11 to 18 (mid-March to early May)
AZP events: weeks 17 to 51 (April to December) 
DSP events: weeks 19 to 51 (May to December)
PSP events: weeks 23, 25-28 (June to mid-July) and 38-39 (end September); only in Cork Harbour



What happened this week over the past ten years?
2003-2012 Harvesting closures (biotoxins above regulatory levels)
north coast: AZP (2005, 2010 & 2012);  DSP (2004, 2005 & 2012)
west coast: AZP (2003, 2005, 2006, 2008,2009, 2010 & 2012);  DSP (2003, 2004 2005 & 2009)
southwest coast: AZP (2003, 2005, 2006, 2008, 2009 & 2012);  DSP (2003, 2004, 2005, 2006, 2008, 
2009, 2010, 2011 & 2012) 
south coast: clear



Prediction for this week:
ASP event: Not likely.
AZA event: AZA levels likely to remain constant. Levels may fluctuate at some sites.
DSP event: DSP levels likely to remain constant.
PSP event: Not likely.



Why do we think this?
ASP: No detection of biotoxins in recent weeks. 
AZA: Azadinium/Heterocapsa spp. type cells levels have dropped but it is still present in Killary 
Harbour and adjacent bays. Based on chemistry results it is likely biotoxin levels will remain constant. 
DSP: No major increase of biotoxins in last two weeks. Dinophysis spp. still present. No major water 
exchange event is predicted for Bantry Bay in the next few days. 
PSP: No detection of biotoxins in recent weeks. 



Pilot HAB Bulletin [status of harmful and toxic algae] Week 35:
Week runs from Sunday to Saturday



DSPDinophysis acuminata
Ireland: Current conditions and Predictions
Biotoxin report (last week) [whole tissue long-line mussels and oysters]
ASP toxins: No positive results.
AZA toxins: Yes, maximum on west coast (1.95 μg/g).
DSP toxins: Yes, maximum on west (0.24 μg/g) and southwest (0.30 μg/g) coasts.
PSP toxins: No positive results.
HABs report (last week)
Pseudo-nitzschia: Yes, low levels (max = 89,000 cells/L) on southwest coast.
Dinophysis: Yes, maximum on southwest coast (D. acuminata ~150 cells/L; D. acuta ~300 cells/L).
Alexandrium: Yes, maximum on west coast (720 cells/L). 
Karenia mikimotoi: Yes, maximum on southwest coast (3,000 cells/L).



Southwest coast water movement forecast for next 3 days



Bantry Bay mouth transect



20 metres



Mizen Head transect



20 metres



Cross Sec on at mouth of Bantry Bay: next few days



Salinity DensityTemperature



FIGURE 17.16 Excerpt of an ASIMUTH bulletin for the coast of Ireland. HAB and biotoxin summaries for the previous 3 weeks are provided along with



summaries of modeled water movement for the region and vertical transects of physical properties measured in the HAB hot spot, Bantry Bay. Historic trends on



harvest closures (blue box) and biotoxin predictions for the following 4 days (red box) provide context for end users to interpret forecast significance. ASP, amnesic



shellfish poisoning; AZP, azaspiracid shellfish poisoning.
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scoring it as “excellent.” This was the first time that operational HAB fore-
casting was made available across the Atlantic countries of the EU, and
industry end users confirmed that the ASIMUTH approach to forecasting
and information dissemination is a tool that aquaculturists and industry find
beneficial in planning and decision making.



17.5.4 California: A Testbed for Integrating Models, Optimal
Network Design, and Adaptive Sampling



Research on HABs in coastal California has mostly focused on the
DA-producing diatom Pseudo-nitzschia that is present throughout the Cali-
fornia Current System (CCS; includes the PNW), although Alexandrium,
Dinophysis, Cochlodinium, Gonyaulax, Protoceratium, A. sanguinea,
H. akashiwo, and Microcystis (from coastal freshwater sources) also pose a
threat. DA poisoning leads to particularly alarming phenomena in aquatic life
when it enters marine food webs in the CCS (Scholin et al., 2000; Lefebvre
et al., 2002; Bargu et al., 2012), resulting in seasonal strandings or beachings
of sea lions, cetaceans, and birds on local beaches. This and the fact that
Pseudo-nitzschia abundance and DA production can be high during spring and
summer phytoplankton blooms has led to preferential treatment of Pseudo-
nitzschia in HAB modeling studies (Anderson et al., 2009, 2006; Kudela et al.,
2010; Schnetzer et al., 2007; Sekula-Wood et al., 2011). Recent research on
the detrimental effects of chronic exposure to DA on the brains and repro-
ductive fitness of sea lions has raised new concerns regarding human exposure
to seasonally occurring low levels (i.e., detectable but below the regulatory
limit for human consumption) of DA in shellfish (Montie et al., 2012). The
California Department of Public Health (CDPH) Biotoxins Monitoring
program periodically monitors w50 shore stations for HAB species and
phycotoxins (DA and saxitoxin) and also issues a proactive seasonal closure of
recreational shellfish harvests. Commercial shellfish growers closely
communicate with the CDPH, and some self-monitor their product. However,
ever-tightening state and federal budgets have restricted how frequently the
CDPH can sample, leading researchers to test alternative methods for alerting
the public of HABs and for dually assessing impacts to the ecosystem at large.



Ocean color satellite imagery has been shown to provide good synoptic
coverage of chl-a biomass in California, particularly for the southern portion
of the state (Frolov et al., 2012), but no optical “smoking gun” has been found
for inferring Pseudo-nitzschia- or DA-specific signatures from chl-a retrievals.
Anderson et al. (2009, 2011) proposed a second-best solution by mining the
statistical relationships between satellite reflectance measurements, Pseudo-
nitzschia spp. abundance, and DA levels, while also accounting for the more
physiologically relevant nutrient and physical properties (such as coastal
upwelling) associated with toxic blooms (Section 17.4.2.1). From these and
others studies (Anderson et al., 2006; Marchetti et al., 2004; Ryan et al., 2008;
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Schnetzer et al., 2007; Trainer et al., 2000), several HAB biomass hotspots
within retentive circulation features have been identified in the CCS. Research
is now focused on blending satellite observations, hydrodynamic models, and
statistical models for CA to spatially map and predict toxic blooms along the
coast (Anderson et al., 2011). Physical circulation models already available for
use are the ROMS (http://ourocean.jpl.nasa.gov/) and Navy Coastal Ocean
Model (NCOM). This capability was evaluated using hindcasts of NCOM
coupled to the ecosystem model Carbon, Si(OH)4, Nitrogen Ecosystem model
(CoSiNE) (Chai et al., 2002; Lui and Chai, in press), an approach that elim-
inates the need for satellite imagery and allows predictions to be based on
empirical relationships between blooms and nutrient supply. Limitations in the
realistic simulation of nutrients and physical fields hinder the immediate
application of NCOM-CoSiNE, but a coupled physicalebiological approach
will be an asset for synoptic forecasts in the future (Figure 17.17(a)).



The modeling methods described here are only one aspect of an
alternative approach to an HAB alert system that relies predominantly on
shore-based monitoring. Two regional IOOS partnerships offer the ideal
opportunity to merge oceanographic observation networks (moorings, HF
radar, gliders/AUVs) and state-of-the-art models for managing coastal
hazards such as HABsdthese are the Central and Northern California
Coastal Ocean Observing System (CeNCOOS) and the Southern California
Coastal Ocean Observing System (SCCOOS) (Jochens et al., 2010). Kudela
et al., (2013) recently identified these IOOS assets as the “most reasonable
venue” for improving our HAB forecasting capability, contingent on future
investment into IOOS resources. This assessment was partly based on the
results of a study that evaluated the spatial and temporal variability of blooms
in the CCS relative to existing monitoring from either satellite sensors, shore-
based stations, or nearshore moorings (Frolov et al., 2012). Interestingly, the
CDPH shore-based monitoring captures more of the regional variability in
blooms than either long-term moorings (MBARI and LTER) or pier moni-
toring conducted by CeNCOOS and SCCOOS but with considerably more
personnel effort to routinely cover those 50 stations. Frolov et al. (2012)
propose an optimized network after calculating decorrelation scales and
showing that blooms more than 4 km offshore are decoupled from those
nearshore. The resulting network optimizes placement of offshore moorings
(used for targeting the onset of HABs) and minimizes the number of shore-
based stations (used for assessing threats to aquaculture) that are necessary
to gain the most realistic representation of regional bloom dynamics
(Figure 17.17(b)). Although new resources would be required to implement
the proposed design, particularly if offshore moorings were to be equipped
with expensive ESPs or a similar technology for identifying HAB species, the
implication is that over time, this monitoring network would be more cost-
effective and helpful for decision making than the current shotgun
approach (Frolov et al., 2012).
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FIGURE 17.17 California. (a) Seasonal hindcast of the probability of a toxic DA event from Pseudo-nitzschia blooms created by forcing empirical toxin



models with output from a hydrodyanmic model (NCOM) coupled to a complex biogeochemical model (CoSiNE; Anderson et al., 2012a). (b) A map of



the existing network of monitoring stations (triangles) and those proposed based on an optimal sampling analysis (open circles) overlaid on the



mean Fluorescence Line Height (FLH) (a proxy for phytoplankton blooms) derived from moderate-resolution imaging spectroradiometer- Aqua imagery.



An optimal observation network design maximizes how much realistic bloom variability is captured while minimizing effort and cost.Modified and used with



permission from Frolov et al. (2013).
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The combination of an optimal observing system for HABs and operational
forecast models with data assimilation (aided by on-going efforts of
CeNCOOS and SCCOOS) will open the door for a fully operational early
warning system in California. Recognizing the importance of this tight
symbiosis between observations and model predictions, the Controlled, Agile,
and Novel Observing Network (CANON) is merging these realms during
regional process studies that bring together autonomous underwater vehicles,
ESP sensors, drifters, numerical models, field experiments, and decision
support systems (http://www.mbari.org/canon/). At the event scale, adaptive
sampling techniques are being tested with the goal of tuning the models and
better directing resources toward the focal point of a targeted feature such as
an HAB. In order to smartly guide robotics for high-resolution coastal surveys,
Das et al. (2010) culled the available CANON resources to simulate real-time
bloom trajectories. They used HF radar surface current data and ROMS output
for the Monterey Bay to project the movement of high-biomass features
identified with ocean color imagery (Figure 17.18). This is just one example of
how a fully integrated observation network could potentially be applied to
adaptively sample and manage the impacts of an emergent HAB from its
incipient stages offshore to its advection into nearshore environments through
optimizing the efficiency of all available resources.



17.6 LIVING WITH HABs



We will likely never eradicate nuisance and harmful algae from aquatic eco-
systems. As algal species expand into new territory and adapt to a changing
climate, humans will also need to adapt and cope. Population levels along US
coasts alone are projected to increase 10 percent by 2020 (NOAA, 2013). With
the explosion in coastal development comes a higher likelihood for negative
impacts of coastal marine hazards, including HABs. A state space method
much like that used by Ramon Margalef in his phytoplankton “mandala”
(Margalef, 1978) has recently been proposed to holistically manage our marine
resources and promote ecosystem resilience at the regional level (Tett et al.,
2013). This approach advocates the use of numerical models to understand
decadal trends and to define the boundaries of a useful and functioning
ecosystem for environmental managers. At the same time, it is important to
realize that traditional boundaries, such as the landesea interface, are “leaky,”
providing not just fluxes of nutrients to the coast through both fluvial and
groundwater discharge but also transport of freshwater toxins, whereas marine
toxins are “transported” inland via the food web and human consumption.



What lessons can we learn from the case studies presented in this chapter?
First, all of the successful semi-operational and operational forecasting efforts
rely on a close relationship between observations and models. Second, these
programs rely on years (if not decades) of research leading to the development
of a forecasting capability. Third, despite this research, there is a clear need for
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improved understanding of the underlying ecophysiological mechanisms
leading to HABs; this will not be achieved through reliance on the bulk indices
(e.g., chl-a, temperature, salinity) initially targeted by GOOS, IOOS, and other
regional observing efforts. And finally, although there are many examples for
individual regions, we clearly need a comprehensive assessment of the true
cost and added value of these systems to adequately articulate the societal
benefit of maintaining these efforts.



In summary, models, together with time series observations, are increas-
ingly viewed as tightly coupled to management practices. Building sophisti-
cated decision tools around an Earth system framework that properly accounts



FIGURE 17.18 Monterey Bay, California. Top panel: Conceptual workflow for combining sat-



ellite ocean color imagery (MOIDIS-FLH), HF radar, and model (ROMS) platforms to identify a



bloom, predict its current location, and project the advection of a high-biomass patch. Middle



panel: This method is used to project an October 2007 bloom. Bottom panel: A hypothetical



scenario for applying the methodology to adaptively sample a bloom using AUV robotics opti-



mally positioned over a bloom footprint.Modified and used with permission from Das et al. (2010).
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for model uncertainty and feedbacks to end user needs requires significant
investment from funding agencies. However, many of the advancements are
already in place if we consider economies of scale (Green et al., 2009;
Weisberg et al., 2009). In the case of HAB mitigation, an integrated Earth
observation-modeling framework would not only enhance our understanding
of fundamental ecological relationships for constructing better models but also
form the backbone of an early warning system, the goal of which is the pro-
tection of livelihoods and living resources.
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■ Abstract With continued human pressure on marine fisheries and ocean re-
sources, aquaculture has become one of the most promising avenues for increasing
marine fish production in the future. This review presents recent trends and future
prospects for the aquaculture industry, with particular attention paid to ocean farming
and carnivorous finfish species. The benefits of farming carnivorous fish have been
challenged; extensive research on salmon has shown that farming such fish can have
negative ecological, social, and health impacts on areas and parties vastly separated in
space. Similar research is only beginning for the new carnivorous species farmed or
ranched in marine environments, such as cod, halibut, and bluefin tuna. These fish have
large market potential and are likely to play a defining role in the future direction of the
aquaculture industry. We review the available literature on aquaculture development of
carnivorous finfish species and assess its potential to relieve human pressure on marine
fisheries, many of which have experienced sharp declines.
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INTRODUCTION



The aquaculture industry has become a major supplier of fish and shellfish in
markets worldwide—a trend that will likely persist in the future as wild fish capture
pushes the limits of renewable production. Global consumption of fish has doubled
since the early 1970s and will continue to grow with population, income, and
urban growth in the developing world (1). The demand for fish is also rising in
industrialized countries, but the composition of demand differs. Although carp and
mollusk species account for a significant share of farm-raised fish for consumers in
developing countries, wealthy consumers generally prefer shrimp and carnivorous
finfish species such as salmon, cod, halibut, and tuna. Aquaculture production
of marine carnivorous finfish has grown by roughly 9% annually, and its value
has increased by about 5% per annum since the early 1990s (2). These rates will
likely increase as fishing pressure continues to reduce the availability of some of
their wild counterparts. How is this trend affecting ocean resources and coastal
ecosystems? Given that these marine finfish depend on fish meal and fish oil for
feed, will aquaculture growth in this area result in a net gain, or a net drain, to world
fish supplies? Unlike terrestrial livestock systems that rely mainly on vegetarian
diets, marine aquaculture is centered on raising “tigers of the sea.”1 This process
is driven not only by rising demand for fish protein, but also by lucrative business
opportunities.



In this review, we examine recent trends in aquaculture, with particular attention
paid to the farming of carnivorous finfish species. Our work builds on earlier
synthesis studies by a larger team of researchers (3–6) and pursues a forward-
looking perspective through the examination of literature on the new species and
technologies currently being developed by the aquaculture industry. Although the
production of many lower trophic level aquaculture species might be desirable,
the wisdom of farming carnivorous fish on a large scale has been called into
question. Work on salmon aquaculture, in particular, has shown that farming such
fish can have negative environmental and social implications for areas and parties
vastly separated in space (7–10). We review the evidence on fish feed requirements,
ecological impacts, and socioeconomic implications of widely farmed carnivorous
species and new species currently being introduced. We also examine existing
studies on offshore aquaculture technologies that are being proposed as a more
sustainable alternative to farming marine fish in coastal areas. Finally, we discuss
private and public sector options for mitigating environmental damage from marine
aquaculture.



1A term coined by Rebecca Goldburg, Environmental Defense.
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THE RISING ROLE OF FISH FARMING



Oceans have long been regarded as vast, inexhaustible sources of fish. Even when
research began to show that fisheries were being depleted, many people within
the fishing industry assumed that more fish were available. Fisheries technology
and management policies have continued to be adjusted accordingly, allowing
for shifting management baselines and capture of an expanding range of fish
populations and species (1, 11–13). In the past two decades, this optimistic view of
fisheries has changed. Over 60% of the marine fish stocks for which information is
available are either fully exploited or overexploited, and 13 of the world’s 15 major
oceanic fishing areas are now fished at or beyond capacity (14). Statistics show that
annual global fish catches have plateaued at 80–90 million metric tons (14) and
may even be declining (15). Small fish at the low end of the food chain compose
an increasing share of global catch (16), whereas populations of commercially
valuable, large predatory fish—the type many human consumers prefer—continue
to decline. By one estimate, commercial fishing has wiped out 90% of large fish
such as swordfish, cod, marlin, and sharks (17).



In addition to impacts caused by fishing activities, marine ecosystems and
fisheries face serious threats from other sources: run off of land-based pollutants,
introductions and invasions of exotic species, coastal development and habitat
alteration, and climate change (11, 18, 19). Commercial fishing remains among
the most important direct determinants of overall fisheries declines (20) and has
lowered the resilience of fish stocks and marine ecosystems to withstand other
mounting environmental pressures (21–23). Recreational fishing also has localized
impacts, particularly on high-valued and overfished species. In the United States,
the recreational fishery accounts for only 4% of total marine fish landed but for
almost two thirds of the fish taken from the most threatened nonindustrial fisheries
in the Gulf of Mexico (24). The impact of any one of these threats is cause enough
for concern and policy action. Taken together, they paint a grim picture for the
health of ocean ecosystems and marine fisheries.



The oceans are now poised for yet another transformation: the rapid expansion
of fish farming, or aquaculture, resulting from the decline in wild fisheries and
lucrative business opportunities. During the past decade, global production of
farmed finfish and shellfish almost tripled in weight and nearly doubled in value
(2). Roughly 40% of all fish directly consumed by humans worldwide are now
farmed. Although most aquaculture production to date has been of freshwater
fish, marine aquaculture has been growing dramatically. Global production of
farmed salmon, for example, has roughly quadrupled in volume since the early
1990s. This spectacular increase and the resulting decline in salmon prices have
helped prompt aquaculturists to begin farming numerous other marine finfish,
including a number of species depleted in the wild. New species farmed in marine
net pens include Atlantic cod (Gadus morhua), Atlantic halibut (Hippoglossus
hippoglossus), Pacific threadfin (Polydactylus sexÆlis), mutton snapper (Lutjanus
analis), and bluefin tuna (Thunnus spp.).
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Like salmon, many of these new species are farmed in net pens or cages that
are anchored to the ocean bottom, often in coastal waters (9). In the United States,
where expansion of salmon farms in coastal waters has met local opposition and
state-level restrictions, the U.S. National Oceanic and Atmospheric Administration
(NOAA) is pursuing the development of large offshore aquaculture operations,
primarily in the Exclusive Economic Zone (EEZ), beyond the reach of coastal
activities and state laws (25). In some areas, such as the Gulf of Mexico, some
offshore oil and gas rigs, which would otherwise have had to be decommissioned,
are being pursued as platforms for new aquaculture facilities.



Marine aquaculture development is being promoted in many countries, and
parts of the industry are now emerging as major competitors in international mar-
kets (8, 26). It has responded to the rising role of large retail chains by supplying
homogeneous, made-to-order products on a year-round basis. It has also developed
computerized information flows on fish stocks and markets, web-based business-
to-business interactions, and in some cases, supply chains that control fish pro-
duction from hatcheries to sales. The industry has benefited from rapid expansion
of seafood trade and overnight transportation of fresh products around the world.
In many cases, the aquaculture industry has been able to outcompete the capture
fishing industry, partly because subsidies and other policies supporting the fishing
industry have impeded adjustments to make it more efficient (26). Given these
trends and the limited capacity of oceans to provide more fish for human con-
sumption, it is likely that aquaculture will dominate fish production in the coming
decades.



THE CURRENT LANDSCAPE



Salmon aquaculture is a world leader in farmed carnivorous finfish production and
value (Table 1) and provides a useful illustration of the types of environmental,
resource, and socioeconomic issues that are likely to arise with farmed production
of other marine finfish species. Salmon aquaculture has its roots in hatcheries,
in which salmon eggs are fertilized and fish are raised to smolts (juvenile fish)
before being released into the ocean. The development of hatchery technology
began in Europe in the late 1700s with the goal of enhancing wild salmon runs
that had been depleted by fisheries (27). It was not until the early 1970s, however,
that private salmon-farming companies (which raise smolts from hatcheries to
maturity in net pens) began to operate on an international scale. Farmed salmon
accounted for only 1% of global salmon output in 1980, but the technology for pen-
raised salmon had become well-established in Norway, setting the stage for rapid
growth elsewhere. Production expanded during the 1980s in several other high-
latitude countries, including Scotland, Japan, Chile, Canada, the United States,
Ireland, New Zealand, Australia, and the Faroe Islands, and by the early 1990s,
aquaculture accounted for the majority of world trade in salmon (8, 27). Although
Norway has dominated the production of farmed salmon for decades, Chile is now
becoming the top supplier globally (28).
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TABLE 1 The top 10 species of marine finfish farmed worldwide and the location of production
in 2002 (2)



Species



Total farmed
volume,
marine and
brackish
water (tons)



Annual
percentage
growth in
farmed
volume,
1992–2002



Percent
farmed in
marine en-
vironment



Value
in 2002
(U.S.
million
dollars)



Top three
producers



Atlantic salmon
(Salmo salar)



1,084,740 15.9 99 2851 Norway,
Chile,
United
Kingdom



Rainbow trout
(Oncorhynchus
mykiss)



220,148 16.6 94 509 Chile,
Norway,
Faroe
Islands



Japanese
amberjack
(Seriola quin-
queradiata)



162,718 0.9 100 1383 Japan,
Korea



Coho salmon
(Oncorhynchus
kisutch)



112,696 8.8 100 267 Chile,
Japan,
Canada



Gilthead
seabream
(Sparus aurata)



76,898 23.1 81 257 Greece,
Turkey,
Spain



Silver seabream
(Pagrus major)



73,402 1.1 100 443 Japan,
Korea,
Taiwan



European
seabass
(Dicentrarchus
labrax)



42,505 16.4 91 185 Greece,
Italy,
Spain



Bastard halibut
(Paralichthys
olivaceus)



33,161 12.4 100 343 Korea,
Japan



Barramundi
(Lates
calcarifer)



21,976 4.5 10 65 Thailand,
Indone-
sia,
Malaysia



Chinook salmon
(Oncorhynchus
tshawytscha)



19,852 2.2 100 46 Canada,
New
Zealand,
Chile
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Farmed salmon production reached 1217 thousand metric tons (mt) in 2002,
68% higher than the 722,000 mt of wild capture (2). Over 90% of the farmed
product is Atlantic salmon (Salmo salar), a species nearly depleted in the wild.
Despite rapid growth in salmon aquaculture, capture levels of salmon (Atlantic
and Pacific salmon combined), which are supported in most salmon fisheries by
hatchery enhancement, remain higher today than in the period leading up to 1990
when salmon farming was insignificant in global markets (9). Salmon aquaculture
is thus supplementing, not replacing, wild catch.



With a high degree of consumer substitution among salmon species, prices for
all species have fallen as a result of increased market supply. Between 1988 and
2002, the price of farmed Atlantic salmon fell by 61%, and ex-vessel prices for
Pacific salmon species that compete most highly with Atlantic salmon (sockeye,
coho, and chum) fell by 59% to 64% (8). Competition within aquaculture, capture,
and processing industries remains fierce, and the expanding role of fish farming
is clearly transforming seafood production, marketing, and consumption. A wide
range of fresh fish products is now available to consumers at relatively low prices
throughout the year.



Ownership within the salmon aquaculture industry has become highly concen-
trated, with roughly 30 companies controlling two thirds of the world’s farmed
salmon and trout production in 2001 (29). Although the salmon fishing industry is
made up of many small businesses that operate at arm’s length from processing cor-
porations, the farming industry is made up of companies with corporate affiliations.
The four largest multinational companies involved in global salmon aquaculture
production are Panfish, Fjord Seafood, Cermaq, and Marine Harvest (representing
the recently merged companies Stolt-Nielson and Nutreco) (Figure 1). It is typical
for an aquaculture multinational to have subsidiaries that include feed, hatch-
ery, grow-out, distribution, and value-added processing companies, and most of
the multinationals have operations on at least three continents. Cermaq and Nu-
treco are the biggest feed producers for salmon aquaculture in the world, and Fjord
Seafood, Pan Fish, and Stolt-Nielson have major international processing and sales
subsidiaries. The largest Chilean company, AquaChile, is also vertically integrated
and controls production and processing of many smaller salmon aquaculture firms
within the country.



As a result of both declining margins in the salmon farming business and ex-
panding market opportunites for a diversity of fish products, most large aquaculture
companies are now also involved in farmed production of other species, including
trout, halibut, cod, turbot, bluefin tuna, sturgeon (for caviar), and sea bream (7,
8). The diversity of activities and production locations provides some buffering
during sectoral downturns, and technological innovations for net-pen culture can
be shared to varying degrees across species.



Excluding diadromous fish (salmon and trout, raised in a combination of fresh-
water and marine environments), the output of farmed marine fish grew by 350%
from a very low base between 1985 and 2002 (7) and could, by one estimate,
double again by 2010 (30). The top 10 species of marine finfish farmed worldwide
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and the location of production in 2002 are shown in Table 1. Virtually all of the
fish, with the exception of milkfish, are farmed in ocean environments as opposed
to brackish water environments. Some of the fastest growing sectors on the list, in
addition to Atlantic salmon, include farmed production of rainbow trout in Chile,
Norway, and the Faroe Islands, and production of bastard halibut in Korea and
Japan. With rapid expansion in marine finfish aquaculture, China is expected to
become one of the leading producers in the future; it currently dominates global
aquaculture production, but mainly for freshwater species (e.g., carp, tilapia) and
shellfish (e.g., shrimp).



EMERGING MARINE FINFISH SPECIES



Several new carnivorous finfish species are beginning to be farmed and are likely
to change the composition of the “top ten list” (Table 1) within the next decade.
For some of these new species, aquaculture is emerging as a potential replacement
for depleted fisheries (e.g., Atlantic cod and Atlantic halibut), and in other cases,
aquaculture and capture production are rising simultaneously (e.g., barramundi
and cobia).



Like Atlantic salmon, Atlantic cod have been reared in hatcheries and released
into marine ecosystems for more than a century to enhance diminishing wild
populations (31, 32). It was not until the 1990s, however, that techniques were
developed for maintaining captive broodstock and breeding cod in captivity. Cod
are generally viewed as a possible direct substitute for salmon in existing net-pen
operations because the grow-out stage of cod production is almost identical to that
of salmon (32). Some of the major multinational companies shown in Figure 1,
particularly Nutreco, are taking a lead in developing this industry. A few technical
hurdles exist, such as finding a suitable nutrition regime for larvae (unlike salmon,
cod larvae have no yolk sac for nutrition and require zooplankton, brine shrimp, or
other live organisms for feed) and establishing a sufficient number of juveniles to
make year-round production possible because the natural spawning cycle of cod is
short (7, 31–33). Commercial cultivation of Atlantic cod is currently established in
Norway, the United Kingdom, Canada, and Iceland (7, 34) with production at about
1500 tons in 2002 (2). Norway is positioned to lead the global cod aquaculture
industry, just as it has done with salmon, and some sources predict that Norwegian
production could reach 30,000 tons a year by 2008 (35). Canada and Scotland are
following its lead (31). At this stage in the development process, commercialization
of farmed cod depends on low capture rates of wild cod and high prices to remain
economically viable (7).



Norway is the world leader in farmed production of Atlantic halibut, a high-
valued species with good market growth potential (7, 36). Advanced hatchery
and research programs for Atlantic halibut are also underway in Scotland, Ire-
land, Canada, Chile, Iceland, and the United States. By 2000, several hatcheries
around the world were providing juvenile halibut for grow out. Similar to Atlantic
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cod, raising Atlantic halibut is constrained by small and fragile larvae (especially
compared with Atlantic salmon) that require feed formulations of live food organ-
isms (plankton, zooplankton, or brine shrimp) (36–38). Juvenile development and
long growth cycles can also be constraining factors. Because halibut live near the
ocean’s floor, they are not naturally suitable for the type of open net pens designed
for salmon; however, many farmed halibut are still raised in converted salmon net
pens with shallow or multiple bottoms (39, 40). Halibut are not tolerant of high
water turbulence and must therefore be raised in sheltered environments, and thus
the majority of farmed halibut are currently raised in on-land tanks (39). Wild
Atlantic halibut landings have declined precipitously during the last 50 years, and
according to the Food and Agriculture Organization of the United Nations (FAO)
(2), production of farmed Atlantic halibut reached 300 tons in 2002 or roughly
10% of wild catch. In 2003, Norwegian production alone reached an estimated
700 tons or about 25% of capture production (41). Industry sources report that the
price of Norwegian farmed halibut in Europe rose by over 25% in 2004 despite a
40% increase in production (42).



Bluefin tuna is another carnivorous species coming on line as a major aqua-
culture product in response to serious declines in wild fisheries stocks and large
potential profit margins. Unlike cod and halibut, most farmed bluefin tuna are
ranched, meaning juvenile tuna are captured at sea and then fattened in cages until
they reach marketable size (43–45). This process can take from two months to two
years depending on the size of juveniles captured (44, 46). On a given farm site,
up to 2000 bluefin tuna may be confined in a single net pen offshore, with eight
or more net pens typically grouped together (7). Australia has ranched southern
bluefin tuna since the early 1990s with great economic success; the value and vol-
ume of its industry grew by an astonishing 40% and 16% per annum, respectively,
between 1992 and 2002 (2). Atlantic and Pacific bluefin tuna ranching has emerged
more recently in Mediterranean countries, such as Spain and Croatia, as well as
in Mexico, and development is beginning in several other countries including the
United States (46, 47). In all cases, the market potential is exceptional, with Japan
consuming most of the output. Tuna capture quotas exist in all regions and act as
a constraint on industry growth; however, these quotas tend to be poorly regulated
in regions outside of Australia (45, 46). Breeding tuna in captivity for commercial
purposes will likely be critical to the sustainability of both the industry and wild
stocks. Attempts to do so have been ongoing since the 1970s (7, 44), and recent
work in Japan has succeeded in closing the production cycle by getting artificially
reared bluefin to produce eggs (44).



Public research institutions and private companies are developing and marketing
many other farmed carnivorous finfish in marine environments, thus contributing
to the rising market share of this segment of the aquaculture industry (7). Black
cod (sablefish) culture is being developed in British Columbia and Washington
state for high-end markets in Japan and North America and is expected to compete
in world markets with wild sablefish and Patagonia toothfish (also marketed as
Chilean seabass and mero) (48). Farmed haddock is being developed in eastern
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Canada, Norway, and northeastern United States (49–52). Cobia is produced in
Taiwan and is being developed in experimental offshore facilities in the Gulf of
Mexico (7). Pacific threadfin (moi) is raised in offshore netcages in Hawaii (53).
Barramundi is raised in coastal net pens and in on-land ponds in Southeast Asia
and Australia (54, 55). Turbot is raised mainly in on-land tanks in Europe (39)
and is also being developed by Chilean aquaculture companies (56). More than 20
species of grouper are raised commercially; like tuna, most grouper are captured
as juveniles and fattened to market size in coastal net pens in East and Southeast
Asia, but a small number are also raised in hatcheries (44, 57). Numerous other
carnivorous finfish species, including red drum, mutton snapper, flounder, spotted
wolffish, yellowfin tuna, yellowtail kingfish, and southern hake, are also being
farmed, experimentally or commercially (7).



The rapid expansion of aquaculture into a diverse range of high-valued species
reflects government and industry attention toward market opportunities and the
hedging of risks. The salmon experience has shown that there are limits to mar-
ket expansion; with rapid growth in supplies and constant demand, prices will
eventually fall. At the same time, the aquaculture industry can be very lucrative,
particularly for high-valued species, and this has led many governments to develop
policies and programs to support and encourage fish farming. Private companies
are keen on securing a market edge with new products, particularly if they can adapt
existing infrastructure and cultivation technology to a broader range of species. In
addition, the risks of business failure due to diseases and pathogens can often be
reduced through a diversification of farmed products.



Although growth and diversification in farmed marine finfish species generate
certain benefits to the aquaculture industry, governments (in the form of foreign
exchange earnings), and consumers (in terms of a wider selection of seafood prod-
ucts at lower prices), there are also ecological and resource costs. In contrast to the
majority of freshwater farming systems, almost all aquaculture production of di-
adromous and marine finfish species is dependent on capture fisheries for essential
inputs. All of these species rely on the use of whole or processed fishery products
as feed inputs; many marine finfish depend on the capture of wild broodstock for
spawning; and several of the species, such as bluefin tuna and groupers, depend
on the collection of “wild seed” for subsequent grow out to market size (58). As
this segment of the aquaculture industry continues to expand, more pressure will
likely be placed on marine ecosystems.



FEEDING WILD FISH TO FARMED FISH



Carnivorous finfish species require fish or other aquafeeds in their diets to varying
degrees. This feed source may come in the form of processed fish meal and fish oil,
live pelagic fish, or “trash fish” from trawling capture. Nearly all farm operations
for carnivorous diadromous fish and marine finfish are net fishery “reducers” rather
than “producers,” i.e., the quantity of fish inputs often exceeds outputs in terms
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of farmed fishery products by a factor or two to three (58). This ratio of wild
fish inputs to farmed fish outputs is a function of the efficiency with which the
fish utilizes the feed (usually referred to as the feed conversion ratio or FCR), the
amount of fish meal and fish oil contained in the feed, and the amount of wild fish it
takes to produce a given amount of fish meal or fish oil. Feed conversion ratios for
carnivorous finfish species—typically defined as the amount of dry feed it takes to
produce a unit of “wet” fish—range from about 1:1 up to 2:1 or higher. Fish meal
and fish oil generally constitute 50%–75% by weight of compound aquafeeds for
most carnivorous marine finfish species that are commercially farmed (58), e.g.,
for salmon, a typical diet contains 35%–40% fish meal and 25% fish oil (59),
although diets containing less than 20% fish oil are also cited (9).



For widely farmed species that rely on processed feed inputs, the amount of
wild fish that it takes to produce a unit of farmed fish has declined over time with
technological and management improvements in both FCRs and the percentage of
fish meal and fish oil used in feeds. In 1997, an estimated 1.9 kilograms of wild
fish were required on average to produce each kilogram of fed farmed fish (4).
This ratio fell to 1.31 kilograms of wild fish for each kilogram of fed farmed fish
in 2001 (Figure 2). Although this trend is promising for the sustainability of both
aquaculture and marine fisheries, it is overshadowed by growth in the aggregate
number of farmed carnivorous fish produced. For example, the amount of wild fish
required to produce one unit of farmed salmon was reduced by 25% between 1997
and 2001, but total production of farmed salmon grew by 60% (2) during this same
period. Several other species with much higher fish feed requirements have come
into production and some—such as tuna culture—are expanding rapidly. In the
case of ranched tuna, which depend largely on live pelegic fish such as sardines,
anchovies, and mackerel, up to 20 kilograms of wild fish input are needed to
produce each kilogram of ranched fish output (7, 45, 46).



Feed conversion ratios for the new carnivorous species vary. Atlantic cod re-
quire one third of the amount of fish oil in feeds as compared with Atlantic salmon,
and the feed conversion ratio is ∼1:1 with enriched pelleted feeds (32), compared
with roughly 1.2:1 for salmon (61). Halibut grow more slowly than salmon, but
the fish are docile, and therefore the FCR is typically low (∼1.1:1) in experimental
on-land tanks (36). Because halibut are bottom feeders, however, raising them in
coastal net pens inevitably leads to food wastage, with a FCR ∼ 1.5:1—a sig-
nificant difference from on-land tanks (36). With careful feeding practices, this
ratio can be reduced to 1.3:1 (40). Halibut, a flatfish, requires more protein in its
diet than salmon, and typical diets include feed with 48% protein compared with
38%–42% for salmon feeds (40). Turbot, also a flatfish, requires large amounts of
protein and has a reported FCR ranging from 1.2:1 to 1.8:1 (7, 39, 50). For some
marine carnivores, the feed conversions are much higher; moi, for example, one
of the species now farmed in offshore sea cages, has a FCR of 1.8 and requires
roughly 4 kilograms of wild fish inputs for every kilogram of harvested fish output
(53). Like many new marine species now being farmed, moi are entering into com-
mercial production with a high demand for wild fish inputs in feed, but fish protein
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Figure 2 Wild fish inputs used in feed for the 10 types of fish and shellfish most
commonly farmed in 1997 and 2002, from Naylor et al. (4) and A. Tacon and
R. Goldburg, personal communication. Ratio is wild fish used for fish meal to farmed
fish produced using compound feeds. We assume a 5:1 conversion ratio of fish (wet
weights) to fish meal and that 1/16 of the fish meal is obtained from processing by-
products (60). Marine finfish include cod, halibut, flounder, sole, haddock, redfish,
seabass, tuna, congers, bonito, and billfish. Fed carp are those carp species that are
sometimes fed compound feeds; filter-feeding carp are silver carp, bighead carp, and
catla.



requirements per fish and feed conversion ratios are likely to fall as the industry
develops.



Global production of fish meal and fish oil is used principally for livestock
(mainly poultry and pig) and aquaculture feeds and has not grown significantly
during the past two decades (2, 30). However, aquaculture’s share of total fish
meal demand has increased markedly since the late 1980s. In 2002 the aquaculture
industry used roughly 40% of the world’s supply of fish meal (59, 62, 63), compared
with 10% in 1988 and 33% in 1997 (4). Aquaculture is expected to consume well
over 50% of global fish meal supplies by 2010 (30). The fish oil market has a
similar trend; aquaculture feed already consumes over half of the world’s fish
oil and by 2010 is expected to use 97% of total supply (30). These trends are
anticipated despite rapid growth in industrial livestock systems. Unlike livestock
systems, which can readily substitute vegetable proteins when fish meal prices
rise, carnivorous aquaculture species require a certain amount of fish meal and
fish oil for energy, health, and palatability (4). If the farming of carnivorous fish
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continues to grow at its current rate, the demand for fish oil is expected to outstrip
supply within a decade, with a similar result for fish meal by 2050 (35). Such an
outcome could jeopardize the industry’s economic sustainability (1, 4).



International prices provide a useful gauge for measuring scarcity in the fish
feed industry. International fish meal prices typically rise on an interannual basis
during and following El Niño events, when upwelling off the Peruvian and Chilean
coasts slackens and pelagic fish productivity declines (64). Figure 3a plots the ratio
of fish meal prices to soy meal prices (a major substitute in livestock feeds) over the
past 40 years. Highlighted in this figure are not only the climate-induced changes
in relative prices, but also the rising trend in fish meal prices relative to soy meal
prices since the late 1990s. The rising trend in the nominal price for fish meal in
international markets is shown more closely in Figure 3b. In mid-2004, the price
of fish meal rose to almost $700/ton, the highest price since the 1997/98 El Niño
event and close to the record high (65). This price increase is attributed in large part
to diminished anchovy catch in southern Peru and northern Chile and to a strong
demand from the aquaculture sector, particularly in China (66). It is possible that
the price rise reflects a longer-term trend as opposed to a sudden climatic event.
In the short run, the price increase provides a signal to aquaculture producers to
substitute with nonfish feeds.



Because feeds account for a large share of variable costs, aquaculturists rais-
ing carnivorous species are increasingly substituting plant-based products for fish
products in fish feeds (35) but not fast enough to reverse the trend in fish meal use
caused by rising aggregate production (67). Several plant-based feed formulations
are being developed to lower the use of wild fish inputs, with some studies achiev-
ing plant-based substitutions of up to 50% (68). Examples include plant oilseed
and grain legume meals, cereal by-product meals, and various protein sources such
as single-cell proteins and invertebrate meals (7) (58). Feed formulations based on
fish offal (the remains of fish, such as tilapia or catfish, after fillets have been used
for human consumption) are also being researched (69, 70). Eventual success of
these replacements will depend on improved techniques in feed processing and
manufacture (71, 72) and feed formulation (73–75), but the rising price for fish
meal will almost certainly accelerate the substitution process (63).



With the rapid expansion of carnivorous species in marine aquaculture, the
question posed by Naylor et al. (4) is of continued interest: Does aquaculture pro-
vide a net gain or drain on world fish supplies? Tracing the flow of net aquatic
primary production that moves through aquaculture (Figure 4) provides a frame-
work for answering this question. The underlying numbers for aquatic primary
productivity, fish capture, and fish meal production have not changed signifi-
cantly since the earlier analysis (4), but the fish meal use numbers and aquaculture
production numbers have changed. Using 1997 data, Naylor et al. (4) showed
that 10 million metric tons (mmt) of fish caught for feed—just under one third
of the total caught for this purpose—was consumed by the aquaculture indus-
try to produce 29 mmt of farmed fish and shellfish. Updating the figure with
2001 data shows that 17 mmt—almost half of the fish caught for feed—is now
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Figure 3 (a) Ratio of fish meal to soy meal prices, monthly from 1962–2003, fish meal
64%/65% Hamburg cif (cost, insurance, and freight); soy meal 44%/45% Hamburg fob
(free on board) (65). (b) Nominal price of fish meal, 1999–2004, 64%/65% Hamburg
cif (65).
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Figure 4 Flow chart of capture and farmed fisheries products from aquatic primary produc-
tion. Data are the most recent available and are in millions of metric tons. Thicker lines refer
to direct flows of aquatic primary production through capture fisheries and aquaculture to hu-
mans. Thin lines refer to indirect and minor flows. Dashed lines indicate negative feedbacks
on production base.



consumed by aquaculture. Total production of farmed fish and shellfish has risen
to 40 mmt, so the net gain in 2001 is 23 mmt of wild fish, compared with 19 mmt
in 1997. The fact that the net gain is greater, despite a higher level and share of fish
meal use, reflects very rapid growth in the noncarnivorous aquaculture species,
such as carps, tilapia, and mollusks. What is masked by the figure, however, is the
use of trash fish in feeds.



“Trash fish” are typically a by-product of higher value fish, shellfish, and
mollusk but are not always counted in the categories of fish capture, by-catch,
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or fish meal production. Global use of trash fish is estimated at over 5 mmt,
although no hard data for this figure exist (76). Trash fish are sold at a local price
depending on the market and may include dozens of species. In Vietnam, for ex-
ample, there are over 100 species of marine trash fish used in aquaculture feeds
(77). The composition of fish is seasonal and depends on the fishing gear used,
but most of these fish result from trawling activities. Spoiled fish intended for the
commercial market are also used as trash fish. The use of trash fish in Vietnam
has been rising with the expansion of marine net cages for grouper and lobster,
but it is also used for omnivorous freshwater fish like catfish (77). Data are not
available on the use of trash fish in other developing countries, but the rates could
be very high, particularly for countries such as China where the aquaculture in-
dustry is experiencing explosive growth. If fish meal and fish oil prices remain
high or rise further, it is likely that the use of trash fish to feed the new carnivorous
species—and even the omnivores—will increase in the future.



Some aquaculturists argue that using trash fish and other pelagic fish low in
the food chain to feed large, high trophic level farm fish is desirable because this
practice is more efficient than leaving small fish in the ocean to be consumed by
larger wild fish in capture fisheries (78). The relative efficiency of fish farming
versus capture is difficult to quantify, in part because energy transfer between
trophic levels in marine systems is not well documented (4, 9). Nevertheless, fish
farming is almost certainly more efficient because farmed fish are protected from
mortality sources, such as predators, and they do not have to forage for food.
Even if marine finfish aquaculture is comparatively efficient, however, its heavy
dependence on wild fish inputs remains economically and ecologically problematic
if it is intended to supplement, not replace, capture fisheries (9). Not only is the
supply of these low trophic level fish finite, but the small fish used to make fish meal
and oil are critical food for wild marine predators, including many commercially
valuable fish, marine mammals, and seabirds (4). Managing the oceans for input
fish used in feeds, as opposed to output fish such as salmon and cod, is likely to
prevail if aquaculture begins to supplant capture fisheries (1, 9). Such an approach
might be justified as being economically rational, but it would not be ecologically
sound.



ECOLOGICAL IMPACTS OF FARMING MARINE FINFISH



Aquaculture production of marine finfish has potential ecological impacts that go
beyond the use of wild fish in feeds (4). The three most widely covered topics in
the literature include effluent discharge from farms, which pollutes local marine
environments; the escape of farmed fish, which can have detrimental effects on
wild fish populations through competition and interbreeding; and the spread of
parasites and diseases between wild and farmed fish (6, 9, 79). Other impacts are
also important: Tuna and grouper farming, for example, rely on wild juveniles for
grow out, and if the scale of production grows without careful regulation of wild
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fish capture, the breeding stock for these species could be diminished (44). The
magnitude of impacts varies considerably among aquaculture systems. Ecological
effects of marine finfish aquaculture have been studied most thoroughly for salmon,
but research on other carnivorous species is also starting to emerge.



Effluent Discharge



Open net-pen operations release untreated nutrients, and sometimes harmful chem-
icals and pharmaceuticals, into marine ecosystems, using “dilution as a solution”
to water quality problems (6–9). Untreated wastewater laden with uneaten feed and
fish feces contributes to nutrient pollution near open net pens (80, 81), particularly
in shallow or confined water bodies (82) or in concentrated production areas. In
some cases, nitrogen wastes (e.g., ammonia and nitrite) exceed the assimilative ca-
pacity of the local marine ecosystem and lead to degenerated water quality that can
be toxic to fish and shellfish (83). Moreover, nutrient loading from net pens alters
the biogeochemistry of surrounding benthic communities (84); large changes in
sediment chemistry and in the benthic community can occur even with relatively
low salmon stocking and feeding rates in the early stages of production (8). Al-
though the eutrophication potential of aquaculture remains relatively insignificant
on a global scale, nutrient loading by fish farms can be significant on a local scale
(6, 9).



Other marine finfish species now being raised in open net pens have similar,
if not larger, environmental impacts. Recent published figures by Scotland’s Fish-
eries Research Services (85) show that farmed cod generates considerably more
waste than Atlantic salmon, and waste from farmed turbot is even higher. Farmed
salmon discharged on average 48.2 kg of nutrient nitrogen into the surrounding
environment per ton of production, compared with 72.3 kg N per ton of farmed cod
and 86.9 kg N per ton of farmed turbot. It is estimated that Scotland’s salmon aqua-
culture industry as a whole produces the same amount of nitrogen waste as would
be released from untreated sewage of 3.2 million people (86). As waste from other
farming systems, such as cod, are added to these estimates in the future, nitrogen
loads are expected to increase.



Effluent from halibut raised in marine environments also tends to have a rela-
tively high impact. Because sea cages for farmed halibut need to be wide, shallow,
and in sheltered areas for optimal growth, they can result in heavy loading of solid
waste on the sea floor beneath the cage. Models of waste production from farmed
halibut indicate an average loss of 66 kg N per ton of fish output (40). Although
nutrient waste from farmed halibut and turbot are significantly higher than that of
farmed salmon, they are typically raised in land-based tanks where effluents can
be treated (39, 87, 88).



The extent of nutrient waste from aquaculture net pens is mainly a function
of feed ingredients and uptake efficiency, fish density in net pens, and loca-
tion and design of pen facilities. A life-cycle assessment of rainbow trout (On-
corhynchus mykiss) farming in France showed that nutrient discharge from net pens
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is significantly lower when plant-based feed ingredients are substituted for fish
meal–based feeds, even when “energy/nutrient dense and low polluting feeds” are
use for the fish meal feeds (89). The addition of microbial phytase in plant-based
aquafeeds can further improve the bioavailability of phosphorous in fish—and
hence reduce P waste from farms—although the action of dietary phytase varies
among fish species (90).



In salmon aquaculture, improved feeding efficiency—achieved by distributing
the feed more directly to the fish and increasing feed uptake and digestion by the
fish—has helped to reduce nutrient loading from individual pens during the past
decade. Between 15% to 20% of feed used at salmon farms typically enters the
surrounding environment uneaten, although this loss has been reduced to 5% in
the best-run farms (7). Although improved husbandry practices and FCRs have
helped to improve water quality around individual salmon net pens, the growing
number and size of farms have contributed to increased pollution in many areas.



Where there is little flushing by tides and currents, net-pen wastes can create a
dead zone on the ocean floor that can extend from 100 to 500 feet in diameter (91).
Fish farms sited in well-flushed areas often have minimal water quality problems
and benthic impacts (92). Dilution of nutrients is often used as a strong argument for
moving marine aquaculture out of coastal waters and into offshore cage systems in
the open ocean (93). Closed system containment technologies, such as land-based
systems or closed-wall sea pens, can also be used to minimize effluent discharge
from farms (8, 39). Such technologies may be profitable for farmed halibut at
current high prices, but they are currently not profitable for farmed salmon.



Farmed Fish Escapes



A more insidious ecological risk comes from the escape of farmed fish because
the real damage—the establishment and invasion of exotic fish—is not usually
appreciated until it is too late to reverse. Escapes of farmed fish from pens, both
in episodic events and through chronic leakage, are well documented, particularly
for salmon (79, 94). Numerous studies show ecological harm from these escapes
(79). Depending on the location and species, harms include increased competition
for mates, space, and prey (95–98) as well as reduced fitness of wild fish resulting
from interbreeding with escaped farmed fish of the same species (96). Wild stock
enhancement with hatchery fish that are genetically distinct from their wild cousins
can cause similar problems (99–101).



Most literature on the harmful effects of interbreeding between introduced and
wild fish focuses on salmon, mainly because salmon have subpopulations adapted
genetically to local conditions in river drainages and are prone to reduced fitness
from interbreeding with genetically distinct farmed and hatchery fish. Other fish
species targeted for marine aquaculture are less differentiated genetically, which
may lessen the genetic impact of interbreeding between wild and farmed or hatch-
ery fish. Some marine fish such as Atlantic cod do have distinct subpopulations,
however, with little gene flow among them (31, 102). There are also concerns that
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barramundi and cobia escaping from marine net pens will interbreed with wild
populations (7, 54).



Competition between escaped farm fish and wild fish—either of the same or
different species—can be significant (79). New species of farmed fish are often
grown in areas where they are not indigenous; for example, production of At-
lantic salmon now dominates salmon farming in the Pacific as well as the Atlantic,
largely because production techniques are well developed for the species and they
grow well in captivity. Similarly, Atlantic cod and Atlantic halibut are being tar-
geted for aquaculture growth in the Pacific, even though wild Pacific cod (Gadus
macrocephalus) and Pacific halibut (Hippoglossus stenolepis) are important com-
mercial species and share ecological attributes with their Atlantic congeners, such
as overlapping habitat and prey preferences. Naylor et al. (79) show that farmed
Atlantic salmon introduced into their native range are more likely to hybridize
and exhibit greater competition with wild salmon than would be the case for es-
caped Atlantic salmon in the Pacific. The verdict is not yet in, however, on how
aggressive escaped farmed Atlantic salmon will be in the Pacific. Incipient feral
Atlantic salmon populations have been found in at least three British Columbia
rivers (103), and Atlantic salmon may establish in Chile, where the industry is
growing rapidly. Several feral populations of Pacific salmon have already become
established in Chile (104). In both the Atlantic and Pacific regions, biological risks
to wild populations rise with the number of farm escapes and are highest when
farm escapees outnumber wild salmon in a given location (79).



Potential ecological impacts from farmed fish escapes will gain even more sig-
nificance if transgenic fish—whose genetic coding is very different from that of
wild fish—are introduced for commercial production into open net-pen culture
(105–107). Patented, transgenic Atlantic salmon are currently proposed for com-
mercial aquaculture production in the United States and are under premarket review
by the U.S. Food and Drug Administration. Model results have demonstrated three
possible outcomes for wild populations following the introduction of transgenic
fish: elimination of the transgene, successful invasion, and extinction of the recipi-
ent wild population (108–110). The uncertainties and risks associated with raising
transgenic salmon and other marine finfish in open net pens are therefore large.



Transmission of Parasites and Diseases



Many diseases and parasites are capable of spreading between farmed fish and wild
stocks and can alter community structures within ecosystems (6). Dense cultures of
fish can lead to disease epidemics, a shedding of pathogens into the environment,
and hence to a higher prevalence of disease overall (79, 111). Transmission of
pathogens and diseases from aquaculture to vulnerable wild fish can occur through
infections at the hatchery source, contact with wild hosts of the disease, infected
escapees, and wild fish migrating or moving within plumes of an infected pen or
disease outbreak (79). In many cases, pathogens originate from wild populations
but reach epidemic proportions in intensively cultivated net pens.
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One of the largest parasite threats associated with salmon aquaculture in the
Northern Hemisphere is sea (or salmon) lice (Lepeophtheirus salmonis, Caligus
spp.), which can kill fish by essentially eating their flesh (6, 8). Sea lice have a
low natural abundance and minimal host damage in the wild, and there is only one
pre-aquaculture report of an epizootic spread of sea lice in the wild (112). Recent
epidemiological patterns in Ireland, Scotland, Norway, and Canada suggest that
outbreaks of sea lice in wild fish are connected with the increased concentration
of aquaculture (8). Once sea lice reach a farm, the extent of infection can be
substantial. Krkosek et al. (113) demonstrate that the shedding of sea lice from
a single farm in British Columbia can lead to infection pressure near the farm
that is up to 73 times greater than ambient levels and exceeds ambient levels
for 30 kilometers along two wild salmon migration corridors in the vicinity of
the farm. Salmon lice can also transfer highly virulent infectious salmon anemia
(ISA) between fish (114). ISA has been detected in fish farms in Norway, Canada,
Scotland, and the United States, as well as other countries. Chemicals can be
used to control sea lice and other pathogens, but there are some risks of harm to
surrounding marine organisms (6).



In addition to problems of sea lice, various bacterial and viral diseases affecting
fish health are prevalent in salmon aquaculture (8). Bacterial diseases include
bacterial kidney disease, vibriosis, and furunculosis. Fish are commonly vaccinated
in hatcheries for these diseases, and when outbreaks occur, antibiotics can be
administered in the feed pellets. Infectious hematopoietic necrosis (IHN) is a
serious viral disease in the Pacific Northwest, where it has attacked Atlantic salmon
and Pacific sockeye salmon populations (8). The disease appears to be transmitted
in both directions between wild and farm salmon. Pathogens are also a problem in
other culture systems; for example, farmed cod are susceptible to vibriosis and sea
lice (32). Veterinary certification of aquaculture stock is important in minimizing
the spread of fish disease (115) but not fail-safe. Reducing fish stress in net pens and
filtering effluent from recirculating tank systems can also help minimize disease
transmission (6).



Other evidence suggests that the movement of aquaculture feeds around the
world can be an important vector for disease transmission between stocks vastly
separated in space (47, 116). Shipments of sardines and pilchards to Australia in
the mid- to late 1990s for ranched tuna feed are thought to have carried diseases
that nearly decimated local sardine and pilchard fisheries and caused seabirds to
starve (47).



The use of antibiotics for disease control has declined in highly developed
salmon farming regions such as Norway because vaccines have been developed
(7). Antibiotics are typically administered in feeds and can enter the water through
uneaten food or feces. Depending on the treatment, they can accumulate beneath
net pens where fish have been treated and persist from one day to one and a
half years (7). Antibiotics to control disease, antibiotic resistant bacteria, and
parasiticide drugs to control sea lice have been shown to accumulate in and may
impact nontarget species (6, 117). Although the treatment of farmed salmon has
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become more sophisticated over time, the impacts of disease, parasite outbreaks,
and treatment for new finfish species farmed in open net pens remains uncertain.



OFFSHORE AQUACULTURE



Ecological considerations have been one motivation for governments and the aqua-
culture industry to look further offshore for farming opportunities. Offshore aqua-
culture (also known as open-ocean aquaculture) generally refers to marine farming
systems located in areas with large currents and rough waters, often several miles
from shore. There has been some international experience with offshore aquacul-
ture to date, and the United States recently has positioned itself as a key player in the
development of the practice (118). In the United States, offshore aquaculture often
refers specifically to marine farming systems outside of the 3-mile state jurisdic-
tion and within the 200-mile EEZ under federal jurisdiction (19). Some exceptions
exist, such as commercial moi farming in ocean cages a few miles offshore but
within Hawaii state waters, and proposed offshore cages tied to decommissioned
oil rigs for halibut, tuna, and striped bass off the California coast (47).



Benefits and Constraints



Offshore aquaculture has several perceived benefits, particularly in the United
States. Many of the best aquaculture sites near shore are already developed, and
near shore farming operations often conflict with local fisheries, recreational activ-
ity, and coastal aesthetics (19, 118, 119). In addition, moving aquaculture facilities
to less polluted marine environments offshore can improve the quality of the prod-
uct (119, 120). With high flushing rates in the open ocean, the impact of effluents
from aquaculture production on benthic communities can also be reduced (121).
Finally, offshore aquaculture facilities can be sited beyond the reach of constrain-
ing state laws and within the control of federal authorities. The Department of
Commerce has articulated the need to reverse the large $7 billion U.S. seafood
deficit (19, 25), and under the leadership of its subagency, NOAA, has a stated
goal of increasing the value of the U.S. aquaculture industry from less than $1
billion currently to $5 billion by 2025 (122).



Despite the move beyond state boundaries, the regulatory environment for off-
shore aquaculture in the United States remains stifling. New firms applying for
federal leases are currently required to apply for permits under at least four federal
agencies, and there is no existing regulatory infrastructure that can assure secure
tenure and exclusive use of space (19, 123). Proposed legislation would streamline
the permitting process for offshore aquaculture leases, and the U.S. Oceans Com-
mission (19) has also recommended that NOAA be designated as the lead agency
for managing aquaculture in the EEZ. Some critics argue that this would create an
undesirable conflict of interest, as NOAA would become both the chief promoter
and regulator of aquaculture activities (124).
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Moreover, offshore operations can be expensive. They require sturdier infras-
tructure than nearshore systems, they are more difficult to access, and the labor
costs are typically higher than for coastal systems (119, 123, 125). Economic
constraints suggest that firms are likely to target lucrative species for large-scale
operations or niche markets (125).



Development and Use of Offshore Technology



The model of lucrative species in large-scale systems has been used for offshore
ranching of bluefin tuna in Australia, Mexico, and the Mediterranean (47). Unlike
the current tuna systems, however, which contain open net pens at the ocean’s
surface (similar to current salmon farming operations), the new technology for most
offshore aquaculture uses submersible cages. These cages are anchored to the ocean
floor but can be moved within the water column, they are tethered to buoys that
contain an equipment room and feeding mechanism, and they can be large enough
to hold hundreds of thousands of fish in a single cage (126). Robotics are often
used for cage maintenance, inspection, cleaning, and monitoring. Submersible
cages have the advantage of avoiding rough water at the surface and reducing
interference with navigation.



In North America, three commercial operations (two in the United States and
one in the Bahamas) using submersible cages are in operation, all raising high-
valued carnivorous finfish species (e.g., moi, cobia, mutton snapper). Submersible
cages are also being used in experimental systems for halibut, haddock, cod, and
summer flounder in New Hampshire waters, and for amberjack, red drum, snapper,
pompano, and cobia in the Gulf of Mexico. Ireland has been experimenting with
submersible offshore technology for salmon since the late 1990s with apparent
success (118). The technology is also being developed in waters near China, the
Philippines, Portugal, and Spain for a variety of high-valued finfish species (126).



Offshore technology design is progressing quickly with the goals of lowering
costs and risks of infrastructure damage (126). Plans are underway to build a
20-ton buoy for submersible systems that will contain equipment for automatically
feeding and monitoring fish for weeks at a time. The next generation technology
also includes a gigantic cage that will travel hundreds of miles offshore and roam
the seas instead of remaining fixed to a buoy. Juvenile tuna placed in roaming cages
in Mexico could conceivably arrive in Japan ready for market sales several months
later. Roaming cage technology is still in the conceptual stage and will likely meet
difficult legal and regulatory constraints as it develops for commercial use (126).
The United States currently plays a leading role in offshore technology research
and design, as does Spain where both submerged and roaming technologies are
being developed (127).



Ecological Effects of Offshore Aquaculture



Because offshore aquaculture is largely in the experimental phase of development,
its ecological impacts have not been well documented. One of the touted benefits
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for offshore aquaculture is the reduction of pollution and benthic stress. In an
ongoing demonstration project off the coast of New Hampshire, benthic conditions
underneath the facilities have remained unharmed (128), although stocking levels
are lower than they would be in a commercial operation (e.g., about 3000 fish as
opposed to 200,000 fish on a salmon farm). Commercial offshore cages for moi
in Hawaii have also not significantly altered the benthic environment, even with
stocking levels at about 130,000 fish (129). The potential for nutrient pollution and
benthic damage further offshore will depend on flushing rates, the depth of cage
submersion, the scale of the farming operation, and feed efficiency for the species
being raised.



Submersible offshore cages are designed to avoid storm damage and are thus less
likely to result in massive escape events caused by weather like nearshore systems
(120). To date, the moi operation in Hawaii and the cobia operation in the Bahamas
have survived major storms without any damage or known escapes. A submersible
cage in the Gulf of Mexico managed to break away from its mooring, however, and
drifted for some time before recovery (120); no escapes were mentioned in this
episode. Although the cost of offshore systems places a large premium on avoiding
escape events, escapes are nonetheless likely to occur as the offshore industry
develops commercially. The impacts of such events on native species could be
large, regardless of whether the farmed fish are within or outside of their native
range. At least two of the candidate species in the Gulf of Mexico (red drum and red
snapper), as well as cod in the North Atlantic, have distinct subpopulations (102,
123, 130) and could therefore cause ecological harm if farmed fish escape from
cages. Furthermore, cod are known to produce fertilized eggs in ocean enclosures
(131), and even though ocean cages used for offshore farming are more secure
than typical salmon net pens, neither pens nor cages will contain fish eggs. Thus
farming certain species might lead to “escapes” on a much larger scale than with
salmon farming.



Another risk is posed by the transmission of fish diseases, but there is cur-
rently no evidence for disease problems in submerged cages. Nonetheless, new
species—for which minimal ecological and epidemiological knowledge exists on
their potential diseases—are now being farmed in offshore cages. In general, large-
scale aquaculture provides opportunities for the emergence of an expanding ar-
ray of diseases: It removes fish from their natural environment; exposes them to
pathogens, which they may not naturally encounter; imposes stresses that compro-
mise their ability to contain infection; and provides ideal conditions for the rapid
transmission of infectious agents and diseases (116). Carnivorous aquaculture pro-
duction also leads to trade in live aquatic animals for bait, broodstock, milt, and
other breeding and production purposes, which inevitably results in transbound-
ary spread of disease (116). The implications of open-ocean farming for pathogen
transmission between farmed and wild organisms remain a large and unanswered
question (116). Moreover, pathogen transmission in the oceans is likely to shift
in unpredictable ways in response to other anthropogenic stressors, particularly
climate change (132).
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The most obvious ecological effect of offshore aquaculture results from its use
of wild fish in feeds. Most of the species being raised in offshore systems are
carnivorous and are at or above the trophic level for salmon (133). If offshore
aquaculture continues to grow in this direction—a likely scenario to offset large
investment costs—the food web effects on ecosystems vastly separated in space
could be significant.



IMPLICATIONS FOR SOCIAL WELFARE



Increasing production of farmed carnivorous fish in coastal and open-ocean ecosys-
tems has important implications for human health, employment, incomes, and pub-
lic use of the marine environment. These issues remain controversial and warrant
further scientific, economic, and policy research.



Health Effects



The health benefits of eating fish such as salmon have been well documented, but
the health risks are just beginning to be quantified (7, 134). Because salmon are
relatively fatty carnivorous fish that feed high on the food web, they bioaccumulate
organic contaminants, including PCBs (polychlorinated biphenyls) and dioxins.
Recent research by Hites et al. (134) shows that farmed salmon feeding on pelagic
fish caught in polluted waters, such as the North Sea, have higher contaminant loads
than farmed salmon feeding on fish from more pristine waters, such as the Southern
and North American coasts. In both cases, contaminant loads in farmed salmon are
generally higher than in wild salmon. Although contaminant loads for any given
organic compound are below the tolerance levels approved by the U.S. Food and
Drug Administration, they exceed levels considered safe by the Environmental
Protection Agency for frequent consumption. Moreover, the combined effects of
several contaminants concentrated in a single product may still pose significant
risks to human health, particularly if farmed salmon is consumed on a regular basis
(134, 135).



The health benefits of consuming omega-3 polyunsaturated fatty acids also
need to be considered (135, 136). Moving toward a vegetarian diet for marine
finfish could reduce these health benefits, although studies are underway to retain
omega-3 fatty acids with a reduction in the amount of fish meal and fish oil inputs
in feeds (4, 35, 63, 137–139).



The potential health effects from added chemicals are also a concern for con-
sumers. Shipments of frozen salmon from Chile were found in Europe in 2003
with unsafe quantities of malachite green, a carcinogenic fungicide prohibited for
salmon farm use in Chile since 1995 and widely prohibited around the world (28).
Japan also suspended imports of some Chilean salmon in 2003 owing to antibiotic
loads higher than are permitted under Japan’s health code (28). The main worry
with excessive antibiotic use in aquaculture is that over time it promotes the spread
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of resistance in both human and fish pathogens (6). Antibiotic use is said to have
declined on farms, especially in advanced regions such as Norway, but the full
extent of antibiotic use in the industry is unclear (28).



Finally, consumer-related concerns over the use of colorants in salmon feeds to
produce desired flesh tones are also widely debated (140, 141). The health effects of
colorants are not thought to be too severe; the only proven side effects of moderate
overdosage of the natural dye, canthaxanthin, by humans is reversible deposition
of crystals in the eye (8). Although the colorant issue will not likely arise in the
production of most other farmed carnivorous finfish whose natural flesh colors in
the wild are not bright like that of salmon, the contaminant issue is expected to
remain controversial, particularly for the more fatty farmed fish.



Employment and Income Effects



The net employment gains from growth in marine aquaculture are also controver-
sial. Governments have often promoted aquaculture for the purpose of employment
and income generation, particularly in cases where wild fish stocks have been de-
pleted or market conditions for fisheries are weak. In Canada, salmon farming has
been promoted for these reasons (8), and the same rationale is now being used for
the promotion of black cod and halibut (36). The European Union announced plans
in 2003 to create 10,000 more jobs, mainly in areas where commercial fishing is in
decline, through a projected 4% annual growth in aquaculture production of cod,
haddock, and other marine finfish. In some coastal regions of Scotland and Nor-
way, the salmon farming industry is the largest private-sector employer. In Maine,
communities that once relied on incomes from (now-collapsed) wild fisheries also
benefit from employment in the salmon aquaculture industry.



At a broader scale, the salmon farming experience has shown that employment
and income loss in the fish capture industry may be as large, if not larger, than
employment and income generation for coastal residents in aquaculture (8, 79,
142). There are no guarantees that fishermen who lose their jobs because of over-
fishing or as a direct or indirect result of aquaculture growth will move into the
aquaculture industry. In Canada, most of the aggregate gains in aquaculture-related
employment have been concentrated in areas where the hatcheries and processing
facilities are located, and large multinational companies that control ownership of
the salmon farming industry have captured a sizeable share of the sector’s income
gains (8).



Aquaculture systems that only encompass grow-out operations do not neces-
sarily benefit coastal communities (143). Intensive aquaculture production that
lacks community roots and that depends on supplies of feeds, larvae, supplies,
equipment, and human experience imported from areas distant from the produc-
tion site rarely have substantial income multiplier effects and may thus be opposed
by local communities (144). With the expected expansion of offshore aquacul-
ture, jobs will more likely be concentrated in the processing industries than at
the grow-out facilities, and it is unlikely that employment and income gains will
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be distributed widely among coastal communities that have lost incomes from a
declining fisheries sector.



Rights to Marine Resources



In addition to concerns over health and rural incomes, there are some important
ethical issues affecting society that result from the growth in marine finfish aqua-
culture, particularly offshore aquaculture. One such issue concerns the way in
which the U.S. federal government is charged with the management of national
resources. Under the public trust doctrine, the nation’s land, water, and resources
are to be managed by the federal government in a way that benefits all, and the
government is to be properly compensated for any private use of public resources
(145). Some fear that the U.S. Department of Commerce’s aggressive promotion
of aquaculture in federal waters will encourage aquaculture practices that benefit
only a narrow constituency and that the government (and thus the public) will not
be appropriately compensated for the private use of, or harm to, ocean resources
(118, 124).



On a global scale, expanding the production of farmed fish high on the food
chain for markets directed toward wealthy consumers has implications for some
of the world’s poorest consumers, who consume pelagic fish directly for protein or
who consume fish that directly depend on pelagic species (4). Although some fish
used for fish meal and fish oil, such as menhaden, are distasteful to humans, the
demand for small pelagic fish for direct human consumption is likely to increase
with population growth in the developing world (1).



A FUTURE VISION FOR MARINE AQUACULTURE



Ocean resources are in jeopardy given current trends in fish production. Many
capture fisheries are in decline, and marine finfish aquaculture—often considered
to be the solution to problems of overfishing and other human stresses on the
marine environment—poses additional risks to wild fish stocks. Marine finfish
aquaculture is heavily dependent on wild capture for fish meal and fish oil inputs;
it pollutes marine waters through nutrient, and sometimes chemical and pharma-
ceutical discharges; and it potentially threatens native fish populations via disease
and parasite transmission and the escape of farmed fish from net pens into the wild.
At the same time, aquaculture is essentially the only avenue to produce more fish
from the oceans, and the industry appears to be responsive to new technologies
and management practices that reduce stress on the oceans. The current process of
diversification into new finfish species and the prospect of moving operations into
the open ocean provide an opportune time to rethink the present approach toward
marine finfish aquaculture.



As marine finfish aquaculture grows in response to market opportunities, im-
proved science and technology, and public sector encouragement, there is a need to
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marry an ecosystem-based management approach with a sound business approach.
A private-sector business approach to marine aquaculture without ecological man-
agement principles is not sustainable in the long run. Likewise, an ecosystem-based
management approach implemented without proper attention to business incen-
tives is not feasible. Governments have an important role to play in integrating
business and ecosystem ideals, lest they face collapse both in wild fisheries and
marine aquaculture, as well as further damage to marine ecosystems. At the same
time, an international agreement among aquaculture-producing countries could
help to “level the playing field” and promote environmentally sound practices (8).
Establishment of universal, certifiable best practices for marine finfish farming
is in the long-term interest of both the aquaculture industry and the conservation
community.



What is required to embody an ecologically sound system for marine finfish
farming? Costa-Pierce (143) characterizes “ecological aquaculture” by the follow-
ing six criteria: preservation of natural ecosystem form and function; trophic level
efficiency; nutrient management and the absence of harmful chemicals and antibi-
otics; avoidance of farmed fish escapes; community participation in production
system; and contribution to social welfare globally without proprietary control
over resources. Several firms within the aquaculture industry are attempting to
integrate at least some of these ecological and social principles into their business
plans. Attention toward these goals is driven by the need to cut costs, settle local
social or environmental controversies, meet regulatory requirements, or capture
a greater market share through an improved social and environmental reputation.
Labeling systems are beginning to be developed to help consumers identify sus-
tainable and healthy aquaculture products, but at present there are no widely known
or accepted labeling programs akin to the U.S. Department of Agriculture organic
standards for agricultural products or the Marine Stewardship Council label for
captured fish products (8).



Three key steps could help promote sustainability of marine finfish aquaculture:
the identification of lower trophic level marine finfish with strong market potential
and suitability for farming, the continued move toward vegetable-based feeds, and
farming fish apart from the environment where their wild counterparts live (e.g.,
through more widespread use of land-based tanks or enclosed bag net pens) (9).
In addition, promoting integrated aquaculture, in which mussels, seaweeds, and
other species are grown in close proximity with finfish for waste recycling, could
help to reduce nutrient pollution (4, 146). Several ecologically integrated marine
aquaculture systems currently exist (143), but the commercial viability of such
systems depends on larger scale experimentation and further investigation of the
interactions and processes among jointly cultured species (9, 147).



Despite the numerous environmental and social impacts of marine finfish aqua-
culture reviewed in this paper, governments in most countries participating in this
segment of the market have yet to implement and enforce comprehensive measures
to protect coastal ecosystems and communities (8, 79). The Pew Oceans Commis-
sion (18) has called for a moratorium on the expansion of marine finfish farms in
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the United States until national standards and permitting authority are established
for siting, design, and operation of ecologically sustainable marine aquaculture
facilities. The establishment of ecologically based standards is particularly im-
portant before NOAA’s policies concerning offshore aquaculture development are
implemented (9). Mandatory—as opposed to voluntary—adherence to standards
is needed where irreversible environmental damages are at stake, for instance
when the escape and invasion of exotic farmed fish threaten marine ecosystems
(8). Meanwhile, nongovernmental organizations (NGOs) have an important role
to play in monitoring local conditions and informing the public. The main chal-
lenge for all parties—the public, private, and NGO communities—is to entwine
principles of economics and ecology within the field of marine aquaculture before
the toll on ocean resources becomes too great.
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S eafood has grown rapidly in popular-
ity among consumers in recent years
due to its important health benefits.
However, as over-fishing and environ-
mental degradation have depleted wild
fish stocks, an increasing proportion of
the seafood consumed in the U.S. is
farm-raised. When eating farm-raised
fish, consumers may not be aware that
with every bite they are getting a dose
of antibiotics, hormones, pesticides
and/or other chemicals. Without a
change in the way the U.S.
Government regulates aquaculture, the
side effects associated with these con-
taminants could negate the very health
benefits consumers seek through fish
consumption.



As one might expect, three of the
most popular seafood items for
American consumers are three of the
top aquaculture imports: shrimp,
salmon and tilapia. Together, they rep-
resented almost two billion pounds of
seafood imported into the U.S. in 2003.



Salmon producers regularly use
artificial dyes to make the pale grey
meat of farm-raised salmon appear
rich in color like healthy wild salmon.
Not only are the dyes themselves
potentially dangerous, with studies link-
ing them to hyperactivity in children
and retinal damage, but they also dis-
guise farm-raised fish and deceive con-
sumers. Lurking beneath the artificial
pink coloring of farm-raised salmon is
a hazardous concoction of potent
antibiotics and chemicals. But produc-
ers have found a way to hide the condi-
tions in which the fish were raised, con-
ditions that may make the salmon
unsafe for human consumption.



Farm-raised fish are packed into
overcrowded pens that breed parasites,
fungi and promote the rapid spread of
disease. The close confinement neces-
sitates the heavy use of pesticides,
antibiotics and other chemicals, which
producers often dump directly into the
water, creating a stew of contaminants.
Consumers eventually ingest the



residues of these substances in the
meat of farm-raised fish.



Antibiotics used in fish farms can
be dangerous to human health for
many reasons. Several antibiotics that
have been banned in the United States
due to their human health risks may be
used illegally in fish farms that export
tons of fish to this country.
Chloramphenicol, one such antibiotic,
leads to an increased risk of developing
cancer, and in very low concentrations
may trigger aplastic anemia, a disease
that causes bone marrow to stop pro-
ducing red and white blood cells and is
often irreversible and fatal.
Chloramphenicol has been detected in
imported fish, and although exporting
countries claim to have banned its use,
monitoring of imported seafood by
FDA is lax and may not detect such
contamination.



Nitrofurans make up another
group of antibiotics that has been
banned in the United States due to its
link with cancer. As aquaculture facili-
ties attempt to reduce their reliance on
chloramphenicol, they may be increas-
ing their use of nitrofurans, which are
even more difficult to detect. As a
result, it is suspected that nitrofurans
are being used in both domestic and
foreign fish farms.



A drug used in Canadian fish farms
is a sea lice medication called �Slice.�
Residues of the active ingredient in
Slice, emamectin benzoate, have been
found in Canadian farmed salmon�95
percent of which is exported to the
United States�and is linked to behav-
ioral and growth effects, and abnormal
brain changes.



In addition to the health hazards
associated with some antibiotics them-
selves, heavy antibiotic use in fish
farms may also contribute to the cre-
ation of antibiotic-resistant bacteria.
The Food and Drug Administration
(FDA) has stated that many illnesses,
such as tuberculosis, gonorrhea, malar-
ia, and childhood ear infections, have
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become more difficult to treat due to
growing antibiotic resistance.



Another dangerous chemical found
in farm-raised fish is malachite green,
which is often used as a fabric dye but
is also used extensively in aquaculture
to prevent fungal growth on fish eggs
and to treat parasitic infections in adult
fish. Malachite green is toxic and car-
cinogenic to humans and increases the
risk of genetic mutation. Although it is
banned in the United States, Europe,
and many exporting countries, mala-
chite green was detected in fish import-
ed into Europe as recently as last year.



Environmental contaminants are
also found in higher concentrations in
farm-raised fish than among wild fish.
Some of these pollutants include PCBs
(polychlorinated biphenyls, once used
as lubricants and coolants but banned
in the 1970s due to their extreme toxic-
ity), Dioxin (found in the notorious
defoliant Agent Orange), toxaphene
and dieldrin (two banned pesticides),
and PBDEs (polybrominated diphenyl
ether, a flame retardant).



Carnivorous farm-raised fish like
salmon contain higher levels of these
contaminants because they are fed a
diet high in fish oils and meal derived
mainly from small pelagic fish that
accumulate these contaminants in their
fat. Furthermore, farmed salmon accu-
mulate more contaminants because
they are kept in crowded, confined
pens, which restrict their exercise and
cause them to develop more of the fat
in which the contaminants are stored.



Despite the seriousness of the
human health threats from these and
other sources, enforcement of regula-
tions in domestic and foreign aquacul-
ture remains lax. The FDA, which is
responsible for ensuring the safety of
the U.S. seafood supply, fails to effec-
tively enforce its own standards with
foreign producers. For example, the
agency inspects only a tiny fraction of
the seafood imported into the U.S. and
does not test at all for many of the ille-
gal drugs and chemicals that may be
used in foreign fish farms.



As consumption of farm-raised
fish grows, consumers need to know
the risks involved with eating it and
feeding it to their children, who are at
highest risk from the drugs, chemicals
and contaminants found in aquaculture
products. Consumers wanting to avoid
farm-raised seafood are encouraged to
ask seafood sellers if their products are
wild or farm-raised.



In April 2005, consumers received
some much-needed help in determin-
ing the origins of seafood when the
U.S. Department of Agriculture�s
Country of Origin Labeling (COOL)
rules became effective. COOL desig-
nates the country of origin and the
method of production (farmed or
wild) of fish and shellfish, allowing
consumers to begin making informed
choices about the seafood products
they purchase.
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Among the report's findings:
u Drugs and chemicals banned in the U.S. are being
used in both foreign and domestic aquaculture, e.g.,
widespread, illegal use of unapproved antibiotics and
fungicides.
u Even though fish dyes may be harmful to human
health, they are commonly used in both domestic and
foreign aquaculture.
u Dangerous environmental contaminants that
accumulate in the body are found in farmed fish
around the world.
u Potentially harmful genetically engineered fish and
fish injected with hormones are being developed as
food products.
u FDA is neither regulating nor enforcing its cur-
rent regulations adequately enough to protect con-
sumers from unsafe seafood.
u FDA does not properly inspect domestic aquacul-
ture facilities or sufficiently test seafood imported
from foreign producers.



Among the report's recommendations:
u To protect consumers from unsafe drugs and
chemicals used in aquaculture, FDA must improve
testing of seafood products, implement new regulato-
ry programs, tighten its standards, provide incentives
for producers to reduce drug and chemical use, and
give consumers enough information to make
informed decisions.
u To protect themselves, consumers should look for
labels and ask questions, demand that grocery stores
comply with labeling requirements and carry seafood
free of antibiotics, and urge FDA to properly enforce
its regulations.



h











Fish in Cage — Moi, Pacific threadfin, circling in a feeding pattern inside an offshore cage. Courtesy of NOAA.



U.S. demand for
seafood has risen by
about 25 percent over



the past 20 years – much
of the fish harvested to



meet that demand is
farm raised.











Farming Fish:
W h a t � s  i n  i t  f o r  y o u ?



C
onscientious consumers increasingly are choosing to eat
seafood for its nutritional benefits, which include heart-
healthy oils, high protein, low saturated fat, and vitamin
and mineral content. Nutritionists and health experts are
pushing seafood such as salmon as healthful alternatives



to red meat, driving demand for seafood in the U.S. up by about 25
percent over the past 20 years to over 16 pounds per person per
year.1 Yet most consumers who eat seafood for its health benefits are
unaware that much of the seafood sold in this country is raised in
aquaculture facilities and, as a result, is likely to contain drugs and
chemicals that may actually be harmful to them.



Aquaculture is the production of fish under controlled conditions. The
United Nations Food and Agriculture Organization (FAO) defines aquaculture
as the �farming of aquatic organisms, including fish, mollusks, crustaceans, and
aquatic plants. Farming implies some form of intervention in the rearing
process to enhance production, such as regular stocking, feeding, protection
from predators, etc. Farming also implies individual or corporate ownership of
the stock being cultivated.�2 The facilities used to raise farmed fish include
ponds, net pens, raceways, and enclosed tanks. These systems use fresh, brack-
ish, or salt water, depending on the species being raised.



Aquaculture has taken place for centuries in subsistence cultures but recent-
ly has become a large and rapidly growing industry. In recent years, global aqua-
culture has grown more quickly than all other food-growing sectors. Much has
been written about the adverse environmental impacts of aquaculture, such as
the pollution of fresh and coastal waters and the elimination of fish habitat.3



Often overlooked, however, are the types and amounts of drugs and chemicals,
both approved and unapproved, used by the aquaculture industry. The use of
these substances raises serious food safety and human health concerns.



Given the dramatic rise in the production and consumption of farm-raised
fish, the Center for Food Safety undertook this study to assess the human
health impacts of drug and chemical use in aquaculture operations.



This report first analyzes the wide range of antibiotics, fungicides, dyes, and
hormones currently being used in producing farm-raised fish. The report then
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assesses the performance of FDA in identifying and regulating the threats
posed to consumers by the ongoing use of drugs and chemicals in aquaculture.
Finally, the report provides recommendations to both policymakers and con-
sumers on actions they can take to address and avoid the human health risks
posed by fish-farming practices.
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Aquaculture Saucer — Offshore pen with feeding tube, 40 feet below the surface, Honolulu. Courtesy of NOAA.



Dangerous
environmental



contaminants that
accumulate in the human



body are found in
farmed fish around



the world.











Aquaculture has experienced rapid worldwide growth
since the 1970s, with greater increases in production
than all other animal food producing sectors. According
to the FAO, aquaculture�s contribution to global fish
production increased from 3.9 percent of total weight



in 1970 to 27.3 percent in 2000.4 Globally, the aquaculture industry
has increased at an average rate of 9.2 percent per year since 1970,
in contrast with 1.4 percent for commercial fisheries and 2.8 percent
for farmed meat production.5 As a result, one in four finfish and one
in three shrimp purchased by consumers is farmed raised.6 And by
2007, aquaculture is predicted to produce over 50 percent of food
fish.7 In the U.S., the value of the domestic aquaculture industry
grew by 400 percent between 1980 and 1998.8 Similar growth is
expected to continue in coming years.



CONSUMPTION OF AQUACULTURE PRODUCTS IN THE U.S.
According to the Government Accountability Office (GAO), consumption of
seafood in the U.S., particularly farm-raised seafood, rose by about 25 percent
between 1980 and 2002, and the National Oceanic and Atmospheric
Administration (NOAA) recently found that Americans consumed a record
16.3 pounds of fish and shellfish per person in 2003.9 Nearly one third of the
seafood consumed in the U.S. is produced by the aquaculture industry,10 and 75
percent of that is imported.11 Aquaculture products are imported from at least
62 countries, including many developing countries.12 The top aquaculture prod-
ucts imported into the U.S. include tilapia, salmon, and shrimp (See Table 1).13



Table 1. Top Imported Aquaculture Products in 2003



Farmed Fish Volume Value Primary Exporting Country



Global Aquaculture:
O u t g r o w i n g  i t s  c o n t r o l s ?
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Shrimp 1.1 billion lbs. US $3.8 billion Ecuador, Brazil, Vietnam, China
Salmon 414 million lbs. US $916 million Canada and Chile
Tilapia 199 million lbs. US $241 million China, Ecuador, Costa Rica, Honduras
Source: David J. Harvey, Domestic Aquaculture Production Higher and Imports Up, Aquaculture Outlook (U.S. Dep't of Agric., D.C.),
Mar. 12, 2004, at LDP-AQS-19, available at http://usda.mannlib.cornell.edu/reports/erssor/livestock/ldp-aqs/2004/aqs19.pdf.



Aquaculture Saucer — Offshore pen with feeding tube, 40 feet below the surface, Honolulu. Courtesy of NOAA.











Among the seafood that is farmed domestically, the catfish industry is the
largest aquaculture sector. Most catfish are grown in Mississippi, Alabama,
Arkansas, and Louisiana.14 The other major seafood species grown in the U.S.
include trout, salmon, tilapia, hybrid striped bass, sturgeon, walleye, yellow
perch, crawfish, shrimp, abalone, oysters, clams, and mussels15 (See Table 2).



Catfish Crawfish Walleye
Salmon Shrimp Mussels
Tilapia Abalone Trout
Yellow Perch Oysters Hybrid Striped Bass
Sturgeon Clams



Table 2. Examples of Species Raised in U.S Aquaculture
Farmed Fish
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Fish Chute — Small Pacific threagin, Moi, inside the nursery section of an offshore cage. Courtesy of NOAA.



Nearly
one third of the



seafood consumed
in the U.S. is produced
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T
he aquaculture industry�s use of drugs and chemicals,
such as antibiotics, fungicides, dyes, and hormones, in its
production of farm-raised fish, raises serious human
health and food safety concerns that remain largely
unaddressed (See Table 3). Aquaculture production meth-



ods involving the use of drugs and chemicals must be investigated,
monitored, and reformed where necessary.



Table 2. Examples of Species Raised in U.S Aquaculture
Farmed Fish



Table 3. Potential Health Effects from Drugs & Chemicals Used in Aquaculture
Drug or Chemical Examples Some Species Affected Potential Risks



Drugs & Chemicals:
P o t e n t i a l  e f f e c t s  o n  h u m a n  h e a l t h



3



Antibiotic



Dye



Environmental
Contaminant



Fungicide



Genetically
Modified Fish



Hormone



Oxytetracycline,
Chloramphenicol,
Sulfadimethoxine-



ormethoprim,
Amoxicillin
trihydrate,
Nitrofurans



Astaxanthin,
Canthaxanthin



PCBs, PBDEs,
Dioxins



Malachite green



Growth hormones,
antifreeze protein



Bovine growth
hormone (rBGH)



Catfish, Salmon,
Shrimp



Salmon



Salmon



Salmon, Catfish



Salmon, Tilapia,
Oysters



Tilapia



Development of resistant
bacteria, residues in food



Hyperactivity in young
children, eye problems



Suspected carcinogens



Suspected carcinogen



Allergenicity, toxicity,
unintended effects



Links to cancer
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Fish Chute — Small Pacific threagin, Moi, inside the nursery section of an offshore cage. Courtesy of NOAA.











ANTIBIOTICS
Why Antibiotics Are Used
Antibiotics have been widely used in aquaculture to treat infections caused by
bacterial pathogens such as Aeromonas hydrophila, Aeromonas salmonicida,
Edwardsiella tarda, Pasteurella piscicida, Vibrio anguillarum, and Yersinia ruck-
eri.16 The prevalence of these diseases in farm-raised fish increases as produc-
ers crowd larger numbers of fish into smaller production facilities.17 Although
specifically prohibited by FDA, many aquaculture facilities, especially shrimp
farms, around the world use antibiotics for prophylactic purposes to prevent
disease and for growth promotion.18 In fact, FDA acknowledges this potential
hazard in its guidelines by listing the following reasons aquaculture producers
might administer drugs: �1) treat and prevent disease; 2) control parasites; 3)
affect reproduction and growth; and 4) tranquilization (e.g. during transit).�19



Despite growing concern over the safety of using antibiotics in aquaculture,
it is extremely difficult to determine the full extent of their use.20 In the U.S.,
for example, �with one exception, there are no public sources of aquaculture
drug use data (citation omitted),� only estimates.21 One report estimates that as
much as 204,000 to 433,000 pounds of antibiotics are used annually by the
domestic aquaculture industry.22 Despite the volume of drugs administered to
diseased fish, a U.S. Department of Agriculture (USDA) survey of the catfish
industry revealed that less than 60 percent of aquaculture facilities keep records
on such treatments.23



In other parts of the world, there is ample evidence of high and/or increas-
ing antibiotic usage. For instance, in 2001, the Chilean aquaculture industry
administered 40,000 kilograms of antibiotics on salmon farms, as compared
with a modest 645 kilograms administered in Norway.24 Also, in 2003, salmon
farms in Canada�s British Columbia used more than 25,000 kilograms of



antibiotics, twice the amount the province used in 1995.25 Another large
share of the world�s aquaculture takes place in countries where both legal



and illegal drug use may escape any documentation at all.26 This overall
gap in record-keeping presents a strong indication of the extent to
which potential human health impacts of excessive antibiotic use in
aquaculture may be occurring.



Dangers of Overuse of Antibiotics 
The human ingestion of antibiotics used to treat farm-raised fish can
occur when people consume drug residues in the fish themselves.



One Canadian study, for example, showed that between 1990 and
1994, 29 to 50 percent of the farmed salmon tested showed drug residue



levels above the Maximum Recommended Level established by the
Canadian Food Inspection Agency.27 By eating fish that have been treated



with antibiotics, consumers may be ingesting harmful levels of unsafe antibi-
otics. Although there is a disconcerting lack of data on antibiotic usage and
residue levels in U.S. aquaculture,28 the evidence suggests that many farmed fish
contain high levels of antibiotic residues.



Consumers may also ingest antibiotics when the antibiotics used in aquacul-
ture facilities contaminate wild seafood. The most common method of distrib-
uting antibiotics to farmed fish is through fish feed. Diseased fish have a
reduced appetite, and as a result, a large portion of the antibiotics enters the
environment by way of uneaten fish feed.29 In addition, a large portion of the



One report
estimates that as
much as 433,000
pounds of antibiotics
are used annually by
the U.S. aquaculture
industry.
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antibiotics consumed by farm-raised fish are excreted and enter the environ-
ment through their feces.



Some predictions suggest that 80 percent of most antibiotics are released
into the environment.30 The unused antibiotics accumulate in wild fish and
shellfish that feed on the food and feces of farmed fish.31 By eating wild fish
exposed to the antibiotics, humans ingest residues of antibiotics that may be
harmful.32 For example, in one study, drug residues in wild fish were found to
exceed FDA safety levels. The researchers explained that:



. . . drug residues of up to at least 3.8 ppm were found in edible crab
meat. In comparison, the U.S. Food and Drug Administration prohibits
marketing of fish containing concentrations of oxytetracycline exceeding
0.1 ppm. The health risks associated with ingesting food containing anti-
bacterial residues are unclear and highly controversial, but exceeding
maximum acceptable tissue residue levels as defined by public health
authorities suggests the issue merits further attention (citation omitted).33



Despite the serious public health problems that can be caused by the use and
misuse of antibiotic drugs in fish feed, the aquaculture industry is undeterred.
First, there may be illegal use of legal antibiotics for purposes not specifically
approved by FDA and delineated on the label, called �extralabel� use. When FDA
approves a new animal drug, the approval conditions are listed on the label and
include: �the species for which the drug is approved; the approved dosage; the
approved route of administration; the approved frequency of use; and the
approved indications for use.�34 Once a drug is approved, FDA allows a veterinar-
ian to prescribe the drug either for intended use or for extralabel use, a purpose
that is not specified on the label.35 Although FDA requires veterinary approval for
extralabel use of antibiotics, there is little enforcement that would prevent the
illegal extralabel use that is believed to occur in some aquaculture facilities.



Some producers in the aquaculture industry use harmful and illegal
antibiotics, such as chloramphenicol and nitrofurans, in their seafood
production, some of which have been linked to cancer and other
adverse health effects. During the past five years, the United States
and the European Union have rejected imported aquaculture prod-
ucts from various countries due to their contamination with two
banned drugs.36 One of these drugs is chloramphenicol. According
to FDA, chloramphenicol is:



�a potent, broad spectrum antibiotic drug used only for treatment
of serious infections in humans. The drug has known side effects,
including an increased risk of certain cancers and other diseases, such
as leucopenia, anemia and aplastic anemia. Due to the unpredictable
effects of dose on different patient populations, it has not been possible
to identify a safe level of human exposure to chloramphenicol.37



Aplastic anemia, one of the diseases caused by chloramphenicol, causes the
bone marrow to stop producing red and white blood cells and is often irre-
versible and fatal. The FAO has stated that the disease may be triggered by a
very low concentration of the drug.38



Because of concerns about the long term health risks of the antibiotic, the
U.S. in 2001 joined the European Union (EU) in banning chloramphenicol use
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in aquaculture, following the EU�s rejection of Chinese shrimp imports due to
chloramphenicol contamination.39 In 2003, FDA lowered its detection level to
0.3 ppb, thus conforming to allowable levels established in Canada and the
EU.40 While several of the world�s seafood exporting countries now claim to
have eliminated chloramphenicol from their fish farming industries, proper
testing and enforcement remain nearly impossible due to the massive annual
influx of aquaculture products from tens-of-thousands of Southeast Asian
suppliers.41



The other antibiotic being illegally used in aquaculture is the family of drugs
known as nitrofurans.42 Nitrofurans are a body of veterinary drugs that have
been used to treat infections in animals.43 FDA banned nitrofuran use in aqua-
culture in 2002 44 after having determined that the use of these drugs in food
animals results in carcinogenic residues.45 As the aquaculture industry attempts
to reduce or eliminate its reliance on chloramphenicol, it may increasingly turn
to nitrofurans as a substitute due to the difficulty in detecting the presence of
nitrofurans.46 While U.S. industry, represented by the National Fisheries
Institute, has called upon FDA to better ensure that the U.S. Hazard Analysis
and Critical Control Points (HACCP) standards are enforced against
importers,47 the illegal use of nitrofurans is suspected to be a problem both
domestically48 and in imported aquaculture.



Furthermore, new evidence has recently emerged regarding the use of a sea
lice medication called Slice in Canadian aquaculture. Slice is administered in feed
and, therefore, is not considered a pesticide.49 While Slice was approved as an
emergency drug by the Canadian Food Inspection Agency (CFIA), more than
170 million of Canada�s farmed salmon were treated with Slice between 1999
and 2003,50 and residues of emamectin benzoate, the active ingredient in Slice,
have been discovered in Canadian farmed salmon by the CFIA.51 The use of



Slice in Canadian farmed salmon presents cause for concern as emamectin is
known to �block a major inhibitory neural transmitter in the brain,� and



has been shown to cause behavioral and growth changes as well as
pathological brain changes in animal studies.52 Canada exports the vast
majority of its farmed salmon, 95 percent of which are consumed by
the U.S.,53 and wild scallop beds in Maine have also been found to
contain the drug in levels significantly higher than those permitted by
the United States.54 While Canada�s current tolerance level of 50
parts per billion for emamectin vastly exceeds the two parts per bil-
lion allowable under U.S. EPA guidelines for meat, FDA does not cur-



rently monitor Canadian farmed salmon for this drug.55



There are serious concerns that the use of antibiotics in food ani-
mals may lead to antibiotic resistance in bacteria that cause human ill-



nesses. Antibiotic resistance is �a natural phenomenon developed by bac-
teria as a means to escape the antibiotic effect and to survive its contact . . . .



[T]he use of antibiotics selects for resistant bacteria, allowing antibacterial
resistant bacteria to survive and multiply.�56 The FAO, the World Health
Organization (WHO), and the World Organization for Animal Health (OIE)
reported that �Antimicrobial resistance is a consequence of antimicrobial use.�57



The expanding use of antibiotics in all agriculture, including aquaculture, is con-
tributing to the increasing resistance of some bacteria to specific antibiotics.
This growing resistance is undermining the effectiveness of antibiotics used to
treat human illness. FDA stated that �disease-causing microbes that have
become resistant to drug therapy are an increasing public health problem.
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Tuberculosis, gonorrhea, malaria, and childhood ear infections are just a few of
the diseases that have become hard to treat with antibiotic drugs.�58



In reviewing the studies on drug resistance in fish pathogenic bacteria over
the past 30 years, one researcher reported that there appears to be �a clear
impact between use of antibacterial drugs in aquaculture and development of
antibiotic resistance in fish pathogenic bacteria.�59 The researcher went on to
explain that there also appears to be �an impact on the environmental bacteri-
al flora surrounding fish farms where antibacterial drugs are being used.�60



The American Society of Microbiology (ASM), Antibiotic Resistance Task
Force, is concerned about the use of antibiotics in aquaculture and its contri-
bution to the problem of antibiotic resistance.61 The ASM explains that:



1. Although aquaculture production is growing rapidly, disease preven-
tion and treatment practices are far from standardized or regulated.62



2. When antibiotics are used in aquaculture, the drugs typically remain in
the open environment and may flow out of production facilities into
open waterways or sewage systems, where they may also interact with
other environmental contaminants.
3. The antibiotics typically used are also important in treating human dis-
ease and infections.
4. Impacts of all these factors on the emergence of antibiotic resistance
are unknown. However, we do know the following:



a. Studies demonstrate an increase in resistant bacteria in the intes-
tines of fish receiving antibiotic drugs (citation omitted).
b. Recent studies indicate the level of resistant bacteria in the gut of
wild fish is affected during antibiotic treatment of farmed fish (cita-
tion omitted).
. . .
d. Prior to medication 0.6 to 1 percent of the fecal bacteria in wild
fish were resistant to toxacillin and oxytetracycline, respectively
(citation omitted).



The risk of humans contracting antibiotic-resistant bacteria is a
serious concern. The Centers for Disease Control (CDC) found that
bacteria from aquaculture ecosystems can be transferred directly to
humans by the handling of fish.64 CDC acknowledges that, �Bacteria
on fish may also be transmitted to humans when the aquaculture fish
are eaten, or when other foods, which have been cross-contaminated
by bacteria from fish, are eaten.�65 Thus, current science has shown
that the overuse of antibiotics, including those used in aquaculture, can
contribute to the emergence of antibiotic-resistant bacteria that cause ill-
ness in humans.



MALACHITE GREEN
Malachite green, often used as a fabric dye, is used extensively in aquaculture
around the world66 to prevent fungal growth on fish eggs and as a topical treat-
ment for parasitic infections in adult fish through direct input into the water.67



Fish rapidly absorb malachite green from treated water and reduce it to leuco-
malachite green.68 The chemical then accumulates in the tissues and eggs of
contaminated fish.69 Humans are exposed to the chemical through consump-
tion of these treated fish.70
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Malachite green is banned for use on fish in several countries, including the
U.S., but efforts to eradicate its use have proven unsuccessful as it is still routine-
ly used throughout the world.71 Malachite green has been widely used by the U.S.
aquaculture industry since the 1930s and is likely still being used in some U.S. aqua-
culture facilities today due to its low cost, ready availability, and high efficacy.72



Two years after the United Kingdom banned the use of malachite green in
aquaculture, the government discovered illegal levels of the chemical in salmon
sold by a major supermarket.73 In September 2004, a shipment of Chilean
farmed salmon was rejected by Holland after the fish were found to contain
illegal levels of malachite green residue.74 Chile also outlawed malachite green
in 1995, but enforcement is lax, and environmentalists argue that salmon farm-
ers use the chemical extensively.75



Risks with Using Malachite Green
There are many possible human health consequences of eating fish contami-
nated with malachite green. First, both clinical and experimental studies show
that malachite green is a toxin. It �decreases food intake, growth and fertility
rates; causes damage to liver, spleen, kidney and heart; inflicts lesions on skin,
eyes, lungs and bones; and produces teratogenic effects in rats and mice.�76



Second, malachite green has been found to be mutagenic; that is, it increas-
es genetic mutation by causing changes in DNA. Animal studies show that it is
mutagenic in rats and mice and causes severe developmental abnormalities in
pregnant New Zealand white rabbits.77



Third, malachite green is carcinogenic to the liver, thyroid, and other organs
of experimental animals.78 Studies also show an increased incidence of tumors in
the lungs, breasts, and ovaries of rats exposed to malachite green.79



DYING FISH
Despite the rapidly growing consumption of salmon in the U.S., most



consumers are likely unaware of the presence of two artificial dyes,
astaxanthin and canthaxanthin, in the majority of the salmon that
they consume.80 Due to the lack of availability of wild-caught
Atlantic salmon, it is estimated that 95 percent of all Atlantic
salmon (including most Chilean, Canadian, Scottish, Norwegian,
Icelandic, Tasmanian, and Irish salmon) is farm-raised, and virtual-
ly all farmed salmon is artificially colored with astaxanthin or can-
thaxanthin.81 While the flesh of wild salmon is naturally pink due to



their diet of krill and other reddish prey, farmed salmon flesh is pale
grey in color before it is dyed.82 Ironically, the salmon-farming indus-



try uses these unnecessary and potentially dangerous dyes to create the
illusion of a more natural and appetizing product.83



Dangers of Dying Fish
Like the use of antibiotic drugs in aquaculture, FDA must also approve the use
of color additives. Although FDA has approved the use of astaxanthin and
canthaxanthin as color additives in salmon farming, there are human health
concerns surrounding the use of these dyes that require further study. For
example, a recent study performed at Southampton University in the UK sug-
gests that there may be a connection between consumption of artificial food
colorings and hyperactivity rates in young children.84



Nearly all Atlantic
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U.S. is farm-raised
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Furthermore, in 1995, the EU Scientific Committee on Food issued a report
finding a link between canthaxanthin and retinal damage.85 In response to these
concerns, the European Commission decided to cut the amount of this addi-
tive permitted in salmon by decreasing the maximum permissible level from 80
mg per kilogram of salmon feed to 25 mg.86 The U.S. has meanwhile maintained
a permissible level of 80 mg per kilogram of feed for both canthaxanthin and
astaxanthin.87



In addition to concerns about the direct human health impacts of these
dyes, it also is worth noting the deceptive effects on consumers of the use of
such dyes. The salmon-farming industry�s use of dyes to make farmed salmon
look identical to wild salmon also makes it difficult or impossible for consumers
to distinguish between the two and to choose the type of fish they prefer.88



Consumers may prefer to buy wild salmon instead of farmed salmon because
of the extensive environmental problems involved in aquaculture practices,
including harm caused to wild stocks from the transmission of diseases that
propagate in fish farms, and pollution of coastal waters with nitrogenous fish
waste, antibiotics, hormones and pesticides.89



Consumers may also choose wild salmon over farmed salmon due to evi-
dence that farmed salmon may provide fewer health benefits and greater risks
from contaminants. According to U.S. nutritionist Andrew Weil and The
American Journal of Clinical Nutrition, �farmed salmon have two to three
times fewer omega-3�s than their wild counterparts. Meanwhile, the fat content
of farmed fish ranges between 11 percent and 20 percent versus 7 percent for
wild.�90



CONTAMINANTS: PCBS, PBDES AND DIOXINS
Environmental Contaminants Found in Farmed Fish
Farm-raised salmon has been documented to have much higher concentra-
tions of environmental contaminants than wild salmon.91 Among these
environmental contaminants are highly toxic PCBs, or polychlorinated
biphenyls, (once widely used as lubricants and coolants but banned by
Congress in the 1970s due to their myriad human health effects) and
their close relative, dioxin (formed from the burning of chlorine-con-
taining chemicals like plastics and found at high levels in the notorious
defoliant Agent Orange). Although PCBs have been banned for many
years, it is a long-living pollutant, like dioxin, that cycles through the
ecosystem and persists in the environment today. Scientists also believe
that PCBs are carried in the air from other countries where the chemi-
cals are still being used.92



A small study done in Canada examined the concentrations of envi-
ronmental contaminants in farmed salmon and found that the levels of con-
taminants, such as PCBs and dioxins, were three to six times the levels recom-
mended by the World Health Organization.93 A sampling done in Scotland
found �surprisingly high� levels of PCBs, and samplings in the UK found lev-
els of DDT and chlordane in nearly all samples of farmed salmon.94



In the largest study ever to compare pollutants found in wild and farmed
salmon, Ronald Hites sampled and analyzed over two metric tons of farmed
and wild salmon from around the world.95 The study found that farm-raised
salmon contained significantly higher concentrations of environmental contam-
inants than those found in wild-caught salmon.98 The study also reported that
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farmed salmon obtained from Europe contained higher concentrations of con-
taminants than those farmed in North and South America.97 Also, the authors
of this study issued a new study in May 2005 that says to achieve a cancer risk
in �the middle of the U.S. EPA�s acceptable risk range,� consumption of farmed
salmon �must be effectively eliminated and consumption of wild salmon must
be restricted generally to less than one meal per month.�.98



Farm-raised fish contain much higher levels of environmental contami-
nants than do wild fish because they are fed a diet that is high in fish oils and
fish meal that is primarily obtained from small pelagic fish. Small pelagic fish in
polluted waters accumulate these chemicals in their fat.99 Fish that are higher on
the food chain, such as salmon, consume these contaminated fish and accumu-
late the chemicals in their fat. Fewer chemicals accumulate in wild salmon
because their diet contains less of the contaminated fats and because they get
more exercise, reducing their own fat levels.100



Other environmental contaminants have also been documented in high levels
in farmed salmon. Some of these chemicals are toxaphene and dieldrin, two banned
pesticides, and PBDEs (polybrominated diphenyl ether), a flame retardant.101



Methylmercury is yet another contaminant found in our coastal waters.
Studies have shown that oil rigs discharge �one billion pounds of mercury-con-
taminated drilling muds or lubricating fluid� into the Gulf of Mexico each
year.102 The contamination of aquaculture fish may increase significantly if
some members of Congress are successful at passing legislation that would
allow the use of offshore oil and gas platforms for farmed fish production.103



Exemplifying such practices, the Hubbs SeaWorld Research Institute has
already announced plans for an aquaculture facility on a decommissioned oil
platform off the California coastline.104



Hazards of Environmental Contaminants
Not surprisingly, there are significant human health risks in consuming



toxic environmental contaminants. Environmental contaminants such as
PCBs and dioxins are �considered among the most toxic of man-made
chemicals and are thought to cause cancer, disrupt the endocrine sys-
tem, cause developmental and reproductive problems, and other health
problems.�105 In animal laboratory studies, PBDEs caused impaired
development in fetuses and disrupted the hormone system.106 Mercury
has been shown to cause neurological disorders, especially in develop-
ing fetuses and young children.107



The Hites study mentioned above used health guidelines set by
EPA to assess the health risks of environmental contaminants. EPA



sets health guidance levels for PCBs in wild-caught fish, and FDA sets
the limits for commercially-sold fish.108 The Hites study found that the con-



taminant levels did not exceed FDA�s limits but far exceeded EPA�s levels.
Hites� study relied upon EPA�s standards, finding that EPA�s approach is
�designed to manage health risks by providing risk-based consumption advice
regarding contaminated fish,� whereas FDA�s approaches �are not strictly
health-based, do not address the health risks of concurrent exposure to more
than one contaminant, and do not provide guidance for acceptable levels of
toxaphene and dioxins in fish tissue.�109



The Hites study concluded that the �consumption of farmed salmon may
result in exposure to a variety of persistent bioaccumulative contaminants with



High levels of
environmental toxins
such as toxaphene
and dieldrin – two
banned pesticides –
are known to occur in
farm-raised salmon.
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the potential for an elevation in attendant health risks.�110 (�Bioaccumulative�
refers to contaminants that typically are stored in fat cells and accumulate and
concentrate as they move up through the food chain, at the top of which sit
humans.) Based upon these studies, seafood consumers face serious risks in
consuming farm-raised salmon.



GENETICALLY ENGINEERED FISH
Genetically engineered fish are being developed to, among other things, grow
faster and produce human insulin. To date, at least 35 species of fish and shell-
fish have been genetically engineered, including Atlantic salmon, tilapia, and
oysters, but none are yet available on the market (See Table 4, next page).111 The
developers of a genetically engineered Atlantic salmon would like to change that
and are currently seeking to commercialize their creation. FDA is reviewing this
fish under its new animal drug regulations.



The engineered salmon contains a growth-hormone gene from a Chinook
salmon and an antifreeze-protein gene promoter from an ocean pout that keeps
the growth hormone active.112 These transgenes are injected into fertilized eggs.
As a result, the engineered fish is designed to grow as much as 10 to 30 times
faster than normal salmon.113



Hazards of Genetically Engineered Fish
The novel nature of genetically engineered fish creates significant human health
concerns, such as allergenicity, toxicity, and other unintended effects. The
National Academy of Sciences looked at the human health impacts of consum-
ing genetically engineered animals and found that novel genes may trigger
severe allergic reactions in some people.115 Additionally, FDA recognizes that
the transgene cannot be �turned off � once it is inserted into the organism, and
may lead to uncontrolled expression.116 Over-expression of an existing pro-
tein leads to higher levels of exposure to that protein. As toxicity to
humans may be determined by either the nature or the quantity of a
substance, a higher concentration of a protein may create toxic results
for some people.117 Depending on where transgenes are inserted, they
may also �affect the expression of other genes by disabling them or
turning them on at an inappropriate time.�118



Furthermore, the foreign growth hormone genetically inserted
into salmon may increase production of other compounds such as
insulin in the fish.119 FDA also acknowledges that, �The incidental
insertion of drug resistance genes from bacterial plasmids introduces
further uncertainties as to food safety.�120



HORMONES
Hormones are used in aquaculture for �inducing or preventing reproductive mat-
uration, for sex reversal and for promoting growth.�126 For example, chorionic
gonado-tropin is used to promote spawning function in male and female fish.127



The University of Hawaii�s Institute of Marine Biology, in collaboration with the
University of California�s Sea Grant Program, is experimenting with growth hor-
mones in the popular tilapia fish.128 These scientists have found that tilapia inject-
ed with genetically engineered bovine growth hormone, or rBGH, grows close to
twice the size of wild tilapia in just four weeks.129 Researchers have not indicated
whether they will seek FDA approval to put this fish on the market.
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Table 4. Examples of Genetically Engineered Fish
Species Foreign Gene Purpose



* From Arctic flatfish.
Source(s): Information on the first 17 species from Food and Agriculture Organization, available at
ftp://ftp.fao.org/docrep/fao/003/x8002e/x8002e00.pdf. All other sources are individually footnoted. 
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Atlantic salmon



Coho salmon



Chinook salmon



Rainbow trout



Cutthroat trout



Tilapia



Tilapia



Tilapia



Salmon



Striped Bass



Mud Loach



Channel catfish



Common Carp



Indian Major Carp



Goldfish



Abalone



Oysters



Arctic Char121



Flounder122



Japanese
Medaka123



Zebrafish124



Silver Sea
Bream125



Anti-freeze protein gene (AFP)*
AFP, salmon growth hormone (GH)



Chinook salmon GH, AFP



AFP, salmon GH



AFP, salmon GH



Chinook salmon GH, AFP



AFP, salmon GH



Tilapia GH



Modified tilapia insulin-producing gene



Rainbow trout lysosome gene and
flounder pleurocidin gene



Insect genes



Mud loach GH, mud loach and
mouse promoter genes



Growth hormone



Salmon and human GH



Human growth hormone



Growth hormone, AFP



Coho salmon GH, various promoters



Coho salmon GH, various promoters



Growth hormone



Ocean pout AFP gene promoter,
Chinook salmon GH



Salmon GH w/(Mt) promoter



Sea coral gene



Rainbow trout GH with common
carp b-actin promoter



Cold Tolerance
Added growth, feed efficiency



At 1 year, 10-30 fold growth jump



Added growth, feed efficiency



Added growth, feed efficiency



Added growth



Added growth, feed efficiency;
stable inheritance



Added growth, stable inheritance



Produce human insulin



Disease resistance, in development



Disease resistance, in early
stages of research



Added growth, feed efficiency;
2-30 fold growth increase;
inheritable transgene



33% growth improvement in
culture conditions



150% growth improvement in
culture conditions; improved
disease resistance; tolerance
of low oxygen level



Added growth



Added growth



Added growth



Added growth



Added growth



Added growth



Added growth



Phosphorescent red glow



Added growth











Hazards of Hormones
The use of hormones in aquaculture is �not well documented and some-
times carried out without adequate understanding of the quantities need-
ed and of their persistence in the environment or in aquaculture prod-
ucts once treatment is removed.�130 The unanswered questions sur-
rounding the use of hormones in aquaculture are troubling given the
potentially adverse health effects associated with some of them. For
example, FDA�s approval of rBGH to increase the production of
milk in dairy cows was met with stiff opposition due to many con-
cerns about the human health impacts of the hormone and the
known adverse impacts on the health of cows, e.g., increases in cys-
tic ovaries, disorders of the uterus, and other problems that lead to
over use of antibiotics and other drugs. Furthermore, cows injected
with rBGH face an increased risk for clinical mastitis, which leads to vis-
ibly abnormal milk.131



Opponents also raised concerns about �elevated levels of insulin-like
growth factor 1 (IGF-1) in milk from cows treated with rBGH. IGF-1 has been
linked to tumor promotion in humans, specifically in prostate and breast can-
cers.�132 The debate about the human health impacts of rBGH and the possible
presence of IGF-1 in dairy products from treated cows has prompted the
European Union, Canada, Japan, Australia, and New Zealand to prohibit the
domestic and imported use of rBGH in any dairy products.133 Clearly the con-
cerns raised by rBGH use in dairy cows should translate into equally significant
concerns about its use in fish.
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Table 4. Examples of Genetically Engineered Fish
Species Foreign Gene Purpose











Aquaculture Tower — View from inside a Hawaii offshore aquaculture cage. Courtesy of NOAA.



Every day,
contaminated and



hazardous seafood
products enter the



U.S that may contain
residues of dangerous
drugs and chemicals



illegal in this
country.











U
nder the Federal Food, Drug, and Cosmetic Act
(FFDCA), FDA is responsible for ensuring that both
domestic and imported seafood is safe for con-
sumers.134 FDA approves certain drugs for use in
domestic aquaculture and has implemented a system



for ensuring that seafood producers comply with the rules. Despite
FFDCA, significant gaps in the enforcement of safety laws leave
consumers vulnerable to contaminated and hazardous seafood
products, especially from imported seafood that may contain
residues of dangerous drugs and chemicals that are illegal in the U.S.



Domestic Aquaculture
Drug and Chemical Use in Domestic Aquaculture
Under FFDCA, FDA is responsible for reviewing requests to market new ani-
mal drugs used in aquaculture and granting or denying their sale. (FDA has
interpreted the term �drug� to include rBGH and rBGH-treated fish, and
genetically engineered fish).135 FDA�s regulations for new animal drugs require
drug producers to complete a new animal drug application before putting the
drug on the market.136 To be approved, the sponsor of the drug must demon-
strate that the drug is safe and efficacious.137



FDA has approved six drugs for use in aquaculture: one anesthetic, one par-
asiticide, one spawning agent, and three antibiotics, all of which must be admin-
istered according to label instructions (See Table 5).



Oversight of Domestic Seafood Production
In 1997, FDA established a program of preventive controls designed to identi-
fy hazards during the seafood production process. The Hazard Analysis and
Critical Control Points system (HACCP), requires seafood processors to identi-
fy harmful microbiological, chemical, and physical hazards that are reasonably
likely to occur, including food safety hazards that may occur as a result of nat-
ural toxins, microbiological contamination, chemical contamination, pesticides,
and drug residues.138 Thus, the processor first determines whether contaminants
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are reasonably likely to pose a significant food safety hazard; FDA Fish and
Fisheries Products Hazards and Controls Guidance states that aquaculture
drugs are reasonably likely to pose such a hazard.139 The processor must estab-
lish critical control points (CCP) to determine at which processing steps it is
necessary to implement controls.140 For each step, the processor creates critical
limits for each drug; FDA provides guidance for these levels in the Hazards and
Controls Guidance. To enforce the critical limits, the processor may monitor
producers in various ways, such as on-farm visits, residue drug testing, or a
Quality Assurance program.141



FDA conducts unannounced inspections to assess processors� compliance
with HACCP requirements.142 As discussed below, FDA has been repeatedly
criticized for failing to perform adequate inspections.



Domestic Undersight
FDA does not adequately protect consumers from unsafe seafood produced by
the domestic aquaculture industry. For instance, HACCP is not being properly
implemented. In a 2001 analysis, the Government Accountability Office found
significant gaps in the enforcement of safety requirements under HACCP.143



First, although HACCP regulations apply to all seafood processing facilities,
FDA is unable to identify all such facilities because there is no registration
requirement for seafood firms. Furthermore, aquaculture facilities are not
inspected through HACCP because they are not processing facilities.



Second, the GAO report revealed that FDA is not adequately enforcing
even basic HACCP requirements. For example, the report showed that FDA
failed to inspect many of the seafood products selected for inspection because
they were not being processed on the day FDA personnel were on site, and
inspectors did not return later to complete the inspection. The report found



Table 5. Drugs & Chemicals Approved for Use in U.S. Aquaculture
Drug/Chemical Name Drug Type Species Indication



Tricaine methanesulfonate



Formalin



Chorionic Gonadotropin



Oxytetracycline monoalkyl
trimethyl ammonium



Sulfadimethoxine,
ormetoprim



Sulfamerazine



Anesthetic



Parasiticid



Spawning
hormone



Antibiotic



Antibiotic



Antibiotic



Finfish



All finfish
All finfish eggs
Penaeid shrimp
Male, female
brood finfish
Pacific salmon
Salmon



Catfish



Lobster



Salmon



Catfish



Rainbow, brook,
brown trout



Source: FDA, available at www.fda.gov/cvm/index/aquaculture/appendix a6.htm. 



Sedation/anesthesia



Control protozoa
Control fungi Saprolegniaceae
Control protozoan parasites
Aid in improving spawning
function
Mark skeletal tissue
Control ulcer disease, furunculosis,
bacterial hemorrhagic septicemia,
pseudomonas disease
Control bacterial hemorrhagic
septicemia, pseudomonas disease
Control gaffkemia



Control furunculosis
Control enteric septicemia



Control furunculosis
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that in three FDA districts in fiscal year 1999, 48 percent of the products sched-
uled for inspection were not inspected because they were not being processed
on the day of the inspection.144



Furthermore, the study found that 22 percent of seafood firms had not
even filed a HACCP plan and, of those that did, more than half contained sig-
nificant violations.145



The GAO report also found that when FDA did find serious deficiencies
in HACCP plans, it failed to promptly issue warning letters to the firms in vio-
lation of the requirements. GAO also found that FDA does not have measur-
able data to assess its success in reducing safety hazards in domestic seafood
production.146



FOREIGN AQUACULTURE
Drug and Chemical Use in Foreign Aquaculture
While the U.S. has an established animal drug approval system, drug approval
and regulation regimes in other countries vary significantly. For example, differ-
ent countries employ widely incongruent practices regarding antibiotic use in
aquaculture.147 Japan and many Southeast Asian countries approve a wider range
of antibiotics for use in aquaculture than do North American and European
countries.148



Although foreign producers exporting to the U.S. are required to meet stan-
dards equivalent to those of this country, many producers do not comply with
these requirements. As a result, consumers may be exposed to residues of drugs
and chemicals never approved by FDA.149 Table 6 lists drugs not approved in the
U.S. but identified by FDA as being used in foreign aquaculture practices.150



U.S. Oversight of Aquaculture Imports
As the large majority of aquaculture products consumed in the U.S.
comes from foreign markets, FDA has an important obligation to
ensure that imported seafood is safe for consumers. U.S. importers
may receive seafood from countries that have entered into agree-
ments with FDA that require seafood safety processes to meet U.S.
standards.151 Importers may also import from countries not party to
an agreement with FDA so long as they obtain records document-
ing that the seafood was processed in compliance with the HACCP
system.152



To enforce these requirements, FDA inspects some foreign pro-
ducers and domestic importers to ensure their compliance with
HACCP standards.153 Under regulations promulgated under the
Bioterrorism Act, foreign and domestic facilities must register with FDA.
Also, importers are required to provide advance notice of shipments arriving
in the U.S., including a description of the contents of the shipments.154 FDA
also conducts inspections of some seafood at U.S. ports-of-entry to confirm its
safety.155



Gaps in Oversight of Seafood Imports 
The U.S. seafood inspection program suffers from several serious flaws: failure
to adopt or enforce equivalency agreements with exporting countries, failure to
communicate safety hazards to port-of-entry personnel, inadequate numbers of
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Table 5. Drugs & Chemicals Approved for Use in U.S. Aquaculture
Drug/Chemical Name Drug Type Species Indication



The GAO
found that FDA
failed to inspect
many seafood



products selected for
inspection because
they were not being



processed on the
day of the
FDA visit.











inspectors, and failure to test for many drugs used illegally in foreign aquacul-
ture industries.



In 2004, GAO released a report focusing on FDA�s imported seafood pro-
gram. The GAO report found that FDA�s programs had made some improve-
ments but warned that the improvements did not sufficiently protect consumers
from unsafe imported seafood.156 First, GAO severely criticized FDA for failing
to adopt seafood safety equivalency agreements with all countries exporting to
the U.S. Without equivalency agreements, FDA must rely on an importers� doc-
umentation that the seafood was produced in compliance with U.S. standards,
and many importers do not have adequate documentation. Furthermore, equiv-
alency agreements allow FDA to focus more resources on inspecting imports
from countries with less advanced safety processes.157



GAO also found that once FDA had identified safety hazards, it did little to
immediately stop the importation of seafood from that source by notifying the
port-of-entry personnel. For instance, in 2002, FDA discovered serious safety
deficiencies involving six foreign seafood suppliers. The agency took an average
of 348 days to notify port-of-entry personnel of the problem, leaving a signif-
icant window of time during which unsafe seafood from those exporters may
have been purchased by U.S. consumers.158



Table 6. FDA Testing for Drugs & Chemicals Used in Foreign Aquaculture
Drug or Chemical FDA Testing Drug or Chemical FDA Testing



Acriflavine
Amoxicillin
Ampicillin
Benzocaine
Bicozamycin
Chloramphenico
(antibiotic)
Colistin Sulfate
Doxycycline
Erythromycin
Florfenicol
Flumequine
(antibiotic)
Fosfomycin
Fruluphenicol
Furanace
Furazolidone
Josamycin
Kanaymin
Kitasamycin



None
None
None
None
None
Shrimp



None
None
None
None
Shrimp, Catfish



None
None
None
None
None
None
None



Lincomycin
Malachite Green
(fungicide)
Methyldihydro-
testosterone
Methylene Blue
Miroxisacin
Nalidixic acid
Nitrofurantoin
Novobiocin
Oleandomycin
Oxolinic acid
(pesticide)
Oxytetracycline
(antibiotic)
Piromidic Acid
(antimicrobial)
Nifurstyrenate
Spiramycin
Sulfonamides
Thiamphenicol



None
Catfish
None in Salmon



None
None
None
None
None
None
None
Catfish, Salmon,



Shrimp
Shrimp



Shrimp



None
None
None
None



Source: FDA, available at www.fda.gov/cvm/index/vmac/young_files/young_text.htm
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A lack of inspectors exacerbates an already dangerous problem: Fewer
than 200 FDA inspectors screen the nearly 10 billion pounds of domestic
and imported seafood consumed in the United States each year.159 The
2004 GAO study found that FDA tested less than 1 percent of all
seafood imported during fiscal year 1999 and only fared slightly bet-
ter in 2002, testing 1.2 percent.160



Furthermore, when testing does occur, FDA does not test for
the numerous drugs used illegally in aquaculture. While there are
only six drugs approved for use in aquaculture in the U.S., there are
over 30 different types of drugs being used illegally by foreign sup-
pliers (See Table 6). However, of these illegal drugs and chemicals,
FDA tests only for six, and then only in certain fish. For example,
FDA tests for one illegal drug in salmon and for five illegal drugs in
shrimp.161 By contrast, the USDA tests for more than 50 drugs in import-
ed meat and poultry.162



Many of these testing and inspection problems can be rectified by identi-
fying and adopting regulatory actions taken by other countries. Also, European
countries have taken a far more proactive approach to ensuring the safety of
their imported seafood. For example, the Netherlands and England have repeat-
edly banned shipments of salmon from Chile found to contain malachite
green.163 About half of the salmon sold in the U.S. is from Chile.164 If European
countries are receiving tainted salmon, then it is highly likely that the U.S. also
is receiving salmon tainted with illegal malachite green. In fact, at least two of
the Chilean aquaculture companies that had salmon seized in Europe also
export to the U.S.�165 Despite documents dating back to 1996 showing that FDA
officials have suspected malachite green of causing cancer, FDA does not test
for malachite green in salmon.166



Japan is another country with more stringent testing for illegal drugs and
chemicals. Regulators in that country recently banned shipments of Chilean
salmon after it tested positive for excessively high levels of the antibiotic oxy-
tetracycline.167 As with malachite green, FDA�s inspection program fails to test
for this antibiotic in salmon. The agency�s failure to inspect for malachite green
and oxytetracyclene places U.S. consumers at greater risk than consumers in
other industrialized countries.
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Anchoring Cage — Fish swim below an offshore cage as the anchoring device is being set. Courtesy of NOAA.
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N
umerous drugs and chemicals used in both domestic
and foreign aquaculture place consumers at risk of
exposure to residues of these substances, many of
which are known to pose threats to human health.
FDA�s regulation of both domestic and imported



seafood fails to adequately protect seafood consumers from these
potential risks. As consumption of farm-raised seafood increases in
this country, it becomes ever more critical that both FDA and the
public take action to ensure consumer health and safety. The follow-
ing is a list of recommendations to do just that:



IMPROVE ENFORCEMENT
FDA must dramatically increase its enforcement of existing seafood safety reg-
ulations, including HACCP and import regulations.



HACCP
FDA cannot ensure the safety of domestically produced seafood without more
effectively implementing the HACCP program. A first step would be for FDA
to inspect all seafood processing facilities and aquaculture facilities in the U.S.
The agency should also require inspectors to revisit firms on the days when
seafood products selected for inspection are being processed and conduct in-
depth audits of firms to ensure that they properly meet HACCP requirements.
Finally, FDA should promptly issue warning letters and create baseline informa-
tion to accurately assess HACCP�s progress in protecting consumers from
unsafe seafood products.



Imports
FDA must focus greater attention on seafood imported into the U.S. by first
establishing equivalency agreements with a greater number of importing coun-
tries. These agreements would help ensure safer processes in those countries
and shift some of the burden of enforcing compliance to those governments
and aquaculture firms. Also, when FDA identifies a source of potentially dan-
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gerous imported seafood, it should immediately notify port-of-entry personnel
to ensure that seafood from that source does not enter the U.S. market.



IMPROVE TESTING
Under the Bioterrorism Act, Congress directed FDA to better protect our
nation�s food supply.168 FDA reacted to this Act by entering into a memoran-
dum of understanding with the U.S. Customs and Border Protection.169 By
entering into this agreement, FDA is able to work with thousands of U.S.
Customs inspectors to examine imported foods. Now that the agency has ade-
quate resources, CFS recommends that FDA devote some of these resources to
ensuring the safety of our seafood by testing a larger percentage of imported
seafood and by testing for more illegal drugs and chemicals in more fish species.



The same testing regime should apply to domestic seafood producers as
well, and FDA should require under HACCP that processors test for illegal
drugs and chemicals that are reasonably likely to pose a significant risk to pub-
lic safety. Because each of the drugs and chemicals discussed in this report
poses a hazard to human health, FDA has an obligation to more rigorously test
for them in both domestic and imported seafood.



Furthermore, as there are currently no methods for detecting hormones
used in seafood production,170 FDA should work to develop the means to detect
hormones in imported products.



IMPLEMENT NEW REGULATORY PROGRAMS
FDA should implement new regulatory programs to address largely unregulat-
ed sources of potential harm, such as consumption of fish from fish farms
sited near oil rigs, which are known to contaminate the marine environment
with methylmercury. It is possible that those rigs could pose significant risks of
contamination to nearby aquaculture facilities.



Antibiotic Use
There is an urgent need to review the current usage patterns of antimicrobials
in aquaculture to identify looming hazards in food safety and infectious disease
control in humans. The Center for Food Safety urges FDA to require the aqua-
culture industry to report the type and amount of aquaculture drugs being used.
By requiring aquaculture facilities to keep accurate records on the type and
amount of antibiotics used and report regularly to FDA, the agency and
researchers will have a better opportunity to assess this severe problem and pro-
tect human health.



Genetically Engineered and Hormone-Treated Fish
FDA needs to establish a comprehensive and transparent regulatory framework
for genetically engineered fish and fish treated with growth hormones.171 For
example, the agency should rigorously examine allergenicity, toxicity, and unin-
tended effects of genetically engineered fish before allowing these fish to be
sold to the public. Also, FDA should test the human health effects of using
growth hormones on fish in light of potential links between these hormones
and cancer.



Due to the numerous human health uncertainties in consuming these fish,
CFS recommends that FDA impose an immediate moratorium on the sale of
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genetically engineered and rBGH-treated fish until it has sufficiently demon-
strated that such fish do not pose a health risk to consumers. Although FDA
generally permits extralabel use of drugs with a veterinary prescription, it has
prohibited the extralabel use of certain drugs, such as fluoroquinolone and gly-
copeptide antibiotics.172 Similarly, FDA should prohibit extralabel use of rBGH
in aquaculture until it has specifically approved the hormone for use in this
context.



TIGHTEN STANDARDS
CFS encourages FDA to proactively reduce the use of antibiotics in aquaculture
by withholding new approvals of antibiotics for such use. The agency also
should follow the European Commission�s lead in lowering the amount of dye
allowed in feed. Due to the potential human health effects, FDA should look at
the updated science and follow this precautionary approach.



Furthermore, the agency should update its health limits on contaminants
such as PCBs so that they are consistent with EPA�s. FDA�s standards should
reflect the most up-to-date science.



DEVELOP INCENTIVE PROGRAMS
FDA should encourage aquaculture producers to eliminate the unnecessary use
of antibiotics by implementing practices that decrease their reliance on antibi-
otics. In Norway, for example, aquaculture producers diminished antibiotic use
by more than 90 percent in a very short period of time by changing production
practices and increasing use of vaccines.173 FDA should issue guidelines or
Good Manufacturing Practice statements in order to educate and encourage
aquaculture producers to adopt such practices that would diminish their reliance
on antibiotics.



PROVIDE CONSUMER INFORMATION
Information on Contaminants
FDA should provide the most up-to-date information to the public on the pres-
ence of potentially harmful drugs and chemicals in our seafood, including rec-
ommended numbers of servings per week for adults, children, and pregnant
women. The agency has worked with EPA to issue advisories regarding safe
consumption levels of fish containing mercury and should adopt similar prac-
tices for other contaminants.174



Regarding genetically engineered fish, FDA should adopt regulations that
include measures to notify the public when a genetically engineered fish appli-
cation is received and give the public an opportunity to comment before any
genetically engineered fish is approved. FDA also should ensure that importers
notify FDA of genetically engineered fish sent to the U.S. and follow the same
regulatory requirements as domestic producers.



Labeling
Labeling is another critical method of conveying health information to con-
sumers. First, FDA should enforce current labeling requirements. For example,
the agency should address the failure of suppliers to label farmed salmon con-
taining astaxanthin or canthaxanthin as required under the Federal Food, Drug,
and Cosmetic Act.175 As discussed above, poor labeling practices allow con-
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sumers to believe they are actually buying wild salmon. It is imperative that
FDA improve enforcement of labeling requirements and vigorously pursue
claims of inadequate labeling.



One important labeling regime that USDA is responsible for implementing is
Country of Origin Labeling (COOL). USDA�s final rule on COOL became effec-
tive in April 2005.176 COOL designates the country of origin and the method of
production, �farmed� or �wild,� of fish and shellfish, allowing consumers to
make informed choices about the seafood products that they purchase.



FDA should require similar labeling for genetically engineered and rBGH-
injected fish. If tilapia treated with growth hormones were imported into the
U.S., consumers would likely be unaware that they are consuming hormone-
injected fish as FDA does not require labeling of such foods. If rBGH fish
become commercially available, the agency should, at a minimum, allow com-
panies to follow a labeling regime similar to that used for dairy products.
Companies that do not use milk from cows treated with rBGH may voluntari-
ly label their products with this information, so long as they include a statement
that �no significant difference has been shown between milk derived from
rBST-treated and non-rBST-treated cows.�177 This label will provide consumers
with important information regarding the possible health effects of seafood
purchases.



ADVICE FOR CONSUMERS
Look for Labels
First, consumers can act to ensure that the seafood they purchase is safe by
looking for seafood labels. Consumers can use Country of Origin Labeling to
choose seafood products imported from countries that have good reputations
for safe seafood production and avoid seafood from those that do not. For
example, as inspections in Europe and Japan have discovered antibiotics and
malachite green in salmon imported from Chile, consumers may wish to avoid
Chilean imports.



Also, consumers can avoid many of the above drugs and chemicals, includ-
ing antibiotics, environmental contaminants, malachite green, fish dyes, and the
numerous other unapproved drugs being used in aquaculture, by purchasing
seafood products labeled as �wild.�



Another label that will help consumers is the USDA certified organic label
for fish. Standards for organic fish have not yet been established, but if the
standards are similar to those for terrestrial animals, the use of the drugs and
chemicals mentioned above will be banned. Compliance with these standards
will be assessed by accredited certifying agents.



Monitor FDA
Consumers can work to ensure that FDA enforces its own labeling requirements.
For example, on April 23, 2003, class action lawsuits were filed against the nation�s
three largest grocery store chains�Safeway, Albertsons, and The Kroger
Family�arguing that these stores failed to comply with FDA labeling require-
ments.178 Smith and Lowney, the law firm bringing the case, sought a court order
requiring retailers to conform to federal law in labeling their artificially colored
salmon products, as well as civil penalties and damages for consumers.179



Pressured by litigation, these grocery stores complied with FDA require-
ment and as a result, consumers are likely seeing more and more grocery stores
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identifying these color additives in their farmed fish.180 Consumers should look
for such labels when buying seafood and should demand that retailers ensure
that their suppliers are accurately labeling seafood products.



Similarly, consumers can demand that local markets provide safe seafood
by, for example, requesting that their supermarkets carry seafood that does not
contain antibiotics.



Provide Information to FDA and Congress
Finally, consumers can take the important action of informing Congress and
FDA of their concerns about seafood safety.



Consumers should also demand that FDA regularly issue risk-based con-
sumption limits for environmental contaminants by identifying the amount of
fish a person can safely eat per month. Similarly, consumers should demand that
FDA inform them when the agency receives an application for a genetically-
modified fish, allow consumers time to comment on the application, and pro-
vide for proper labeling of such products.



Consumers that would like to urge FDA to implement mandatory labeling
for genetically engineered foods can do so by sending an e-mail to the agency
at www.centerforfoodsafety.org/action4.cfm. To demand that FDA impose a
moratorium on genetically engineered fish until research demonstrates their
safety, consumers can send comments to the agency at www.centerforfoodsafe-
ty.org/action2.cfm.
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Offshore Net Pen — Closeup of surface net pen in waters off Catalina Island. Courtesy of NOAA.











Surface Net Pen — Net pen being used for experimental project on raising bluefin tuna. Courtesy of NOAA.
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I
n the final analysis, the seafood consumed in the U.S. could be
made much safer than it is if the Food and Drug
Administration were to follow best practices in complying
with its statutory requirements. These practices include the
recommendations discussed in the preceding chapter and



summarized below:



Improve Enforcement 
n Work to improve enforcement of the HACCP program to ensure the
safety of domestic aquaculture products.
n Take steps to more effectively protect consumers against unsafe imported
seafood by establishing equivalency agreements with exporting countries.



Improve Testing
n Expand its range of testing to detect all potentially harmful drugs and
chemicals and to test for these drugs and chemicals in more species of fish.
n Require the domestic and foreign aquaculture industry to report the type
and amount of aquaculture drugs used, then monitor compliance.
n Test for PCBs and other environmental contaminants.



Implement New Regulatory Programs
n Impose a moratorium on the sale of genetically engineered fish and fish
treated with growth hormones until the agency establishes a transparent and
comprehensive regulatory framework.
n Examine allergenicity, toxicity, and unintended effects of genetically engi-
neered fish before allowing these fish to be sold to the public.
n Require importers to notify the agency if importing genetically engi-
neered fish into the U.S. and require importers to fully follow the agency�s reg-
ulatory requirements.



Tighten Standards 
n Update the health limits for environmental contaminants such as PCBs
so that they are consistent with the EPA�s risk-based consumption standards.



Bottom Line:
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Develop Incentive Programs 
n Develop incentive programs to reduce the unnecessary use of drugs and
chemicals in aquaculture.



Provide Information to Consumers
n Provide information to the public regarding the presence of drugs and
chemicals in seafood.
n Require that retailers and producers provide consumers with information
to help them make informed choices about their seafood purchases. Develop
and enforce labeling standards for aquaculture products.



FOR CONSUMERS
Consumers can also act to ensure that they are purchasing the healthiest
seafood for themselves and their families. The Center for Food Safety recom-
mends that consumers:



Look for Labels
n Look for the Country of Origin Labeling (COOL) to distinguish
between farmed and wild salmon and to identify the country in which the fish
were caught or farmed.
n Urge the USDA to establish organic standards for aquaculture, and pro-
vide input for creation of these standards.



Monitor FDA
n Demand that FDA enforce its labeling requirements and that retailers
ensure their suppliers are accurately labeling seafood products.
n Request that local markets carry seafood that does not contain antibi-
otics.



Provide Information to FDA
n Demand that FDA regularly issue risk-based consumption limits for
environmental contaminants, identifying the amount of fish a person can
safely eat per month.
n Let FDA know that the public should (1) be notified when a genetically
engineered fish application is received, (2) have an opportunity to comment,
and (3) be made aware of genetically engineered fish products in the market
place through proper labeling.
n Check the Center for Food Safety�s Web site for the latest information
on fish farming www.centerforfoodsafety.org.
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From: In Defense of Animals on behalf of R. de Blaey
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Sunday, December 20, 2015 10:46:52 AM


Dec 20, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. R. de Blaey
Eendracht
LEWEDORP, None 4456
r.deblaey@zeelandnet.nl



mailto:takeaction@idausa.org

mailto:takeaction@idausa.org

mailto:Sablad.Elizabeth@epa.gov






From: In Defense of Animals on behalf of Tom Solari
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, December 04, 2015 3:57:33 PM


Dec 4, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mr. Tom Solari
2403 Oregon Ave
Redwood City, CA 94061-2509
(408) 460-8530
tomsolari100@gmail.com



mailto:takeaction@idausa.org

mailto:takeaction@idausa.org

mailto:Sablad.Elizabeth@epa.gov






From: In Defense of Animals on behalf of Cinzia Moore
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Wednesday, December 30, 2015 6:20:06 PM


Dec 30, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.Please,stop this now!!!!


Thank you immensely for your time, consideration, and foresight.


Sincerely,


Ms. Cinzia Moore
234 Lakeway Dr
Battle Creek, MI 49037-1706
(269) 788-4468
cinziamoore@gmail.com



mailto:takeaction@idausa.org

mailto:takeaction@idausa.org

mailto:Sablad.Elizabeth@epa.gov






From: In Defense of Animals on behalf of Elena Sorokina
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, December 12, 2015 7:33:01 AM


Dec 12, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Elena Sorokina
Komsomolsky prospekt
16
Moscow, PR 12710
gameover.00@mail.ru



mailto:takeaction@idausa.org

mailto:takeaction@idausa.org

mailto:Sablad.Elizabeth@epa.gov






From: In Defense of Animals on behalf of Kurt Amsler
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Monday, December 28, 2015 6:32:20 AM


Dec 28, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Dr. Kurt Amsler
128 Bv P.Puget
Bandol, None 83150
0033494887946
kurt@photosub.com



mailto:takeaction@idausa.org

mailto:takeaction@idausa.org

mailto:Sablad.Elizabeth@epa.gov






From: In Defense of Animals on behalf of annalisa maffei
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Thursday, December 03, 2015 7:47:29 AM


Dec 3, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. annalisa maffei
via betti
milano, None 20151
tiramoll@alice.it



mailto:takeaction@idausa.org

mailto:takeaction@idausa.org

mailto:Sablad.Elizabeth@epa.gov






From: In Defense of Animals on behalf of pascale vlemincx
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Tuesday, January 05, 2016 4:02:57 AM


Jan 5, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. pascale vlemincx
katelijnsesteenweg
duffel, None 2570
pavle10@hotmail.com



mailto:takeaction@idausa.org

mailto:takeaction@idausa.org

mailto:Sablad.Elizabeth@epa.gov






From: In Defense of Animals on behalf of Deborah Talker
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, December 18, 2015 11:13:49 PM


Dec 19, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. Deborah Talker
14, Nitya sahaya
Mahim
Mumbai, AK 21232
(989) 231-5454
deetalker10@yahoo.com



mailto:takeaction@idausa.org

mailto:takeaction@idausa.org

mailto:Sablad.Elizabeth@epa.gov






From: Kristen Monsell
To: R9RoseCanyon
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
Date: Thursday, January 14, 2016 8:53:37 AM
Attachments: Pollution from fish farms "as bad as sewage" - Telegraph.pdf


Review and Synthesis of the Enviro Impacts of Aquaculture.pdf
Rolland Ship Noise.pdf
sustainable marine aquaculture.pdf
Trainer et al HAB.pdf
Trophic Transfer DA.pdf
Weilgart 2007 CJZ noise review.pdf
West Coast Harmful Algal Bloom.pdf


Attached is the sixth, and final, batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:47 AM
To: 'R9RoseCanyon@epa.gov'
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
 
Attached is the fifth batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:45 AM
To: 'R9RoseCanyon@epa.gov'
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
 
Attached is the fourth batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:43 AM
To: 'R9RoseCanyon@epa.gov'
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
 
Attached is the third batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:37 AM
To: 'R9RoseCanyon@epa.gov'
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
 
Attached is the second batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:36 AM
To: 'R9RoseCanyon@epa.gov'
Subject: RE: Comments on Scoping for Rose Canyon Aquaculture Project
 
Attached is the first batch of attachments to the Center’s comments.
 
From: Kristen Monsell [mailto:kmonsell@biologicaldiversity.org] 
Sent: Thursday, January 14, 2016 8:34 AM
To: 'R9RoseCanyon@epa.gov'
Subject: Comments on Scoping for Rose Canyon Aquaculture Project
 
Hello,



mailto:kmonsell@biologicaldiversity.org

mailto:R9RoseCanyon@epa.gov

mailto:kmonsell@biologicaldiversity.org

mailto:kmonsell@biologicaldiversity.org

mailto:kmonsell@biologicaldiversity.org

mailto:kmonsell@biologicaldiversity.org

mailto:kmonsell@biologicaldiversity.org






Pollution from fish farms 'as bad as sewage'



By Charles Clover, Environment Editor



12:00AM BST 19 Sep 2000



FISH farms discharge more nutrient pollution than Scotland's human population, according to a report published yesterday.



The nitrogen and phosphorus discharged from Scotland's 350 marine salmon farms, whose salmon are fed on fish meal pellets, pose a risk to fish, mammals,
shellfish and other wildlife in what were until recently pristine waters, says the report commissioned by the World Wide Fund for Nature.



The report by Malcolm MacGarvin, an independent ecologist, uses new criteria used by Ospar, the intergovernmental body for the North East Atlantic, to
calculate the extent of pollution. This year, salmon farms will produce 7,500 tons of nitrogen, equivalent to the annual sewage from 3.2 million people, and
1,240 tons of phosphorus, comparable to sewage from 9.4 million people. The ecological result is effectively greater than the sewage produced by Scotland's
5.1 million humans.



Nutrients stimulate plant growth and contribute to toxic algal blooms, thought to be a factor in amnesic shellfish poisoning, a disease which led to the
widespread closure of scallop farms this summer. Algal blooms may be toxic to wild fish larvae and marine mammals, such as porpoises and seals, according
to the report. It also kills caged salmon on salmon farms.



Excessive nutrients have contributed to the decline of eel grass beds, a habitat which has declined by more than 80 per cent, and is home to unusual species
such as the pipefish, says the report. It follows a report for the Scottish Executive by Aberdeen Marine Laboratory, which said it had yet to prove that nutrients
from fish farms were responsible for toxic algal blooms. These could occur naturally.



Dr MacGarvin said: "The evidence available shows that you can't simply dismiss the impact of nutrient pollution from fish farming. To dismiss it out of hand
is to ignore the science."



Sea lice from fish farms are blamed by many scientists, including the chief scientist of the Scottish Environment Protection Agency, for contributing to the
disastrous decline of sea trout and salmon stocks off the west coast of Scotland.



The Rural Affairs Committee of the Scottish Parliament is to debate the effects of fish farming today.



© Copyright of Telegraph Media Group Limited 2016





http://www.telegraph.co.uk/htmlContent.jhtml?html=/archive/2000/06/06/nfish06.html
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EXECUTIVE SUMMARY



1. Particulate organic wastes from cage farms have a profound effect on the benthic
environment and recovery, on cessation of farming, may take several years. Impact on the sea
bed is the most obvious pollution effect from fish farms and measures of this effect are the
main method of regulating and controlling the size of fish farms such that the local
environment is not overwhelmed. However, severe effects are generally confined to the local
area (a few hundred metres at most) and the total area of seabed used for this purpose is
insignificant in terms of the total coastal resource.



2. Lack of long term monitoring programmes over the past 30 years has made it difficult
to judge whether the perceived increase in Harmful Algal Blooms (HABs) is real and related
to expansion in the fish farming industry. The sporadic data that do exist do not show
conclusively that there has been a wide scale increase in the abundance of organisms
responsible for harmful blooms in Scottish waters, although the number of reported incidents
of toxicity (as opposed to abundance of toxic organisms) has increased. East coast Paralytic
Shellfish Poisoning (PSP) incidents seem no worse than reported for 1968–1990 and the
apparent spread of toxicity on the west coast and in the Northern Isles may be a result of
wider monitoring or spread of toxic strains amongst existing populations. There is no
evidence that the causative organism is becoming more abundant at new or traditional sites.
Increased Amnesic Shellfish Poisoning (ASP) toxicity similarly might be attributed to
increased levels of toxin monitoring.



3. Three main concerns are raised against the aquaculture industry: a) plant nutrients
from fin-fish farms have led to an increased occurrence of algal blooms; b) plant nutrients
from fin-fish farms have disturbed the natural ratios of nutrient elements in sea water so
favouring the occurrence of toxic species over harmless algae and c) plant nutrients from fin-
fish farms have made potentially toxic algae more poisonous. Lack of long term observational
data preclude direct comparison of nutrient and phytoplankton levels from pre-fish farm
development times and the present day. Modelling studies, however, have shown that only a
few sea loch sites are strongly enriched with nutrients to such a level that they might exceed
environmental quality standards but, in the main, enrichments are low. In addition, models
have shown that the algal production attributable to fish farm nutrients in Scottish coastal
areas is small relative to that generated by marine and terrestrial nutrient inputs.



4. It is concluded that the present level of fish farming is having a small effect on the
amount and growth rate of Scottish coastal phytoplankton but that this effect should not be a
cause for concern except in a few, heavily-loaded sealochs.



5. Despite many studies of algal growth in the laboratory, we are still a long way from
understanding what controls the balance of organisms within the plankton but some broad
aspects of the balance can be predicted. For those algae associated with eutrophication
(Gymnodinium mikimotoi, Phaeocystis pouchetii and toxic flagellates) substantial blooms do
seem to be stimulated by nutrient enrichment and increases in the ratio of nitrogen and
phosphorus to silicon. That the abundances of the toxic species of Alexandrium, Dinophysis
and Pseudo–nitzschia are related to changes in nutrient ratio in the field remains speculative.
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6. The perturbing effect of fish farm waste on nutrient element ratios in most Scottish
cases can be shown to be small. Typical farm waste has a ratio of nitrogen to phosphorus
which is close to natural ratios. However, there is a possibility that because of the absence of
silicate in fish foods there may be a danger of exceeding the “safe” N:Si limit of 2.5 locally at
heavily enriched sites in summer when background nutrient levels are low and silicate has
been drawn down by the Spring Bloom. However, modelling studies suggest that broad area
effects should be small. Similarly there is no convincing evidence to suggest that changes in
nutrients as a result of fish farm inputs ratios are likely to stress potentially toxic species to
cause them to increase their toxicity.



7. Our conclusion is that, except perhaps in a few enclosed waters, enrichment by fish
farm nutrients is too little, relative to natural levels, to have the alleged effects. However, we
cannot, as we would wish, always support this conclusion with data from series of
measurements of nutrients, phytoplankton, algal blooms, and the presence and toxicity of
harmful species, made at key sites over the several decades that span the development of the
current fish farming industry.



8. We identify 3 key areas for future research:



a) New data collection focused at (i) sites for which significant data sets exists
prior to fish farm expansion (pre-1984) and (ii) sites representing a range of
nutrient loadings from fish farms. Such data might be analysed statistically and
compared with predictions from mathematical models.



b) Studies to better understand the fundamental biological, physical and chemical
processes in Scottish coastal waters. These include (i) investigations of
variability in nutrient inputs from the Atlantic Ocean and Irish Sea sources; (ii)
investigation of rates of loss of nutrients through processes such as
denitrification; (iii) studies of physical exchange processes between sea lochs,
voes and open coastal waters; (iv) improvement in the understanding of the
role of pelagic protozoa on development of harmful blooms and (v) studies of
the biology, toxicology and ecology of important Scottish harmful species and
in particular Pseudo-nitzschia spp.



c) Continued development of simple, robust mathematical models that can
predict ecosystem changes considered undesirable under the Water Framework
Directive and OSPAR Comprehensive Procedures.



9. The cultivation of non-finfish species has few measured, negative environmental
impacts, and those that have been recorded are restricted to the vicinity of the farm site. As
this type of culture extracts nutrients from the marine system, carrying capacity considerations
should be focussed on the extent to which the environment can supply these nutrients. It is
likely that the cultivation of non-fish species can, to some extent, help reduce nutrient inputs
from other activities including fish culture.



10. There is currently insufficient information available to determine the long term effects
of medicine and antifoulants use. Further research is required into the effects of these
products over the long term, particularly where multiple sources enter the same marine area.
In the short term, the environmental risk is considered to be low if sea lice medicines and











iii



antifoulants are used according to regulatory guidelines but, in the case of antifoulants, more
information is required relating to their use by the aquaculture industry.



11. Wild salmon and sea trout are at risk from infective larval sea lice that may be
associated with marine salmon farms. Salmon are most at risk in long fjordic systems where
they have to pass several farms during their migration to sea. The transfer of other parasites
from farmed to wild fish is not thought to be a major problem at present. The introduction of
the parasite Gyrodactylus salaris from Scandinavia would probably devastate the Scottish
wild salmonid population although it is not thought that transfers relating to farming represent
the only or greatest risk of introduction. The potential exists for transfer of infectious diseases
such as Infectious Salmonid Anaemia (ISA) and Infectious Pancreatic Necrosis (IPN) from
farmed to wild stocks but the real level of risk is not quantifiable given present knowledge.



12. Escapees from fish farms may interbreed with wild population resulting in losses of
genetic variability, including loss of naturally selected adaptations, thus leading to reduced
fitness and performance. Non-local genes have been introduced into wild salmonid
populations for over a century, as a consequence of restocking programmes intended to
increase population sizes. However, the effect of these programmes is probably insignificant
compared with that caused by farm escapes simply owing to the large scale of escapes in
comparison with the wild populations. Escapes from salmon farms, therefore, constitute a
major threat to wild populations. Current methods to reduce fish farm escapes by reducing net
damage from predators include the use of acoustic deterrents to exclude seals from the farm
area. While these probably have no great consequence for seal populations they may exclude
whales, dolphins and porpoises from a much larger area owing to their greater sensitivity to
underwater acoustic noise.



13. The issues concerning the use of industrial fishmeal and fish oils in artificial pelleted
diets in the Scottish salmon farming industry are wide-ranging and complex. Although
aquaculture production is predicted to rise significantly over the next decades, catches from
industrial fisheries are set to remain static in volume. Forecasts differ, but there are concerns
over how the Scottish salmon growing industry may perform if fishmeal and/or fish oil
supplies become limited. Firstly, the aquaculture industry in Scotland is relatively a very
small component in the global aquaculture field and could be badly affected by global trends.
Approximate estimates suggest that the proportion of the global fishmeal use attributable to
the Scottish salmon industry is less than 0.8%. Secondly, the Scottish salmon industry is
probably running at very low profit margins and is unlikely to sustain fish feed price rises as
easily as sectors with higher margins of profit. Fish feed companies have been well aware of
these two points for many years and research on fishmeal and oil alternatives is well
advanced. However, because of the near-market nature of that research and development,
there is little published literature on which to base a thorough assessment of the current status
of alternative feed types. Therefore, current and forecasted future market forces have already
created a situation where fish feed suppliers are actively developing alternatives to wild
fishery sources of fishmeal and fish oil.



14. The supply of nutrients to the marine environment is unlikely to be the factor that
limits the scale of fish farm production in the foreseeable future. More likely to limit
production are the linked issues of medicine usage and sea lice transfer to wild populations.
The rate of escapes of farmed salmon is probably unsustainable and represents a major threat
to wild populations. Changes in fishmeal supply may affect the sustainability of the industry
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in the short-term but substitutes for fish meal/oil are actively being developed to fill the
medium-term gap in supply.
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CHAPTER ONE INTRODUCTION



1.1 This report considers 5 main areas relating to the interaction of aquaculture with the
environment:



• The discharge of waste nutrients and their interaction in the wider marine
environment



• Effects of other discharges from aquaculture, e.g. medicines and chemicals



• Disease impacts on wild and farmed stocks



• Escapes from fish farms and potential effects on wild populations



• Sustainability of feed supplies – including research on plant meal substitution.



1.2 Each section is structured to contain a description of the most important features of
each area including, where appropriate, reference to the assimilative or environmental
capacity with respect to that topic, a short summary (which has been used as the basis of the
Executive Summary) and a description of the main areas where further research is required.



1.3 In order to determine the current level of research activity in the area of environmental
interactions of aquaculture, a questionnaire was circulated widely at the international level.
The summarised outcomes of this questionnaire are presented as an annex to this report in
tabular form.



1.4 References to the published literature have been deleted in the interests of providing a
brief and easy to read report. A full reference list is available on the Web at
http://www.scotland.gov.uk/cru.
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CHAPTER TWO THE DISCHARGE OF WASTE NUTRIENTS
AND THEIR INTERACTION IN THE WIDER
MARINE ENVIRONMENT



SOLID WASTES FROM CAGE FARMS AND EFFECTS ON SEDIMENTS



2.1 The major particulate effluent from a cage farm consists of faecal material and uneaten
fish feed. The amount of faeces and feed will depend not only on the digestibility of the food,
but also on a range of other environmental and husbandry factors such as temperature and
disease status. Feeds are fish meal/oil based, but they also contain a wide range of components
including wheat, soya meal, crustacean meal, vitamins, amino acids, minerals and pigments.



2.2 Modern diets are easily assimilated and give good feed conversion ratios (FCR:
product produced per unit feed), which has reduced waste inputs to the environment per unit
production. Economics are also important, as overfeeding is most likely when the value of the
product is high and the cost of the feed is low, with greater care being taken of an expensive
feed product. In the early years of the Atlantic salmon farming industry, feed losses were
thought to be up to 20% of total feed input. It is now generally accepted that feed losses have
been reduced to less than 5% in well-run farms. This is important, as fish feed is extremely
energy-rich, causing much greater organic enrichment than faeces on a weight for weight
basis.



2.3 The solids emanating from cage farms consist of a range of particle sizes and
densities, with a range of settling velocities. These particles are affected by water currents that
may vary with depth. The resulting dispersion may cause settlement well away from the farm,
but usually the highest deposition rates are in the immediate vicinity. The eventual site of
deposition will depend on local bathymetry, water movement, and flocculation (clumping of
finer particles to form larger, more rapidly settling particles). Bacteria may break down slow
settling particles, leading to the release of nutrients into solution. A variety of computer
models have been used to track particles to the bed in an effort to predict the zone of organic
enrichment. On reaching the seabed, these particles may become incorporated into the
sediment or may be resuspended by near-bed currents, thus further dispersing them away
from the cages.



2.4 Addition of organic wastes to sediments immediately causes an oxygen drain as
bacteria degrade them. The dissolved oxygen concentration at any point in the sediment is
dependent on the rate of its uptake, either to fuel aerobic metabolism, or to re-oxidise reduced
products released by anaerobic bacteria deeper in the sediment. When the oxygen demand
caused by the input of organic matter exceeds the oxygen diffusion rate from overlying
waters, sediments become anoxic and anaerobic processes dominate.



2.5 Animals burrowing in sediments that receive normal detrital inputs have a diverse
fauna with many species and include a wide range of higher taxa, body sizes and functional
types. As organic inputs increase, this diversity also initially increases as the enhanced food
supply provides opportunities for the expansion of existing populations and the immigration
of new species. However, deterioration of the physical and chemical conditions in the
sediments progressively eliminates the larger, deeper-burrowing and longer-lived forms
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favouring smaller, rapidly growing opportunist species. With increasing inputs, the surface
sediments become anoxic and only a small number of specialist taxa can survive, mainly
small annelid and nematode worms, which may flourish in huge numbers. Where anaerobic
processes occur close to the sediment surface, this may become covered in dense white mats
of sulphide oxidising bacteria Beggiatoa sp. High flow rates, bringing a continuous supply of
oxygen to the sediment surface, do allow the survival of infauna even when the sedimentary
surface layer is anoxic but, where sediments suffer oxygen deficiency for even relatively short
periods of a few hours, e.g. caused by slack water, large sections of the benthic macrofauna
are eliminated. Ultimately, increasing levels of sedimentary oxygen demand bring about
anoxia in the lower levels of the overlying water column leading to the elimination of all
higher life.



2.6 Organic degradation rates for labile materials such as are present in waste feed (e.g.
lipids and protein) are broadly similar in both anaerobic and aerobic sediments but less labile
organic material degrades much more slowly in aerobic sediments. The small worms that
dominate enriched sediments significantly enhance the degradation rate of organic materials
by mechanisms that are not yet fully understood. Thus, if these are excluded by a severe lack
of oxygen in the sediment the rate of organic breakdown is reduced. This enhances organic
accumulation through negative feedback.



2.7 The rate at which sedimentary ecosystems recover following the removal of cages or
the cessation of farming is of considerable interest, particularly as the fallowing of sites and
rotation of cages has now become recommended practice in many areas. In a Scottish study of
benthic recovery, communities adjacent to the cages returned to near-normal (with respect to
unimpacted stations) 21–24 months after farming ceased, but to date no study has looked at
recovery processes over a sufficiently long period to be certain about recovery times.



Summary



2.8 Particulate organic wastes from cage farms have a profound effect on the benthic
environment and recovery, on cessation of farming, may take several years. Impact on the sea
bed is the most obvious pollution effect from fish farms and measures of this effect are the
main method of regulating and controlling the size of fish farms such that the local
environment is not overwhelmed. However, severe effects are generally confined to the local
area (a few hundred metres at most) and the total area of seabed used for this purpose is
insignificant in terms of the total coastal resource. Recovery of the seabed after farming is
variable, but in Scottish waters may take around 2 years.



Research Gaps



2.9 Although the gross effects of fish farming on sediments are relatively well understood,
much remains to be done regarding the dynamics of waste input, responses from the
sediments in terms of the interactions between microbial and macrobiological processes, how
these influence the chemistry of the sediments, and the physical processes of oxygen supply,
sediment resuspension and mixing by water currents. These interactions take place against a
background of seasonal changes and the 2 year farming cycle that results in great variation in
the supply of organic materials to sediments. In addition, interannual variability in biological
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factors, such as the supply of invertebrate larvae, probably has effects that are not as yet well
understood. These aspects are important as they affect: 1) our understanding of the
assimilative capacity of sediments with respect to farm wastes; 2) the ways in which chemical
contaminants in sediments are redistributed to the wider environment and; 3) the ways
sediments consume oxygen and release dissolved nutrients into the water column.



DISSOLVED NUTRIENT INPUTS AND EFFECTS ON PHYTOPLANKTON



Introduction



2.10 Fish farms undoubtedly contribute to the pool of plant nutrients in seawater. Fish
excreta and decaying food contain or release ammonia and salts of nitrate and phosphate. In
pristine coastal waters the nutrients are typically present only in small amounts, but are
important because they support the growth of seaweeds and the much smaller floating algae
that comprise the phytoplankton and which can be properly seen and identified only with
microscopes. Additional nutrients enter the sea from acid rain and from rivers enriched with
(treated) urban sewage, farmyard waste and drainage from fertilised soils. In the north and
west of Scotland, however, fish farms are the most important extra source of nutrients in most
lochs and voes.



2.11 Phytoplankton, it has been said, are "the grass of the sea", the basic food on which
animal life and fisheries depend. Whenever there is sufficient light, planktonic algae increase
in numbers by absorbing mineral nutrients and converting solar energy into organic matter.
They are eaten by equally microscopic single celled creatures, the protozoa, as well as by
pelagic crustaceans, the size of seeds, termed zooplankton. In turn these zooplankton provide
food for larger animals and thus for fish. Live and dead plankton sinks towards the seabed
and provides the main source of food for animals living there.



2.12 However, nutrient enrichment can have negative consequences. Most of these are
comprehended by the widely accepted EU definition of eutrophication, which is "the
enrichment of water by nutrients especially compounds of nitrogen and phosphorus, causing
an accelerated growth of algae and higher forms of plant life to produce an undesirable
disturbance to the balance of organisms and the quality of the water concerned".



2.13 The undesirable consequences of eutrophication include:



• Increased abundance of micro-algae, perhaps sufficient to discolour the sea and be
recognised as a bloom or “Red Tide”;



• Foaming of seawater;



• Killing of free-living or farmed fish, or sea-bed animals;



• Poisoning of shellfish;



• Changes in marine food chains;
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• Removal of oxygen from deep water and sediments as a consequence of the
sinking and decay of blooming algae.



2.14 The main concerns relating to the marine aquaculture industry in Scotland are that the
discharge of plant nutrients from finfish farms:



• Has led to an increased occurrence of algal blooms.



• Has disturbed the natural ratios of nutrient elements in seawater so favouring the
occurrence of toxic species over harmless algae.



• Has made potentially toxic algae more poisonous.



2.15 This part of the report presents the scientific background and reviews the evidence
relating to these charges. Our conclusion is that, except perhaps in a few enclosed waters,
enrichment by fish farm nutrients is too little, relative to natural levels, to have the alleged
effects. However, we cannot, as we would wish, support this conclusion with data from series
of measurements of nutrients, phytoplankton, algal blooms, and the presence and toxicity of
harmful species, made at key sites over the several decades that span the development of the
current fish farming industry. The future collection of such data, and its scientific analysis,
should be made a priority.



Phytoplankton growth and harmful algal blooms



2.16 Under conditions of plentiful light and nutrient supply, many types of planktonic
algae reproduce at an increased rate, potentially doubling their abundance every few days.
The peaty waters of many sea-lochs, and the turbid sea in regions of strong tidal streams, are
too dark for algal growth except near the sea surface. In many lochs, however, river
discharges lower near-surface salinity and create a distinct and well-illuminated upper layer.
Adding nutrients to this layer, either in river water or by way of fish excreta, can create ideal
conditions for algal blooms. Even here, however, algal population increase can be offset by
zooplankton grazing or by dilution with seawater containing less phytoplankton.



2.17 Some types of algae, usually slow growing, deter their potential predators by means
such as the formation of jelly-like masses, or the making of chemicals that make the algae
taste or smell bad to their potential consumers. Should nutrient enrichment coincide with
certain physical conditions, and other, poorly understood factors, it may be the growth of a
noxious species that is stimulated, leading to a failure of this grazing control and the creation
of a Harmful Algal Bloom. According to the editorial in the scientific journal Limnology and
Oceanography (Volume 42, 1997)



2.18 "The last two decades have been marked by an extraordinary expansion in the nature
and extent of the marine phenomena we now call "harmful algal blooms". For years, the term
"red tide" was used to describe many of these outbreaks, but in time, that term became less
and less appropriate ... Not all red tides are harmful, and many blooms that cause negative
impacts are not red and in fact, do not discolour the water at all. Some blooms are associated
with potent toxins in the causative algae, while others cause problems simply because of high
algal biomass. Some are of concern at exceedingly low cell densities .... Blooms of seaweeds
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or macroalgae also cause harm, in many cases as a result of the same environmental forcing
that regulate microalgal blooms. The search for a term that encompasses these diverse
phenomena was doomed to fail, but, for better or worse, "harmful algal bloom" is now used
by scientists and government officials throughout the world, with HAB the obligatory
acronym."



2.19 In most Scottish waters, the increase in daylight during spring stimulates
phytoplankton to make a Spring Bloom with the aid of mineral nutrients formed during the
winter from the decay of the previous year's plankton. The algae, termed “diatoms”, are
normally the most important members of this bloom, which is in some places sufficiently
dense to make the sea brown in colour. Even when the Spring Bloom is enhanced by nutrient
enrichment, it is not normally harmful, because the diatoms get eaten and thus provide food
to fuel the pelagic ecosystem for much of the rest of the year. In addition to the nitrates and
phosphates needed by all algae, diatoms also need dissolved silica to make the glassy material
that forms the walls of their cells. When the supply of this nutrient becomes exhausted,
diatoms cease to grow, and, if nitrates and phosphates remain, other algae may succeed the
diatoms. Amongst these are flagellates, characterised by one or more whiplash-like organelles
named from the Latin, flagellum. The tiny flagellate Chrysochromulina polylepis formed
extensive and persistent blooms that caused widespread fish kills in Scandinavian waters in
1988.



2.20 Dinoflagellates have two flagella, arranged in characteristic fashion: one circles the
waist of the cell, and spins it, the other trails lengthways and acts as a propulsive screw or
propeller. The dinoflagellate formerly called Gyrodinium aureolum, but recently renamed as
Gymnodinium mikimotoi, typifies harmfully blooming algae. G. mikimotoi seems to have
been introduced into European waters in the 1960s. Where dinoflagellates are abundant,
typically in late summer, the sea becomes dark brown or red-brown and sometimes appears
oily - the classic signs of a Red Tide. These have sometimes been associated with the death of
seabed animals. In Loch Fyne in September 1980, a Red Tide of the dinoflagellate G.
mikimotoi killed salmon in ponds supplied with water from the loch.



2.21 Other harmful algae are associated with 'shellfish poisoning', in which toxins
produced by the algae are accumulated in mussels, oysters, scallops, etc., that feed by filtering
phytoplankton from water. Paralytic shellfish poisoning (PSP) is caused by a dinoflagellate
formerly called Gonyaulax tamarensis and now Alexandrium tamarense. Humans eating
intoxicated shellfish suffer numbness, headache, nausea, and diarrhoea, leading to paralysis
and death in extreme cases. PSP has been known in south-eastern Scotland for several
centuries. Species of the dinoflagellate genus Dinophysis are responsible for Diarrhetic
Shellfish Poisoning (DSP), which involves rapid onset diarrhoea and vomiting (but is not
fatal). Finally, Amnesic Shellfish Poisoning (ASP) has been known to science and medicine
only since its discovery in 1987 in eastern Canada. Nausea and diarrhoea occur when humans
eat intoxicated shellfish, leading in extreme cases to hallucinations, short-term memory loss,
and death. The toxin seems especially persistent in scallops in Scotland. The causative algae
are diatoms, mainly species of the genus Pseudo-nitzschia, and thus disprove the general rule
that 'diatoms are good and flagellates are bad'. A common feature of all the shellfish
poisonings is that potentially harmful levels of toxin can be found in mussels or scallops even
when the causative algae are not abundant.
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Harmful algal blooms in Scottish waters



2.22 Current HAB problems in Scottish waters are summarised in Table 2.1 (Both Tables
2.1 and 2.2 are largely taken from: Tett, P. & Edwards, E. (2002) Review of Harmful Algal
Blooms in Scottish coastal waters, forthcoming report to SEPA, Stirling).



Table 2.1 Main Scottish HAB problems, circa 2000.



Organism(s) Effect Location Intensity of the problem
Pseudo-nitzschia spp. ASP Esp. offshore, Islay to



east of Aberdeen
Endemic, causing long-
duration shell-fishery
(esp. scallops) closure



Alexandrium tamarense PSP Mostly East coast to
Northern Isles



Endemic; a common
cause of shell-fishery
closure



Dinophysis spp. DSP Widespread Occasional cause of shell-
fishery closure



Gymnodinium mikimotoi =
Gyrodinium aureolum



Farmed fish and wild
invertebrate kills



West and North
(offshore origin)



Coastal red tides and kills
about once per decade



Small flagellates
(Chrysochromulina,
Chattonella, ’flagellate X’)



Farmed fish kills West coast Local, not reported since
1982 but likely to be
present



Phaeocystis etc. Foaming, slime Firth of Forth Occasional nuisance



2.23 A summary of the recent history of harmful algal blooms in Scottish waters is given
below in Table 2.2.



Table 2.2 Main HABs in Scotland, by decades.



Decade Occurrence



1961-1970 Red Tide and fish kills in Moray Firth in 1963; PSP in SE Scotland in 1968



1971-1980 Minor PSP in SE Scotland (some years); flagellate fish kills in 1979, and G.
mikimotoi Red Tide and fish kills in 1980, in Firth of Clyde.



1981-1990 Continuing minor PSP in SE Scotland, with major outbreak in 1990; also on west
coast in 1990; flagellate (minor) fish kills in 1982 on west coast.



1991-2000 PSP widespread, especially Orkney; sporadic detection of DSP; widespread ASP,
especially on west coast, after 1998; G. mikimotoi bloom and fish kills in north-west
in 1996.



2.24 The major concern relates to algal toxins accumulating in shellfish. Although toxicity
monitoring prevents harmful consequences to humans, the occurrence of toxicity results in
substantial economic loss through closure of shellfisheries. At first glance, it indeed seems
that these types of HAB have grown more common and widespread during recent years, but
this may be the result of greater spread and intensity of toxin monitoring rather than a real
increase in the frequency of occurrences of HABs. It is unfortunate that there are no sites in
fish farming regions that have been regularly and continuously sampled for phytoplankton
amount and type since the 1960s, as this would allow a sound judgment to be made
concerning whether toxic organisms had increased. However, information about
phytoplankton is available from various sources and for particular places and years. This
evidence, sporadic as it is, does not show conclusively that there has been a widespread
increase in the abundance of most of the types of organisms responsible for harmful blooms.
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Despite increased numbers of fish-farms, which might be expected to provide a better
detection network for harmful blooms of Gyrodinium aureolum and flagellates, there would
seem to have been a decline in reports of such blooms.



2.25 On the east coast, present-day PSP levels seem to be no worse than those reported for
1968-1990. The apparent spread of toxicity (as opposed to that of the organism) to the
Northern isles and the West-North-Hebrides region may have been a result of wider
monitoring, a genuine spread of the causative organism, or a spread of toxicity or of toxic
strains amongst existing populations. There is no evidence that Alexandrium tamarense is
becoming more abundant either at new or traditional sites: it remains an organism that can
give rise to significant toxin in shellfish at low concentrations of the dinoflagellate.



2.26 Dinophysis acuminata and other DSP-causing species have always been widely
distributed in Scottish waters, and, with the exception of a Red Tide in Loch Long in 1994,
there seems no evidence of an increase in abundance. As with Alexandrium tamarense, D.
acuminata and related species can cause DSP when present in relatively small numbers,
although the occurrence of outbreaks of DSP seems to be more sporadic and localised than
that of ASP. DSP may have been endemic in Scottish waters for much longer than revealed
by systematic monitoring for the toxin.



2.27 The greatest puzzle relates to ASP. Pseudo-nitzschia spp., formerly known as
Nitzschia spp., have been common, and sometimes abundant, in Scottish waters for as long as
records exist. Widespread toxicity was discovered soon after the commencement of extensive
monitoring in 1999. Common sense suggests that this is too much of a coincidence, and that
toxicity likely existed in years prior to 1999, an argument supported by sporadic records from
occasional sampling in 1997 and 1998. But did ASP occur in Scottish waters long before
1997? If it did not, what has changed within the populations of Pseudo-nitzschia spp.? If it
did, why are there no records of occurrences of the signs and symptoms of ASP amongst
either Scottish or other European consumers of Scottish scallops?



2.28 Experience elsewhere may be relevant. In Mexico, although Red Tides have been
known to occur in coastal waters for a long time, it is only in the last decade that ASP, DSP
and PSP have become a cause for concern. A lack of regular monitoring of these waters - PSP
analysis only taking place regularly in shellfish destined for export to the USA - suggests that
where shellfish poisonings occurred in the past, they may have either been ignored, tolerated
without permanent remark, or ascribed to bacterial contamination of the shellfish rather than
to the effects of algal toxins.



2.29 On the one hand, then, the available data can be read as ’no change’. On the other
hand, it must also be said that these data do not conclusively exclude the possibility of a real
increase in the frequency of Scottish HABs, and especially in ASP, generally, and PSP in the
Northern Isles. What could account for such increases? Table 2.3 lists several possibilities.
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Table 2.3 Possible causes of a real increase in HABs in Scotland.



Proximate cause Possible ultimate cause(s)



1.A general and widespread increase in the amount
and productivity of all phytoplankton, of which
potentially harmful algae are a part.



(i) Nutrient enrichment of Scottish waters; (ii)
Environmental changes associated with climate
change; (iii) Decrease in predation on pelagic
micro-algae.



2. A general and widespread change in the floristic
composition of phytoplankton resulting in a higher
proportion of potentially harmful species.



(i) Changes in the ratio of nutrient elements in
Scottish waters; (ii) Environmental changes
associated with climate change; (iii) Changes in the
relative predation on different types of pelagic
algae.



3. Increase in the abundance and/or spread of
particular, potentially harmful species.



(i) Changes to environmental conditions favouring
these species; (ii) Spread of seed-stock through
transfers in ship’s ballast waters or in farmed
shellfish; (iii) Long-term fluctuations in the
viability of populations of these species or in their
predators or parasites.



4. Increase in the synthesis of toxins within
potentially harmful species.



(i) Changes in the ratio of nutrient elements in
Scottish waters; (ii) Genetic changes following
sexual reproduction during life cycles that may last
years; (iii) Infection by bacteria or viruses that
either make toxins themselves, or make precursors,
or alter the algal genome.



2.30 We now turn to three specific hypotheses commonly espoused regarding finfish
aquaculture in relation to eutrophication and harmful blooms.



Hypothesis 1: plant nutrients from fin-fish farms have led to an increased occurrence of
algal blooms



2.31 Scientists would prefer to address this charge with extensive data obtained in fish
farming regions before and during the development of the industry. In Japan, for example,
many years of observations in the Inland Sea have documented an increase and then decrease
in the number of Red Tides as urban and industrial discharges first increased and then were
controlled. In Scotland we do not have such time-series. Instead, there are two main sorts of
indirect evidence.



2.32 The first derives from many site-specific studies carried out for purely scientific
reasons and largely before the main growth of salmonid farming. These studies give a good
picture of seasonal changes and spatial variation in coastal phytoplankton, either under
natural conditions or under nutrient enriched conditions in the Firth of Clyde and its lochs. A
study of Loch Hourn between 1988 and 1990, during the establishment of a farm in the inner
part of the loch, showed a small but detectable increase in nutrient but no significant effect on
the biomass or the ’balance of species’ of the phytoplankton. A comparison between the
nutrient-poor Loch Creran between 1972 and 1982 (before local fish farming) and in the
nutrient-enriched Loch Striven circa 1980, shows that human-generated nutrients do cause
larger blooms. The extra nutrients in Loch Striven derive largely from waste water and
agricultural inputs to the Clyde and associated rivers, and greatest winter concentrations in
Striven were more than twice those in Creran. Although phytoplankton abundance was highly
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variable in both lochs, and sometimes less in Striven than in Creran, the largest blooms in
Striven were much larger than those in Creran at the same time of year.



2.33 The second sort of evidence derives from the application of mathematical models,
which allow the theoretical effect of adding nutrients to sea-lochs or coastal waters to be
estimated. Two types of model have been employed:



• simple 'screening' models that represent the contents of a loch or voe or coastal
water as a box or bath full of water, exchanging contents slowly with the outside
sea;



• sophisticated and complex models that aim to represent more accurately the water
flows in coastal seas and some of the variety of organisms that make up the
marine community.



2.34 Both types of models are sets of equations. The equations of screening models are
simple, and can be solved 'on the back of an envelope'. The equations of the sophisticated
models are complex and difficult, and can only be solved by computers, using programmes
that require years of effort to render error-free. Additionally, both types of model make
assumptions about some of the numbers used in the calculations and about the best way to
describe the processes represented in the model. Because of such assumptions, the models are
best viewed as sets of hypotheses about the workings of marine ecosystems, rather than
completely realistic descriptions thereof. In general, it is wise not to rely too much on results
obtained from a single model.



2.35 Prediction of the bulk effect of human-generated nutrients on phytoplankton in small
water-bodies - those of the size of a sea-loch - involves calculation of the Equilibrium
Concentration Enhancement (ECE) of nutrients. The ECE is the extra concentration that
would occur if a steady input of nutrients were to be balanced by steady removal by seawater
exchange. Use by algae is ignored. The procedure used by the Fisheries Research Service
(FRS) then compares the ECE with concentrations of total nutrients at a reference site (Loch
Linnhe). The procedure of the Comprehensive Studies Task Team (CSTT) considers the
potential for conversion of the ECE plus background nutrients into phytoplankton: lack of
light, or losses caused by dilution or grazing, can prevent such conversion. The reliability
with which the yield of phytoplankton from nutrients can be predicted is improved by results
from a recent SNIFFER-funded study carried out by Napier and DML and by ongoing work
in the EC project OAERRE. An unresolved issue is how to take account of the dissolved
organic nutrients naturally present in seawater. Both procedures depend on good estimates of
the flushing rates of water in lochs and voes, and a number of Scottish and European projects
aim at improving methods for such estimation. Application of the FRS procedure shows that
a few sea-lochs and voes are strongly enriched with nutrients to a level where they may
exceed Environmental Quality Standards. At most sites, however, relative levels of
enrichment are low.



2.36 The ECE procedure can also be applied to larger water bodies, such as the Minch, and
allows apportioning of observed nutrient concentrations to known sources. Depending on
assumptions made about flow in offshore water, nutrients from west coast fish farms may
contribute between 1 and 10% of summer concentrations in the Minch, which is one of the
regions most impacted by ASP. However, nutrient levels here are most strongly influenced by
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inputs from the Atlantic Ocean, human-controlled discharges into the Irish Sea, and poorly
understood loss processes. More sophisticated ecosystem models also predict that nutrients
from fish farms make a relatively minor contribution to algal production in Scottish coastal
waters.



2.37 All told, it may be concluded that the present level of fish farming is having a small
effect on the amount and growth rate of Scottish coastal phytoplankton, but that this effect
should not be a cause for concern, except in a few, heavily-loaded, sea-lochs.



Hypothesis 2: plant nutrients from fin-fish farms have disturbed the natural ratios of
nutrient elements in sea water so favouring the occurrence of toxic species over
harmless algae.



2.38 Despite many studies of algal growth in the laboratory, science is still far from
understanding what controls the ’balance of organisms’ in the plankton. Some broad aspects
of the balance can be predicted. Those algae associated with eutrophication, Red Tides, and
substantial blooms (G. mikimotoi, Phaeocystis pouchetii, and toxic flagellates) do seem to be
stimulated by nutrient enrichment and favoured by increases in ratios of nitrogen or
phosphorus to silicon, but suitable physical conditions and lack of grazing must also be
invoked to explain their blooms. In contrast, explanations for the fluctuations in abundance of
the species of Alexandrium, Dinophysis and Pseudo-nitzschia causing the shellfish
poisonings, remain speculative. The scientific literature contains little unequivocal evidence
that the populations of these algae are stimulated, relative to other species, by nutrient inputs
or by changes in nutrient ratios. In addition, as already mentioned, there is no clear evidence
that their populations have increased in Scottish waters. Of course, absence of evidence is not
the same as evidence of absence of effect.



2.39 The perturbing effect of fish farm wastes on nutrient element ratios can in most
Scottish cases be shown to be small. Typical farm waste has a ratio of nitrogen (N) and
phosphorus (P) of about 11:1, close to natural ratios in seawater and well within the
acceptable range of ratios of 7:1 to 30:1. Thus, even where farms substantially enrich lochs or
voes, they should not dangerously disturb the N:P ratio. However, farm waste contains little
or no silicon (Si), so can increase N:Si ratios, especially during summer when background
levels of nutrients are often low and the Spring Bloom has already drawn down silicate.
Therefore, there may be some heavily enriched lochs or voes where the “safe” N:Si limit of
2.5:1 is exceeded locally, especially in the waters of the Northern Isles where nitrate is
enriched by inflow from the North Atlantic. However, ECE calculations show that broad-area
effects should be small and more sophisticated models show that the ratio of flagellates to
diatoms is not much increased by the addition of fish farm nutrients. The concept of safe
nutrient ratios is examined in Tett, P. & Edwards, E. (2002) Review of Harmful Algal
Blooms in Scottish coastal waters, forthcoming report to SEPA, Stirling.



Hypothesis 3: plant nutrients from fin-fish farms have made potentially toxic algae
more poisonous



2.40 Laboratory experiments show that providing algal populations with an unbalanced
mixture of nutrient elements can result in an increase in the toxin content of individual cells.
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However, some papers report more toxin under nitrogen starvation, others, more under
phosphorus starvation. A wise precaution, until more is known, would be to avoid exposing
potentially toxic algae to additional nutrient stress, defined as any substantial perturbation of
nutrient element ratios. The N:P ratio of fish-farm waste is typically about 11:1, close to
optimal, and thus fish-farm perturbation of N:P ratios in Scottish waters is unlikely to stress
algae. In contrast, the N:Si ratio may be substantially increased during summer in lochs and
voes that are heavily loaded. Would this change stress cells of Pseudo-nitzschia spp. brought
into the loch in natural exchange of seawater, causing them to increase their content of the
domoic acid responsible for ASP? Or might it instead suppress the diatom in favour of
flagellates or dinoflagellates? In any case, the effects should be local and uncommon, and the
ECE calculations reported above suggest that fish farm nutrients should not result in nutrient
stress in coastal waters in general.



2.41 The FRS monitoring programme allows toxin levels in shellfish to be compared with
the abundance of the causative algae in water taken nearby. The ratio is highly variable for all
three kinds of shellfish poisoning. Variation might be caused by changes in the toxin content
of the algal cells, or result from differences in rate of capture of the cells, and accumulation of
their toxins, by mussels and scallops. Algal populations might differ genetically between
locations. Toxicity might change from year to year as a result of genetic re-assortment during
sexual reproduction at intervals of several years. Although these suggestions can help explain
apparent changes in levels of toxicity, and although fish farm nutrients seem unlikely to have
a widespread effect on algal toxin content, only the development of new methods will allow
the claim to be convincingly refuted. Such methods would ideally demonstrate the presence
of the toxin in single algal cells.



The influence of fish farm nutrient discharges on sea loch assimilative capacity



2.42 One critical factor determining the carrying capacity of the coastal zone is oxygen
availability. Oxygen is supplied through the sea surface and is transported throughout the
water column by turbulent diffusion. The activities of the animals and plants and bacteria
within the water column and sediments consume oxygen by the process of respiration. If
respiratory demand exceeds turbulent supply, oxygen concentrations will fall and may
become depleted. Even a modest reduction in oxygen concentration can effect fish and other
marine animals. At most sites in Scotland, oxygen supply in surface waters is not a limiting
factor. Those sites with problems tend to be located at the head of lochs where tidal currents
are lowest. Such sites may experience oxygen problems during warm calm periods.



2.43 Oxygen demand is controlled, amongst other things, by the rate of supply of organic
matter, some of which is provided by production of phytoplankton. Nutrients may influence
oxygen demand by stimulating primary production, which in turn may be ultimately
consumed by bacteria and grazing animals. Whether nutrient inputs have an influence on the
carrying capacity of a coastal system depends, therefore, on whether environmental conditions
exist for the phytoplankton to uptake and make use, photosynthetically, of the nutrients. In
many sea lochs, because of dissolved and suspended material, light cannot penetrate to more
than 10-15 m or so. Consequently the zone within the water column where phytoplankton can
photosynthesise is relatively shallow and the average illumination experienced by
phytoplankton is low. Modelling studies suggest that phytoplankton production is relatively
insensitive to changes in nutrient supply as in many areas, production is limited by light rather
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than by nutrients. Thus, except where special conditions exist, i.e. where nutrients are
introduced into a shallow and well-illuminated surface layer, nutrient discharges are unlikely
to have a significant effect on capacity for fish farming.



Summary



2.44 Modelling studies have shown that a few sea loch sites are strongly enriched with
nutrients to such a level that they might exceed environmental quality standards but, in the
main, enrichments are low. It is concluded that the present level of fish farming is having a
small effect on the amount and growth rate of Scottish coastal phytoplankton and that this
effect should not be a cause for concern except in a few, heavily loaded sealochs.



2.45 The perturbing effect of fish farm waste on nutrient element ratios in most Scottish
cases can be shown to be small. Typical farm waste has a ratio of nitrogen to phosphorus that
is close to natural ratios. However, there is a possibility that because of the absence of silicate
in fish foods there may be a danger of exceeding the “safe” N:Si limit of 2.5 locally at heavily
enriched sites in summer when background nutrient levels are low and silicate has been
drawn down by the Spring Bloom. However, modelling studies suggest that broad area effects
should be small. Similarly there is no convincing evidence to suggest that changes in nutrients
as a result of fish farm inputs ratios is likely to stress potentially toxic species to cause them
to increase their toxicity.



2.46 Except perhaps in a few enclosed waters, enrichment by fish farm nutrients is too
little, relative to natural levels, to have the various effects alleged. However, we cannot, as we
would wish, always support this conclusion with data from series of measurements of
nutrients, phytoplankton, algal blooms, and the presence and toxicity of harmful species,
made at key sites over the several decades that span the development of the current fish
farming industry.



Research Gaps



2.47 Further studies of phytoplankton abundance and species composition in some lochs
originally studied before 1984 and now the site of major fish-farms;



2.48 A few key coastal sites should chosen to bring together long-term programmes of
monitoring of nutrients, phytoplankton and algal toxins, and the historic and future data
collected in this way should be subject to statistical analysis and compared with predictions
from mathematical models; the sites should represent a range of loadings by fish farms;



2.49 Inflows of nutrients from the Atlantic Ocean and the Irish Sea should be monitored in
winter and summer; such inputs are likely to change because of climate change as well as
changes in nutrient enrichment of the Irish Sea;



2.50 Better understanding is needed of water movements within sea-lochs and voes,
between them and coastal waters, and in coastal waters;
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2.51 Studies of the biology, toxicology and ecology of Scottish populations of harmful
algae, especially of Pseudo-nitzschia spp;



2.52 Development of methods capable of detecting the presence of toxins in small samples
of phytoplankton - present methodology relies on analysis of shellfish tissues, and can thus
provide only indirect information about toxic algae;



2.53 Better understanding of the role of pelagic protozoa in coastal waters, lochs and voes;
these organisms may be crucial in preventing the development of algal blooms, yet especially
sensitive to pollution with metals or pesticides;



2.54 More information on rates of loss of nutrients from Scottish continental shelf and sea-
loch waters, especially concerning the process of denitrification which takes place in
organically enriched sediments and which probably removes a substantial part of nutrient-N;



2.55 Continued development of simple, robust models that can predict ’undesirable
disturbance to the balance of organisms and the quality of the water’ as a result of inputs of
nutrient and organic matter by fish farms.



ENVIRONMENTAL ASPECTS OF SHELLFISH CULTURE



2.56 Primarily small companies conduct shellfish cultivation in Scotland, the estimated
first-sale value of the industry is around £5 million, not including the revenue from managed
wild stocks. The recent trends are for increased overall production, an increase in the total
number of operational businesses, but a slight decrease in the number of operational sites.



2.57 The main species cultivated, all bivalve molluscs, in descending order of tonnage
produced are: the blue mussel, Mytilus edulis; the Pacific oyster, Crassostrea gigas; the
queen scallop, Aequipecten opercularis; the king scallop, Pecten maximus and the native
oyster, Ostrea edulis. Production is dominated by that of the blue mussel, both production
levels and farm gate prices have risen over several consecutive years with a further
substantive increase in production reported for 2001 with the expansion of cultivation in the
Shetland Isles. Production of Pacific oysters has shown a smaller but consistent increase in
recent years.



2.58 All these species are filter feeders, extracting the food they require naturally from the
water column. Juveniles for on-growing are supplied from hatcheries (oysters) or collected
from wild populations. For the blue mussel, spat can be collected in abundance and is not a
limiting factor. During the grow-out phase the shellfish receive no additional feed or
medication; as the cultivation processes are close to the natural mechanisms they are
inherently sustainable.



2.59 There are, however, two major environmental considerations key to the sustainability
of Scottish shellfish production. All bivalve mollusc production areas are classified under The
Food Safety (Live Bivalve Molluscs and Other Shellfish) Regulations 1992, and areas are
classified A, B or C depending on the number of faecal coliforms. The industry is, therefore,
highly dependent on the maintenance of good water quality. The second major constraint on
many businesses is the prevalence and duration of closures on harvesting caused by the
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presence of algal toxins. Most notably, with respect to mussel growers, prolonged closures
caused by the presence of Diarrhetic Shellfish Poison (DSP), have threatened to close
companies in north-west Scotland over the last two growing seasons. There have also been
seasonal closures caused by the presence of Paralytic Shellfish Poisons (PSP). The scallop
cultivation industry has been similarly effected by prolonged and widespread closures, since
1999, because of the detection of the toxin which can cause Amnesic Shellfish Poisoning
(ASP). The first reports of AST (domoic acid) in king scallops from Scottish waters were
coincident with the inclusion of ASP in the biotoxin monitoring programme, raising the
possibility that it may in fact have been present prior to this. However, as ‘shucking’ or
preparation of the scallop for table, leaving only the gonad and adductor mussel, removes
99% of the toxin burden in the scallop, it is unsurprising there were no reports of ASP illness.



2.60 There has been some speculation as to whether there is a link between the nutrient
input from fish cultivation and the occurrence of the toxins causing DSP, PSP and ASP in
shellfish from Scottish waters. There is no obvious spatial correlation between recent HAB
events in Scotland and fish cultivation sites. For example AST (the Amnesic Shellfish Toxin)
can be found in scallops from off-shore fishing areas as well as from those in sea lochs and
the factors controlling the prevalence, duration and distribution of phytoplankton blooms, are
clearly operating on a much larger scale. From laboratory study of toxin production in known
AST-producing algal strains, it is clear that a change in nutrient ratios, or more specifically
the limitation of a specific nutrient, can effect toxin production (see previous section).



2.61 The environmental impacts of shellfish farming in Scotland are generally considered
to be minimal. Some studies on the impact of mussel culture have reported a build up of
sediments, faecal and pseudo-faecal matter, which caused organic enrichment and a reduction
in the diversity of macrobenthos beneath the farm. Other studies have concluded mussel
culture had little impact and thus the extent of any impact is closely linked to the site-specific
water movements. There are some objections to mussel cultivation on the basis of the visual
impact of the floats supporting the culture ropes, although the widespread use of low profile,
grey or black floats minimises the effect. Oyster culture, as conducted in Scotland, has to be
considered benign, with a limited visual impact of trestles, only visible at low tides. The
tonnage of the other species cultivated is still minimal.



2.62 There is awareness, however, of the need to monitor the carrying capacity of shellfish
production waters, particularly in terms of phytoplankton availability. Well-documented
studies from other countries have shown that intensive mussel cultivation can result in a
significant negative correlation between mussel condition and the annual standing mussel
stock, an indication the system is exploited to capacity. In such situations, intensive mussel
cultivation will presumably be having an impact on other suspension feeders and throughout
the food web. Current models for shellfish cultivation predict and optimise exploitation
capacity but there is scope for studying nutrient flux, habitat degradation and deposition
below suspended systems.



2.63 To avoid pronounced shifts in coastal processes, conversion, and not dilution, is
promoted as the common sense solution to the issue of the additional nutrient loading that
results from fish cultivation. By integrating ‘fed’ aquaculture with inorganic and organic
extractive aquaculture (seaweed and shellfish), the wastes of one resource user become a
resource (fertiliser or food) for the others. Asian countries, which account for more than two
thirds of the world’s aquaculture production, have been practising integrated aquaculture for
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centuries, whereas Western countries and the more rapidly expanding parts of the Asian
aquaculture industry tend to focus on high value, high production monoculture.



2.64 The potential benefits of integrating seaweed / shellfish and finfish cultivation, with
the aim of mitigating the effects of the latter are now recognised and being researched in
Scotland. There have been several studies investigating the potential benefits of cultivating
mussels alongside Atlantic salmon in Scottish sea lochs. Shell and tissue growth of mussels
associated with salmon farms were found to be significantly augmented, but the variation of
growth rates between lochs was greater than that within lochs, underlining the need for a
better understanding of the interaction of site specific characteristics, primary productivity
and carrying capacity at an ecosystem level.



2.65 There is now a consensus that at least 80% of the total nitrogen lost from fish farms is
available for uptake by marine plants (both phytoplankton and macroalgae) and that fish
excreta and waste fish food provide well-balanced nutrients for algal growth. As macroalgae
can take up nitrogen from seawater at rates sufficient to support increases in biomass of up to
9–10% a day, they are regarded by some as important, renewable, biological nutrient
scrubbers. As such, the potential benefits of their integration to fish cultivation sites is worthy
of further attention.



2.66 The use of non-native species is one aspect of the cultivation of non-fish species that
could potentially have negative environmental impacts. In some scenarios the risk of
introducing disease to native species is of as much concern as any deleterious impacts of the
species introduced.



Summary



2.67 The cultivation of non-fish species has few measured, negative environmental
impacts, and those that have been recorded are restricted to the vicinity of the farm site. As
this type of culture extracts nutrients from the marine system, carrying capacity considerations
should be focussed on the extent to which the environment can supply these nutrients. It is
likely that the cultivation of non-fish species can, to some extent, help reduce nutrient inputs
from other activities including fish culture.



Research Gaps



2.68 A fuller understanding of the interaction of suspended-culture mussel populations
with other components of the ecosystem, in terms of their scope for growth (phytoplankton
availability), their impact on other suspension feeders in the food web and the potential for
nutrient release from accumulated biodeposits is required.



2.69 Such studies should be linked to the development of models to assist in calculation of
appropriate stocking densities for each bivalve cultivation area and the identification of sites
where mussel cultivation could be practised to advantage.



2.70 Fuller study of the potential benefits of integrating aquaculture species is required,
using a combination of nutrient extracting species on site with nutrient enriching species, with
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a view to increased productivity in the former and a net reduction in nutrient release from the
latter.



2.71 There is a need to improve our understanding of the mechanism of toxification and
depuration of AST in commercially valuable species such as the king scallop. There is little
information at present on the levels and mechanisms of production of domoic acid in Pseudo-
nitzschia species isolated locally, the reason for prolonged toxin retention in king scallops or
the potential impact of the AST on shellfish physiology, fecundity and recruitment.
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CHAPTER THREE EFFECTS OF DISCHARGES OF MEDICINES
AND CHEMICALS FROM AQUACULTURE



SEA LICE MEDICINES



3.1 A recent review of the availability and use of chemotherapeutic sea lice control
products identified eleven compounds representing five pesticide types being used
internationally on commercial salmon farms in the period 1997 to 1998. These included two
organophosphates (dichlorvos, azamethiphos); three pyrethrin/pyrethroid compounds
(pyrethrum, cypermethrin and deltamethrin); one oxidizing agent (hydrogen peroxide); three
avermectins (ivermectin, emamectin and doramectin) and two benzoylphenyl ureas
(teflubenzuron, diflubenzuron). Of these, six compounds were available for use in the UK
(dichlorvos, azamethiphos, cypermethrin, hydrogen peroxide, ivermectin and emamectin).
Dichlorvos and ivermectin are not known to be used in Scotland, and hydrogen peroxide,
which degrades rapidly to water and oxygen, is not considered to be a hazard to marine life.



3.2 This report concentrates on four compounds currently licensed for use as sea lice
medicines in Scotland: the bath treatments, azamethiphos and cypermethrin; and the in-feed
treatments, emamectin benzoate and teflubenzuron. Of these, cypermethrin and emamectin
benzoate are most widely used and are, therefore, considered to present the greatest
environmental risk. Bath treatments involve the discharge of dissolved medicine into the
water column after the treatment period. In-feed treatments are ingested by the fish and then
excreted over a period of time with most of the losses occurring to the sediments rather than
the water column.



Azamethiphos (Salmosan)



3.3 Currently azamethiphos use for sea lice control on salmon farms is limited and will
probably continue to decline as the use of in-feed treatments increases. At present,
azamethiphos is most often used in conjunction with cypermethrin treatments when lice
numbers necessitate control measures but farms have reached their discharge consent limits
for cypermethrin. Field studies in Scotland using deployed mussels and lobster larvae indicate
that effects on marine organisms in the vicinity of treated cages are unlikely. A dispersion and
toxicity study undertaken in the Lower Bay of Fundy, New Brunswick, at sites displaying a
range of dispersive energy conditions concluded that azamethiphos presented a low to
moderate environmental risk. The risks of short or long term adverse environmental effects
resulting from the use of azamethiphos for sea lice control are considered to be low as
toxicity values are well above both concentrations predicted following sea lice treatments and
Environmental Quality Standards (EQS).



Cypermethrin (Excis)



3.4 Cypermethrin is widely used for sea lice control in Scotland and a considerable
amount of information is available on its dispersion, fate and ecotoxicity. Dispersion
modelling and field based studies focussing on single treatments indicate that cypermethrin
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released following a bath treatment will be rapidly diluted in the receiving environment, with
the majority adsorbed onto particulate material, which settles to the sea bed. This absorption
process takes several hours by which time the discharge plume is spread over a wide area.
Sediment concentrations are, therefore, generally so low as to be undetectable. Both water
column and sediment cypermethrin concentrations predicted following single releases are
lower than Environmental Quality Standards (EQS), and are therefore unlikely to result in
toxic effects. However, a recent study concluded that even a single cage application of
cypermethrin has the potential to create a plume of up to 1 km2 that may retain its toxicity for
several hours. In that study, water samples collected up to 5 hours post-treatment were toxic
to the benthic amphipod, Eohaustorius estuarius, causing immobilisation during 48 hour
exposures. This has potential ecological implications because, in reality, cypermethrin
treatments involve multiple releases daily, usually over several consecutive days. The
potential for cypermethrin concentrations to exceed water and sediment EQS is, therefore,
increased during multiple treatment events. Consequently the environmental risk associated
with cypermethrin use is greater. SEPA account for this by setting 3 hour and 24 hour EQSs.
The dispersion, fate and cumulative effects of multiple treatment releases on the marine
environment remain unknown and require further investigation.



3.5 Sediment associated organisms are most likely to be affected by cypermethrin as it
binds strongly to organic particles and solids, and is rapidly adsorbed by sediments. Such
particle binding ameliorates toxicity by reducing bioavailability. For example, the tissue
concentrations of cypermethrin in Daphnia have been examined as a proportion of sediment
concentration and were found to decrease with increasing organic carbon content, indicating
decreases in bioavailability. This was a freshwater study, but has implications for the
organically enriched sediments below fish farm cages in terms of cypermethrin bioavailability
and toxicity to benthic invertebrates.



Emamectin benzoate (Slice)



3.6 Emamectin benzoate use for sea lice control is increasing in Scotland and, in many
loch systems, strategic treatments are being undertaken simultaneously at several farm sites.
There is very little information available on the environmental fate and ecological effects of
emamectin benzoate in the marine environment.



3.7 The organisms most likely to be affected by emamectin benzoate are those closely
associated with the sediment as emamectin has low water solubility and a high potential to be
adsorbed and bound to suspended particulate material. Much of the emamectin reaching the
sediments will be associated with particulate material in the form of fish faeces and uneaten
fish food. Emamectin remains in the sediments for a considerable period of time having a half
life (i.e. the time taken for the concentration to diminish by 50%) of around 175 days.



3.8 Benthic communities in the organically enriched sediments below fish farm cages are
generally dominated by small worms, which play a vital role in remineralising waste
products. A recent study on the effects of emamectin benzoate on infaunal polychaetes
indicated that predicted sediment concentrations are unlikely to adversely affect polychaete
communities below fish farm cages. Sediment emamectin concentrations causing significant
mortality to the capitellid worms that typically dominate sediments beneath fish farms were
also considerably higher than the EQS.
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3.9 Emamectin benzoate water column concentrations are expected to be considerably
lower than sediment concentrations and are unlikely to pose a risk to planktonic organisms.
Results from laboratory toxicity tests support this conclusion, with acute toxicity values
orders of magnitude higher than the maximum allowable water concentration of 0.22 ng L-1.



3.10 The environmental risk of emamectin benzoate to the marine environment is
considered to be low to moderate. However, there is relatively little information available on
the toxicity of this chemical to marine benthic invertebrates in particular, and little is known
about the potential long-term impacts of this chemical on the marine environment.



Teflubenzuron (Calicide)



3.11 Discharge consents are being granted for the use of teflubenzuron as a sea lice
medicine in Scotland, but it is not being widely used, primarily because it is not effective
against adult sea lice. There is very little information available on the environmental fate and
ecological effects of teflubenzuron in aquatic environments. The specific mode of action of
teflubenzuron means it is highly toxic to aquatic crustacean invertebrates, but low in toxicity
to fish, mammals and birds. As with emamectin benzoate, it is likely that the sediments will
act as a sink for teflubenzuron and so sediment associated organisms are more likely to be
affected by this chemical.



3.12 To our knowledge, there are no data on the toxicity of teflubenzuron to marine
invertebrates in the published literature and the suitability of sediment quality standards in
particular, are unknown. A recent study, investigating the toxicity of sea lice
chemotherapeutants to non-target planktonic copepods, determined acute toxicity values for
planktonic marine copepods exposed to teflubenzuron that are orders of magnitude higher
than water column EQS.



3.13 Teflubenzuron is predicted to be only directly toxic to crustacean invertebrates in
marine ecosystems. However, the potential exists for indirect effects such as increases in
primary productivity and changes further up the food chain. Direct and indirect ecosystem-
level effects of the structurally similar benzoylurea insecticide, diflubenzuron, have been
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L-1 diflubenzuron reduced zooplankton abundance and species richness, causing algal
biomass to increase because of decreases in invertebrate grazing. Significant declines were
also observed in juvenile bluegill biomass and individual weight, probably because of
decreases in invertebrate food resources.



3.14 It is difficult to predict the ecological risk of teflubenzuron to the marine environment
because of the current lack of information. Results from field studies referred to in SEPA’s
environmental risk assessment suggest that the use of teflubenzuron for sea lice control may
present a moderate to high environmental risk. It seems unlikely that teflubenzuron will be
widely used for sea lice control in Scotland, but if use does increase, investigation into the
potential long-term impacts of this chemical on the marine environment is recommended.
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ANTIMICROBIAL COMPOUNDS



3.15 Antimicrobial compounds such as oxytetracycline, oxolinic acid, trimethoprim,
sulphadiazine and amoxycillin are administered to farmed salmon as feed additives to treat
bacterial infections. In general, salmon farming is one of the least medicated forms of
agriculture; compared with factory beef, poultry and pork production, antibiotic usage in fish
farms is small and continues to decline. Antibiotics are not used on a continual, long-term
basis as they often are in other types of animal husbandry. Rather, they are used intermittently
for short periods (5 to 14 days) to control outbreaks of disease.



3.16 Most antimicrobial compounds readily associate with particulate material and residues
are often found in the organically enriched sediments below farms that have treated fish with
antibiotics, although the area of sediments containing measurable residues is generally very
localised.



3.17 Concerns relating specifically to antibiotic usage by the aquaculture industry are:



• Development of drug resistance in fish pathogens



• Spread of drug resistant plasmids to human pathogens



• Transfer of resistant pathogens from fish farming to humans



• Presence of antibiotics in wild fish



• Impact of antibiotics in sediments on: rates of microbial processes; composition of
bacterial populations; relative size of resistant sub-populations.



3.18 The environmental risk of antimicrobial compounds used by the aquaculture industry
is considered to be very low. Antibiotic usage in aquaculture is insignificant compared with
agricultural use and, because of the development of vaccines, continues to decline.



METALS



3.19 Of the metals present in fish farm sediments, elevated concentrations of copper and
zinc have been reported in Scotland and Canada. The principal sources of these metals are
antifoulant paints and fish feed.



Metals in antifoulants



3.20 Antifoulant products are painted or washed onto fish farm nets and structures to slow
the build up of fouling organisms. Currently, 19 of the 24 antifoulant products registered for
use in Scottish aquaculture are copper based, either as copper, copper oxide or copper
sulphate. These copper-based products exhibit effective antifouling activity against barnacles,
tube worms and most algal fouling species. Two types of antifoulant paint (water based or
spirit based) may be applied to fish farm nets at washing sites remote from the farm. When
the nets are placed back in the water at the farm, copper can be released from the paints,
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producing metallic slicks. It is likely that copper is also released in soluble and particulate
form from paint on the metal cage structures.



3.21 The use of copper-based antifoulants is likely to increase and there may be reason for
concern because of the accumulation of copper in sediments below fish farms, and its
potential toxicity to benthic organisms.



Metals in fish feed



3.22 Metals present in fish feed are either constituents of the meal from which the diet is
manufactured or are supplemented as a mineral pre-mix for perceived nutritional
requirements. The meal constituents, together with the mineral pre-mixes, are composed of
various trace and heavy metals, providing copper, zinc, iron, manganese, as well as cobalt,
arsenic, cadmium, fluorine, lead, magnesium, selenium and mercury. Concentrations of
copper and zinc in feeds produced for Atlantic salmon range from 3.5 to 25 mg Cu kg-1 and
68 to 240 mg Zn kg-1. However, the estimated dietary requirements of Atlantic salmon for
these elements are 5 to 10 mg Cu kg-1, and 37 to 67 mg Zn kg-1. Therefore, it would appear
that the metal concentrations in some feeds are unnecessarily high as they exceed salmon
dietary requirements.



3.23 Sediment copper and zinc concentrations measured at fish farms surveyed by the
SEPA West Region in 1996 and 1997 were compared with proposed sediment quality criteria
to assess the potential for adverse effects caused by elevated metal concentrations. Sediments
directly beneath the cages and within 30 m of the farms were severely contaminated by
copper and zinc at 7 of the 10 farms surveyed, with “probable” adverse effects predicted on
the benthic invertebrate community at these sites.



3.24 The long-term ecological implications of high metal concentrations in fish farm
sediment are unknown. Sediment biogeochemistry and physical characteristics influence the
accumulation, availability and toxicity of sediment contaminants such as trace metals to
benthic invertebrates. Even when metal concentrations in sediments substantially exceed
background levels, metal bioavailability may be minimal and adverse impacts may not occur.
Organically enriched fish farm sediments characteristically have a high biological oxygen
demand and negative redox potential; conditions leading to sulphate reduction. Under these
conditions, metals such as copper and zinc are less likely to be biologically available.
However, disturbance of the sediments by strong currents or by trawling could cause the
sediments to be redistributed into the water column, leading to re-mobilisation of the metals
so that they become available for uptake. It is possible that elevated copper and zinc
concentrations, in combination with high levels of other potentially toxic substances such as
sulphides and ammonia, could represent a significant barrier to the recolonisation of benthic
sediments when fish farm sites are fallowed. Sediment chemical remediation when a fish
farm site is fallowed, in particular, degradation of organic material and reductions in sulphide
concentrations, may increase metal bioavailability in the sediments, and might also result in
the release and further dispersal of metals away from fish farm sites.
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Summary



3.25 There is currently insufficient information available to determine the long-term effects
of medicine and antifoulants use. Further research is required into the effects of these
products over the long term, particularly where multiple sources enter the same marine area.
In the short term, the environmental risk is considered to be low if sea lice medicines and
antifoulants are used according to regulatory guidelines but, in the case of antifoulants, more
information is required relating to their use by the aquaculture industry.



Research Gaps



3.26 The following concerns and areas for future research relating to these chemicals and
their potential environmental impacts have been identified:



• More information is required on the toxicity of emamectin benzoate,
teflubenzuron, copper and zinc to benthic organisms commonly found Scottish sea
lochs.



• More information is required on the long-term effects of cypermethrin, emamectin
benzoate, copper and zinc on sediment associated organisms. In particular:



• What proportion of the chemicals, particularly the metals, present in fish farm
sediments is bioavailable?



• Is there potential for these chemicals, particularly the metals, to accumulate up
the food chain.



• What happens when a site is fallowed and the sediment biogeochemistry
changes?



• Do the chemicals that have accumulated, and are possibly not biologically
available in the organically enriched sediment, become bioavailable as
chemical remediation occurs? Are they released, and do they disperse over a
wider area? Do they prevent recolonisation of impacted sites?



• More information is required on the dispersion, fate, and potential long-term
effects of multiple cypermethrin treatments (at single and multiple farm sites)
within a loch system.



• More information is required on the potential effects of concurrent emamectin
treatments at several farm sites within a loch system.



• Antifoulant usage by the aquaculture industry should be quantified.



• Copper and zinc concentrations, speciation, and toxicity in fish farm sediments
needs to be investigated.



• Better understanding of salmon metal dietary requirements is needed to reduce
metal concentrations in feed and consequent metal input into the marine
environment.
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CHAPTER FOUR DISEASE IMPACTS ON WILD AND FARMED
STOCKS



4.1 Cage farms may cause ecological effects stemming from the release of parasites and
pathogens. It is, however, difficult to find diseased animals in the marine environment – such
animals quickly succumb to predation. It is, therefore, not easy to be confident about the
frequency or significance of transfer of pathogens to wild stocks.



4.2 One example involved a monogenean parasite of salmon Gyrodactylus salaris, which
was transferred from resistant Baltic salmon populations to Norwegian populations lacking
resistance as a result of movements of farmed fish stocks in the mid-1970s. This resulted in
the extinction of many wild populations. Restrictions in the movement of live material
between countries are enforced but this parasite still presents a significant potential threat to
wild stocks in Scotland. Although aquaculture represents a possible method of transmission it
is thought that inadvertent transfer by anglers represents a more significant risk.



4.3 Sea lice infestations are endemic in most salmonid culture areas and, in recent years,
declines in wild salmonid populations have led to the widespread belief that there is a link
between farming and this decline. In Scotland, the main focus has been on the marked
population declines of wild sea trout Salmo trutta, particularly in the north-west where
salmon culture is concentrated. On their first visit to sea in the spring of the year following
hatching, sea trout may be confronted with very high concentrations of infective sea lice
larval stages and quickly become infested with lice. Although these fish may choose to return
to fresh water to avoid the parasite it is likely that many are severely compromised. A burden
of only 10 adult lice is thought to be sufficient to cause mortality, especially in immature fish
already under stress.



4.4 The position is less clear with wild Atlantic salmon Salmo salar, also in general
decline. Smolts of this species migrate directly to the ocean without remaining in the coastal
or estuarine zone, as is the case with sea trout. It was previously thought that wild salmon
would not be exposed to the same degree of infestation owing to the limited period of contact.
However, it is now suggested that, particularly in long sea loch systems with several fish
farms, salmon may receive sufficient infestation to compromise their survival. This
hypothesis is not easy to test, as it is difficult to catch salmon smolts in coastal waters,
particularly in such a way as to protect the fish from skin/scale damage that may remove any
early lice stages present. However, researchers in Norway have recently made significant
progress in this area using a fishing net with an aquarium in the cod-end designed to minimise
damage to the fish. The results from a co-operative research project between the Institute of
Marine Research, Bergen, Norway and the University of Bergen indicate that more than 86%
of the wild postsmolts of Atlantic salmon migrating out of the Sognefjord, and between
48.5% and 81.5% of the postsmolts from the Nordfjord were killed as a direct consequence of
sea lice infections during the spring of 1999. The surviving fish were probably weakened
because of the infection. Only two fjords were investigated at that time, but it seems probable
that postsmolts from other fjords also experience the same problem and there is every
likelihood that a similar situation may exist in some of the longer sea lochs in Scotland.
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4.5 Although the relationship between sea lice infection and the decline of wild
populations is striking, and is additional to the widespread decline of migratory salmonids in
areas without fish farms, there is as yet no absolute proof of a causal link. In spite of this, and
owing to the increasing body of supporting (although as yet inconclusive) evidence, the
burden of opinion has recently begun to swing in favour of accepting the likelihood that lice
from farms constitute a direct threat to wild salmonids.



4.6 Lice infestation has always been a significant economic and health problem for the
industry and has tended to be tackled site by site, company by company. Most large salmon
producing countries now recognise the value of an integrated approach to lice management.
The main features of strategies to reduce lice numbers include:



• Regular monitoring of lice numbers



• Co-ordinated chemical treatments between farms sharing the same water body



• Single generation sites



• Fallowing of management areas to break lice cycles



• Treatment of lice in the spring when lice numbers are low



4.7 These features were adopted in Scotland in 1999 as part of the industry’s National Sea
Lice Strategy.



4.8 In the past, fish farmers had access to only a few treatment agents. A consequence of
this limited group of medicines was reduced efficacy, caused by resistance. There are,
however, several new lice treatment agents on the market that are proving more effective in
reducing lice numbers on farmed fish.



4.9 Even with greater access to effective sea lice treatment agents it is uncertain that total
lice numbers can be brought down to low enough levels to fully protect wild salmonids. This
is a consequence of the continuously increasing numbers of fish entering culture: the numbers
of farmed fish far exceeds the collective size of wild populations. Any decrease in lice
numbers occurring through a lowering of acceptable lice levels on farmed fish is likely to be
compensated for through future increases in production. Given that there will always be
economic and environmental constraints on the frequency of therapeutic application, it would
appear that if lice from salmon farming are a major contributor to declines in wild
populations, we will have to await a much more radical solution e.g. a totally effective
vaccine.



4.10 In Scotland, the farmer controls lice burdens and the data collected on lice burdens
remains commercially sensitive and not generally available, except confidentially through
Area Management Agreements (AMA). AMAs are aimed primarily at tackling sea lice and
bring fish farming, wild fisheries and regulatory interests together. There are currently 7 such
AMAs in Scotland.



4.11 It is likely that the burdens of lice acceptable to the farmer are higher than the levels
probably required to minimise effects on wild fish. The situation in Norway is different in that
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lice levels are monitored by state veterinarians on a regular basis and, when lice levels rise,
treatment is compulsory.



4.12 The use of non-chemical methods of lice control (e.g. cleaner wrasse) remains
widespread in Norway but is little used in Scotland. Recent commercial scale trials of wrasse
use in Scotland as part of an integrated lice management programme have shown positive
economic benefits with a concomitant decrease in the use of chemical treatments.



4.13 With the exception of sea lice, there appears to be little significant transfer of parasites
between farmed Atlantic salmon and wild populations – in fact reverse transfer is more
apparent. Little research has been reported on the parasitic interactions of other cultured
species and wild populations.



4.14 The potential for bacterial and viral diseases to be transmitted from farmed fish to
wild is real. Furunculosis (caused by the bacteria Aeromonas salmonicida) was believed to
have been re-introduced to Norway via cultured-fish imports from Scotland in 1985 causing
severe damage to both farmed and wild populations. Furunculosis is no longer a problem in
fish farming owing to effective vaccination programmes.



4.15 During and since the major outbreak of infectious salmonid anaemia (ISA) in several
Scottish fish farms in 1998–1999 there have been several claims of a threat to wild
populations. The presence of ISA in wild populations was confirmed in Scotland (Scottish
Executive Press Release, 04/11/99) but it is not clear whether this was a consequence of the
outbreak in farmed stocks nor is it clear what impact the disease had on wild populations.
Fisheries biologists have also expressed concerns about the possibility of Infectious
Pancreatic Necrosis virus (IPN) transfer between farmed and wild stocks. IPN is widespread
in some farming areas and it appears that it can be passed to wild stocks. However, very few
samples have been analysed from wild populations and further monitoring is required to
determine the degree to which transfer is occurring and whether it has significance for wild
populations.



Summary



4.16 Wild salmon and sea trout are at risk from infective larval sea lice that may be
associated with marine salmon farms. Salmon are most at risk in long fjordic systems where
they have to pass several farms during their migration to sea. The transfer of other parasites
from farmed to wild fish is not thought to be a major problem at present. The introduction of
the parasite Gyrodactylus salaris from Scandinavia would probably devastate the Scottish
wild salmonid population although it is not thought that transfers relating to farming represent
the only or greatest risk of introduction. The potential exists for transfer of infectious diseases
such as Infectious Salmonid Anaemia (ISA) and Infectious Pancreatic Necrosis (IPN) from
farmed to wild stocks but the real level of risk is not quantifiable given present knowledge.



Research Gaps



4.17 Research to quantify the factors responsible for the transmission of lice between farms
and wild fish. Improvements in understanding the mode and rate of transmission are essential
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in providing information on the relationships between infection of wild populations, lice
burden on farms and separation distances between migratory fish routes and fish farms. This
type of research would also bring greater understanding of the mechanisms by which farmed
fish become infected with sea lice from wild populations and from other farms. This would
help to determine the reasons why some sites have much fewer lice problems than others do
and, therefore, assist in the selection of better sites for salmon culture.



4.18 Further work is required to determine the factors affecting the risk of transmission of a
variety of fish diseases between farmed and wild populations.
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CHAPTER FIVE ESCAPES FROM FISH FARMS AND
POTENTIAL EFFECTS ON WILD
POPULATIONS



5.1 Salmon escape from cage farms owing to accidents of weather or operation, through
poor maintenance of nets and other equipment, through inappropriate specification of
containment equipment for the exposure characteristics of the site, or through damage from
seals. Although there have been improvements in containment technology and husbandry
practice, the absolute number of escapes may remain high as a consequence of expansions in
the industry.



5.2 Escapes from farms are obviously not desirable for the farmer as stock is lost and
future insurance costs may be increased. There are also detrimental effects on the
environment.



5.3 The genetic and ecological effects of escapes on wild populations are complex
subjects and only the most important aspects will be summarized here. The fundamental
problem arises because wild salmon and their farmed cousins have very different levels of
genetic variability. Wild salmon have a high level of genetic diversity both within and
between populations. Between population variability is driven by selection for the particular
river (or part of a river) that they originate from and these differences are maintained by their
accurate homing ability as they return from the sea to breed. Thus there are many distinct
populations of salmon with a relatively low rate of mixing between them. Farmed salmon
arise from relatively few wild strains and thus show lower overall variability. Although some
breeding programmes seek to maintain genetic variability within populations by ensuring that
large numbers of broodstock are used, this is not always the case so some reared strains are
lacking in variability. Large numbers of broodstock are required to ensure that relatively rare
genetic components are not lost from the population. For example, several thousands of
broodstock are thought to be required to maintain the evolutionary viability of a wild
population.



5.4 Breeding programmes for farmed fish exert very different pressures than natural
selection does in the wild. Farmed fish are selected, intentionally or otherwise, for high
growth rates and for the particular environment that exists in culture situations: high stocking
densities, easy access to food, reduced stress during handling and isolation from predation.
Reproductive success is generally unimportant, as is the ability to find food and avoid
predators. These factors are, however, under intense selection pressure in the wild. Thus
farmed fish are much less fit for survival in the wild than wild salmon. However, it is likely
that if farmed fish escape early in their life cycle, those fish that survive to adulthood will
have at least learned to catch prey and avoid predation but they may not be any more
reproductively competent.



5.5 When farmed fish escape they can breed with wild fish. It is possible that the
immediate offspring of such crosses may benefit from hybrid vigor but this is not passed on to
the next generation owing to the phenomenon of outbreeding depression leading to much
lower fitness and productivity.
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5.6 It is quite easy to see that even where escaped fish are reproductively inferior i.e. less
able to participate in breeding or having poorer quality or fewer gametes (eggs and sperm),
large numbers of escapes may dwarf local wild populations which may only have relatively
few breeding adults in any one year. Wild fish have some protection from such events owing
to their life cycle: it takes a minimum of 2 years post-hatching for salmon to go through the
freshwater phase, migrate to sea as smolts and return the following year as grilse but some
fish will spend more than one year at sea thus spreading the progeny of a particular year’s
hatch out over several future years. Thus, it is possible for a wild population to recover after
some catastrophe that affects the progeny of any one year and this factor undoubtedly
contributes to the success of the species (although there appears to be a general decline in the
proportion of fish who have spent more than one year at sea). However, continued escapes, if
maintained over several years can have very serious effects on wild populations.



5.7 To put the problem in context, if 1% of the farmed population escapes each year then,
for the west coast of Scotland only, that will amount to over 200,000 fish (in 2000), which
vastly exceeds the total catch of the wild population. The total wild catch for the fish farming
regions - North West, West, Clyde Coast and Outer Hebrides – was 8,459 salmon by all
methods in 2000. This is probably in the region of 15% of the wild population and so it is
easy to calculate that a 1% loss from aquaculture exceeds not only the catch from wild fish
but also probably the total adult population in this region. The actual reported loss from
escapes in 2000 for the whole of Scotland was 411,433 salmon, although more than half of
this came from one incident in the Northern Isles.



5.8 It has been argued that the wild populations that might be affected by escapes from
fish farming are themselves already affected by often inappropriate restocking and
transplanting programmes that have been practiced by fishery managers and owners for many
years. Where restocking or "stock improvement" programmes are based on only a few
broodstock, even where the broodstock were taken from the local population, then serious
reductions in effective population size can be introduced i.e. a loss in genetic diversity. Where
strains for distant rivers have been used it is likely that the phenomenon of outbreeding
depression will occur with reduced fitness especially in the second and subsequent
generations. Thus, it is argued that some of the negative effects of escaped farmed salmon are
already present as a consequence of some fisheries management programmes.



5.9 Although this argument is valid, it does not negate the need to prevent or minimise
further escapes of farmed salmon. Given that stocking with salmon has released orders of
magnitude fewer fish into the wild than farm escapes, escapes of the scale currently
experienced will inevitably increase the degradation of genetic diversity already present, with
potential losses of genes that are important for the fitness of populations in the wild.



5.10 Various options are available to minimise loses of escaped salmon. The most drastic
is complete containment and this is the only option open where losses cannot be
countenanced, for example, in experimental stations where transgenes have been introduced.
Complete containment, i.e. culture in tanks with multiple safety measures on the effluent
water, is currently rare except for the most juvenile life stages as a consequence of economics.
Another option is to ensure that escaped fish cannot breed. This is done successfully with
trout by inducing a chromosomal abnormality called triploidy. The females of these fish are
essentially sterile and this is desirable for trout as it prevents early sexual maturation thus
ensuring that resources are not wasted in producing unwanted gonadal tissue. Triploidy can
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also be induced in salmon and female triploid salmon are sterile. However, these fish show
reduced performance and are generally unsuitable as a culture organism.



5.11 Improvements in containment of caged fish will likely continue as net technology
develops but this may be compensated for by the probable increase of sites with a greater
degree of exposure. While such sites are certainly of benefit for other reasons there must be
rigorous precautions taken to minimise escapes e.g. by ensuring that net strength is over-
specified and that cages and moorings are adequate for extreme weather conditions. With
sufficient data, it is possible to make estimates of weather extremes likely to occur within a
given time period, e.g. 50 years, and this could be used to derive containment specifications.
Once the correct specifications are determined it is crucial that the appropriate inspection,
preventative maintenance and replacement management regimes are implemented.



5.12 Management of predators is also important as if seals attack farmed stock in cages
there is a high risk of damage to the net. Sites seem to vary as to the degree that seals present
a problem and farmers have three basic strategies: 1) acoustic deterrents are transducers
placed in the water that are programmed to emit high powered sounds of a frequency that is
unpleasant to the seals thus excluding them from the immediate area; 2) the use of a second
net designed to keep seals from gaining access to the fish net (not regularly used for large
cages); and 3) maintaining the fish net at high tension thus preventing seals from being able
to bite through to the fish. Each of these measures is often supplemented with occasional
shooting of "rogue" seals. Shooting is, however, relatively inefficient as it is often difficult for
farmers to identify the particular rogue seal.



5.13 Although the above measures probably have no ecological impact on seal populations,
which are thriving nationally, the use of acoustic deterrents has been questioned because of
the potential problems caused for cetaceans. Cetaceans – dolphins, porpoises and whales – are
much more sensitive to acoustic noise and a high pitched sound that might inconvenience a
seal might cause pain to a cetacean. Thus it is likely that powerful acoustic deterrents exclude
cetaceans from a large area. A Canadian study indicated that killer whales were excluded
from a 10 km radius of such a device. This has obvious implications for exposed sites where
sound transmission distances might be considerably greater than in enclosed sea lochs. Thus
although effect seal management is crucial in maintaining the containment integrity of fish
cages, acoustic deterrents have other environmental impacts diminishing their usefulness. At
present there is insufficient information on coastal marine noise from other sources to easily
quantify the degree of extra hazard to cetaceans.



Summary



5.14 Escapees from fish farms may interbreed with wild population resulting in losses of
genetic variability, including loss of naturally selected adaptations, thus leading to reduced
fitness and performance. Non-local genes have been introduced into wild salmonid
populations for over a century, as a consequence of restocking programmes intended to
increase population sizes. However, the effect of these programmes is probably insignificant
compared with that caused by farm escapes simply owing to the large scale of escapes in
comparison with the wild populations. Escapes from salmon farms, therefore, constitute a
major threat to wild populations. Current methods to reduce fish farm escapes by reducing net
damage from predators include the use of acoustic deterrents to exclude seals from the farm
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area. While these probably have no great consequence for seal populations they may exclude
whales, dolphins and porpoises from a much larger area owing to their greater sensitivity to
underwater acoustic noise.



Research Gaps



5.15 Continued surveillance of the presence of escaped fish in wild populations and
quantification of the effects in terms of population fitness.



5.16 Improvements in marking or tagging fish to enable easy identification of escapees.



5.17 New methods for reducing fertility of farmed fish.



5.18 Improved containment technologies, including technologies for reducing the costs of
operation of fully contained systems.



5.19 Assessment of the effects of seal scarers on cetaceans.
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CHAPTER SIX SUSTAINABILITY OF FEED SUPPLIES –
INCLUDING RESEARCH ON PLANT MEAL
SUBSTITUTION



6.1 Fishmeal and fish oil are key constituents of pelleted diets for the intensive production
of carnivorous species. World capture fishery production has flattened out (against a
background of increasing fishing effort) at around 86–94 million tonnes of which around 23–
33 million tonnes have been used annually for the production of fish meal and oil over recent
years (Table 6.1). The main species used in the manufacture of these products include
anchovies, sardines, pilchards, capelin and sandeels. In 2000, 35% of the fishmeal and 57% of
the fish oil produced was used in aquaculture diets, with the remainder used for livestock,
including pigs, poultry and ruminants. Aquaculture production has been expanding globally at
over 10% per year since 1984 and the industry is expected to double within the next decade.
At the current growth rate, it has been estimated that by 2010, 56% of the fishmeal and 85–
98% of the fish oil produced will be utilised by the aquaculture sector. A proportion of this
projected increase in the availability of these products for aquaculture is accounted for
through the relative decline in the use of fishmeal in poultry diets and fish oils in hardened
edible fats.



Table 6.1 World fisheries production and utilisation (in million tonnes)



1994 1995 1996 1997 1998 1999
INLAND



Capture 6.7 7.2 7.4 7.5 8.0 8.2



Aquaculture 12.1 14.1 16.0 17.6 18.7 19.8



Total inland 18.8 21.4 23.4 25.1 26.7 28.0



MARINE



Capture 84.7 84.3 86.0 86.1 78.3 84.1



Aquaculture 8.7 10.5 10.9 11.2 12.1 13.1



Total marine 93.4 94.8 96.9 97.3 90.4 97.2



Total capture 91.4 91.6 93.5 93.6 86.3 92.3



Total aquaculture 20.8 24.6 26.8 28.8 30.9 32.9



Total world fisheries 112.3 116.1 120.3 122.4 117.2 125.2



UTILIZATION



Human consumption 79.8 86.5 90.7 93.9 93.3 92.6



Reduction to fishmeal
and oil



32.5 29.6 29.6 28.5 23.9 30.4



6.2 World fishmeal and oil production rates have remained relatively static over the last
10 years, except in 1998 when the El Niño phenomenon significantly reduced production in
Peru and Chile. On average, global production of fishmeal was 6.6 million tonnes (product
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weight) and fish oil was 1.2 million tonnes in 1999. Fishmeal usage in the aquaculture sector
is dominated by the Far East, particularly China (55%) and fish oil usage is largest in the
Americas, particularly Chile and Canada (44%). Fish oil usage is relatively low in the Far
East (14%), despite their dominance of the fishmeal markets because fish species farmed in
this region typically consume low-oil diets. These diets contain approximately 1–3% fish oil
(dependent on species) compared with oil-rich salmon diets that can contain up to 30% fish
oil. The main source of the fishmeal and oils for diets produced for the UK aquaculture
industry is from the South American fisheries, although a proportion of the meal and oil is
still supplied by the ‘traditional’ Norwegian and Icelandic fisheries. The transfer to fisheries
in the Southern Hemisphere in recent years reflects the greater fishery production and product
quality compared with stocks typically found in the Northern Hemisphere. The majority of the
fish feed (95%) used in Scotland is manufactured in the UK and the remainder is imported
from Denmark, Norway and the Faeroe Islands. The dominant UK producers are BioMar
Ltd., EWOS Ltd. and Trouw Aquaculture and the annual production of fishmeal in 1999 was
51,000 tonnes compared with the total European production of 348,000 tonnes.



6.3 Concern has been raised that as the aquaculture industry grows, extra pressure will be
placed on wild stocks for the production of fishmeal and oil. The predominant geographical
region of growth in the aquaculture sector is the Far East. Aquaculture production is greatest
in China where the industry is dominated by carp species, although the production of tilapia
and milkfish has increased significantly in the last decade. Culture species in the Far East are
typically herbivores/omnivores and it is possible that the predicted increases observed in the
aquaculture sector would not have any significant impacts on wild fish stocks. However, the
expansion and intensification of aquaculture in China, particularly in the coastal provinces
which comprise 60% of production, has led to an increase in culture systems based on
formulated feeds. Even though the culture species are herbivorous, the formulated diets
include fish oil to improve (a) the efficiency of the immune system; and (b) the tolerance to
intensive culture systems. Because of this, even though the proportions of fish oil use by
weight are low in the diet, the total tonnages used in the Far East are such that this region has
considerable influence on fish oil use, with usage forecast to increase markedly over the next
decade (Table 6.2).



6.4 In Norway, the aquaculture industry is also expanding rapidly with Atlantic cod
production being the main new growth area, the industry is actively supported by the
Norwegian government. Atlantic cod require less fish oil in their diet (12–15% fish oil)
compared with salmon (~ 30% fish oil). However, a relatively low FCR will potentially
require a diet that is initially high in fishmeal because of the incomplete understanding of the
nutritional requirements of cod during the initial years of cultivation.



6.5 Interest in marine oils has also been increasing in the pharmaceutical, health and
technical industries. These sectors currently purchase 4–6% of the annual production at prices
that are significantly higher than the prices paid by the fish feed manufacturers for the
premium oils.
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Table 6.2 Projections of worldwide aquaculture production by species groups and
estimated requirements for formulated feeds



Species Estimated
production
in 2000
(,000 t)



Predicted
production
in 2010
(,000 t)



Estimated
% to be
reared on
feed in
2000



Projected
% to be
reared on
feed in
2010



Feed
required
in 2000
(,000 t)



Feed
required
in 2010
(,000 t)



Carp 13,983 36,268 25 50 6,991 27,000
Tilapia 974 2,526 40 60 779 2,106
Shrimp 1,034 1,684 80 90 1,489 2,425
Salmon 876 1,569 100 100 1,051 1,255
Bass, etc.1 856 1,394 60 80 923 1,670
Trout 450 733 100 100 585 586
Catfish 371 604 85 90 505 761
Milkfish 379 462 40 75 303 554
Eel 216 263 80 90 346 284
Other marine fish2 105 650 100 100 126 585
TOTAL 19,244 46,153 13,098 37,226



1 Bass, bream, yellowtail, grouper, jacks and mullets. 2 Flat fish including, flounder, turbot, halibut, sole, cod and
hake



6.6 As fisheries for large, high-value carnivorous species have become increasingly fully-
or over-exploited, the proportion of smaller, less valuable pelagic species, such as sardines,
pilchard and capelin, are increasing in the catch. This is likely to be exacerbated by an
increase in human demand for some of these fish species, particularly in Asian countries in
the next few years as the economy recovers from the financial crisis in the late 1990s. The
‘fishing down the food chain’ principle is initially thought to improve catches before leading
to a phase of stagnating or declining catches. It is proposed that this change in exploitation
patterns is unsustainable.



6.7 Fisheries control over the major resources for fishmeal and oil production has been
introduced. International Organisation of Standardisation (ISO) 14001 certification and FAO
Code of Conduct for Responsible Fisheries have been endorsed by members of Scottish
Quality Salmon. The main species, including anchovy, sardine, capelin and sandeels, are
subject to management through total allowable catch (TAC), area catch limits, minimum
mesh sizes, fleet capacity controls, fleet capacity controls, closed areas and seasonal bans. In
the UK, a TAC of 1 million tonnes was set in 1998 for the North Sea sandeel stock and a 20
km2 area of the Moray Firth was closed to industrial fisheries in 2000 because of concern over
the breeding success of locally nesting seabirds that rely upon the sandeels for food. The
management of fisheries in general, however, is widely considered to be ineffective because
of the poor condition of many important fish stocks. The level of enforcement of fisheries
controls in the certain areas of fishmeal and oil production is also debatable, although satellite
tracking has been introduced in Peru and Chile to enforce closed areas for anchovy and
sardine. The long term effect of the removal of large quantities of feed organisms from the
marine ecosystem is an issue that has yet to be quantified. In the North Sea, declines in certain
species with economic value, such as cod, and changes in the distribution, population sizes
and reproductive success of various seal and sea-bird colonies have been attributed to the
over-fishing of sandeel and other small pelagic fish stocks. In addition, the industrial fishery
for anchoveta in Peru was implicated in the loss of significant numbers of seabirds through a
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reduction of food availability and an inhibition of population recovery after crashes induced
by El Niño events.



6.8 The fishmeal industry has suggested that discards, which account for approximately a
quarter of the annual global landings (27 million tonnes), should be utilised by the industry.
Norway, Canada and Iceland have all introduced a ban on the at-sea discarding of certain
commercial species and a proportion of the by-catch is utilised by the fish feed manufacture
industry. This ban has been coupled with an extensive monitoring and surveillance system
whereby areas can be closed when bycatch rates exceed a certain level. The use of selective
fishing gears has also become compulsory in a number of Norwegian fisheries. In Europe, EU
legislation prohibits the landing of any fish that is caught outside the regulatory size range or
quota allowance. The Commission favours measures such as greater selectivity of fishing gear
and alterations in fishing practices rather than a ban on discards. It is clear, therefore, that
although there is a trend towards greater utilisation in certain fisheries, in others there is more
pressure to reduce the capture of potential discards. On balance, the probability of an increase
in the availability of fishmeal and fish oils through the future utilisation of discards is low.



6.9 There can be no argument that the availability of fishmeal and oil has the potential to
limit the sustainable growth of those forms of aquaculture (e.g. salmon production) that
depend on this resource. Furthermore, as pressure on fish stocks for production of these
products grows, the vulnerability of an aquaculture industry dependent on these stocks is
high. It is recognised that climate oscillations such as El Niño can have a major effect on
fishery production: a drastic reduction in fishmeal supply would increase prices of feed such
that industries where profits are low, e.g. salmon culture in Europe, could collapse. However,
recovery of stocks following the most recent El Ninõ collapse (1998) was rapid in the South
American fishmeal fishery indicating that these sources may be robust and sustainable at the
present capture levels.



6.10 FCRs are continuously improving as feeds become increasingly tailored to the dietary
requirements of the cultured species. Feed wastage continues to be reduced through the use of
advanced pellet monitoring systems (e.g. underwater cameras, Doppler, StorvicTM systems)
and feedback loops because of economic and, partially, environmental pressures. This is
particularly the case in the highly regulated northern salmon industries where studies have
found that under commercial conditions Atlantic salmon can reach 5.5kg with a feed
conversion ratio of 0.85 using a fishmeal and oil based diet in 1999. It is envisaged that
further advances in husbandry practices and the optimisation of protein: energy rations will
enable FCRs to approach 1:1 i.e. one kg fish product (whole fish, wet weight) per kg feed
(compound feed, typically around 10% water). Despite these potential improvements, it still
requires between 2 and 5 kg of wild fish to produce 1 kg of fishmeal-fed cultured fish.



6.11 This apparently wasteful use of the fish resource is to some extent mitigated by the
fact that not all of the fish used for fishmeal production are fit or appropriate for human
consumption. In addition, the conversion of low commercial value small pelagic fish into
high value carnivorous species is probably more efficient in culture than in the wild where
there is likely to be a much lower transmission of energy between trophic levels. It is also
possible that competition with cheap, farmed fish may reduce fishing effort thus protecting
endangered stocks, although this is offset by the fact that it may be possible to sell the wild
product at an increased price to a sophisticated market.
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6.12 Substitutes for fishmeal protein and marine fish oils are continuously being sought
and progress is being made. An EU research project is currently studying ‘Perspectives of
Plant Protein usage in Aquaculture’ (PEPPA) and research in Norway has been investigating
the use of soya meal in feed for salmonids. Protein substitutes are already used in fish feed in
the UK and Norway with up to 25% of the protein in the feed derived from plant origin.



6.13 The uptake of fish oil substitutes has been slower. For the first time, with the
exception of 1998, the price of fish oils in 2002 is approximately the same as for plant oils.
Concerns over the dioxin and polychlorinated biphenyl (PCB) levels in the northern
hemisphere fish oils has increased the pressure on fish feed manufacturers to produce oils
with reduced levels of dioxins. This has created a growing interest in the use of low-dioxin
vegetable oils. In Scotland, Scottish Quality Salmon (SQS) has recently revised it’s Quality
Manual (Product Certification Scheme for Scottish Quality Farmed Salmon) to allow up to
25% of the oils added to the fish feed to be derived from a plant-based origin. This revision
comes with the proviso that the diets should maintain a certain level (still to be decided) of
essential fatty acids (eicosapentaenoic acid, EPA, and docosahexaenoic acid, DHA – both n-3
(or omega 3) highly unsaturated fatty acids, HUFA) in the final product. The basic problem in
using vegetable substitutes was thought to be their lack of essential amino acids (such as
lysine and methionine) and essential fatty acids, EPA and DHA. Concerns were also
expressed over the inefficient conversion of carbohydrates in these substitutes to energy by
carnivorous fish. The species used in the production of fish oils, such as herring, sardines and
anchovies store large amounts of oil in their flesh that is rich in n-3 HUFA that are only found
in fish. These HUFA, along with the essential n-6 HUFA arachadonic acid, are vital for the
development of organs with dense neural activity and are crucial to inflammatory and
cardiovascular processes.



6.14 Research has already proved that partial replacement of fish oils with rapeseed and
linseed oils can successfully be used in the culture of Atlantic salmon without significantly
influencing growth performance. Current research, including an EU funded project,
‘Researching Alternatives to Fish Oil in Aquaculture’ (RAFOA), is studying the effect of
substitution of fish oils with plant oils on growth performance, fish health and product quality
during the entire life cycle of salmon, rainbow trout, sea bream and sea bass. The Directorate
of Fisheries Institute of Food and Nutrition in Norway has also conducted similar research. In
addition, a second project, ‘Fish Oil Substitution In Salmonids’ (FOSIS), is currently
investigating whether fish oil can be replaced by vegetable oils in the diet without reducing
the nutritional value or the growth performance of the fish, whilst minimising fat deposition
in the flesh. A further two EU research projects are studying the effects of plant oils on fish
digestion and metabolism, ‘GLUTINTEGRITY’ and ‘FPPARS’. Feed companies have also
progressed significantly in this type of research, although, because of commercial
confidentiality, access to their results is limited. In addition to vegetable oils, a EU research
project ‘PUFAFEED’ is investigating the use of cultivated marine microorganisms as an
alternative to fish oil in feed for aquatic animals.



6.15 Intensive research is studying processing methods and the genetic modification (GM)
of soya oil to produce DHA and EPA, which may enable the addition of this oil to fish feeds
in the future. Problems associated with modifying plants to produce sufficient quantities of
essential fatty acids for use on a commercial scale has, to date, slowed progress in this area.
Concern over public response to the use of GM oils has prompted SQS to specify in their
Quality Manual that the fish feed used by their members, must contain ‘non-GM’ plant
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derived material if the fish oils have been substituted by vegetable oils. The difficulty in
identifying whether oils have been genetically modified has also been highlighted as an area
of concern.



6.16 Fish feed substituted with plant meal and oils, particularly rapeseed oil has already
been used commercially in Norway. The main issue at present facing the plant meal and oil
substitution option in Scotland, however, is consumer opinion and the affect that this may
have on the continued acceptance of Scottish salmon as a ‘high quality’ product. To produce a
product as ‘near to the wild product as possible’, research is also focusing on the ‘dilution’ of
vegetable oils in the flesh when the fish are fed diets containing 100% marine fish oils for 6
months prior to harvest. This will potentially counteract any potential loss in flesh quality
caused by the use of diets containing vegetable oils and preliminary results are promising,
with EPA and DHA increasing in the flesh within a few weeks of the diet switching from
plant to fish oils. In addition, research is examining the potential for salmonids to produce
their own DHA and EPA. These essential fatty acids are naturally produced by fresh water
fish, including salmonids, and production is inducible and repressed in the presence of dietary
fish oil containing EPA and DHA. Studies on rainbow trout concluded that the synthesis of
DHA by the trout was only a fraction of that obtained from the diet and thus fishmeal would
still be required in the diet to maintain a constant level of DHA in the fish. It has been
suggested, though, that biosynthesis of DHA and EPA by salmonids fed vegetable-based diets
could be enhanced by selective breeding.



6.17 In 2000, a review published in the journal Nature raised the issue that the production
of carnivorous fish species would not compensate for the decline in capture fisheries and
could indeed contribute to their collapse. However, the review under-reported the influences
of other global industries that relied on fishmeal production (e.g. livestock) and largely
ignored the advances being made by the aquaculture industry in utilising diets containing
plant proteins and oils in order to reduce their dependence on wild fisheries.



Summary



6.18 The issues concerning the use of industrial fishmeal and fish oils in artificial pelleted
diets in the Scottish salmon farming industry are wide-ranging and complex. Although
aquaculture production is predicted to rise significantly over the next decades, catches from
industrial fisheries are set to remain static in volume. Forecasts differ, but there are concerns
over how the Scottish salmon growing industry may perform if fishmeal and/or fish oil
supplies become limited. Firstly, the aquaculture industry in Scotland is relatively a very
small component in the global aquaculture field and could be badly affected by global
aquaculture product trends. Approximate estimates suggest that the proportion of the global
fishmeal use attributable to the Scottish salmon industry is less than 0.8%. Secondly, the
Scottish salmon industry is probably running at very low profit margins and is unlikely to
sustain fish feed price rises as easily as sectors with higher margins of profit. Fish feed
companies have been well aware of these two points for many years, and research on fishmeal
and oil alternatives is well advanced. However, because of the near-market nature of that
research and development, there is little published literature on which to base a thorough
assessment of the current status of alternative feed types. Therefore, current and forecasted
future market forces have already created a situation where fish feed suppliers are actively
developing alternatives to wild fishery sources of fishmeal and fish oil.
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Research Gaps



6.19 The following concerns and areas for future research relating to the sustainability of
feed supplies have been identified:



• Accurate fisheries data collection and mathematical modelling of the pelagic
fisheries are required in the main industrial fishing areas to ensure the
sustainability of these fisheries. The influence of climate oscillations (e.g. El
Niño) and climate change on recruitment and spawning stock compared with the
impact of industrial fisheries are also very difficult to quantify and little research
has been published in this area. The sustainability of the Blue Whiting fishery in
the North Atlantic fishery also requires urgent research as fisheries controls are
still under debate.



• Peer-reviewed literature is required relating to the effects of near market use of
plant meal and oil substitutes on fat and protein composition, flesh quality and
taste in salmonids.



• Peer-reviewed studies are required on refining the vegetable oil and protein
requirements of the cultured fish species relating to life stage and seasonal
variations in digestibility experienced with certain vegetable oils.



• Knowledge regarding the blending of oils, reducing the dependency of
manufacturers on a few plant oils and tailoring the taste of the final product to the
customer needs.



• Information regarding nutritional studies and the implications of substitution of
fishmeal and oils with vegetable alternatives on ‘new’ species for cultivation,
particularly cold-water species such as cod, haddock, turbot, halibut, Dover sole
and lemon sole.
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CHAPTER SEVEN ENVIRONMENTAL LIMITATIONS ON THE
SCALE OF THE SCOTTISH MARINE FISH
FARMING INDUSTRY



7.1 In this report we have discussed the environmental effects of 5 main aspects of marine
aquaculture in Scotland:



• The discharge of waste nutrients and their interaction in the wider marine
environment



• Effects of other discharges from aquaculture, e.g. medicines and chemicals



• Disease impacts on wild and farmed stocks



• Escapes from fish farms and potential effects on wild populations



• Sustainability of feed supplies – including research on plant meal substitution



7.2 Within each topic the main areas of concern have been outlined and gaps in
knowledge have been highlighted in order that future research might be focussed on projects
that contribute to areas of most uncertainty. In each section, mention has been made the
concept of carrying capacity. In this last section, a brief assessment is made of the relative
importance of each of the key impacts and how this relates to the scale of the industry as a
whole.



THE DISCHARGE OF WASTE NUTRIENTS



7.3 Contamination of sediment by wastes from finfish culture can be severe if the scale of
the farm operation is not correctly matched to the local conditions of current speed and depth.
However, fish farms only occupy a relatively small area of the Scottish coast and it is unlikely
that effects of organic wastes on the seabed will be the environmental factor limiting
increases in production.



7.4 Dissolved nutrients can be dispersed over a wide area but, on the basis of current
understanding, it is concluded that nutrients from fish farms currently make only a small
contribution to algal production and probably do not directly affect toxicity either by
promoting toxic strains or increasing the toxicity of toxic strains. These conclusions are based
to a large extent on the results of modelling studies, which need backed up by the collection
of appropriate long-term data. Assuming they are confirmed, then it is unlikely that dissolved
nutrients will become the factor limiting the scale of the industry, except in specific restricted
systems with low flushing rates.



7.5 Shellfish farms produce much more limited local waste than finfish farms and the
issue of carrying capacity revolves around establishing that there are sufficient planktonic
organisms in the water to grow a given biomass without seriously depleting the resource. For
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many areas of Scotland this is unlikely to be a major problem even should there be a major
expansion of the shellfish farming industry.



MEDICINES AND CHEMICALS



7.6 A variety of chemicals are used on fish farms. The most important in terms of
potential impacts are thought to be sea lice treatment medicines and anti-foulants based on
metals. Although these products are used under controlled conditions such as to protect the
environment using the Ecological Quality Standards concept, there are still many important
research gaps.



7.7 Even at present, many sites are to some extent restricted in the biomass that they can
farm owing to the discharge limits for sea lice medicines. In the future, much depends on
whether current strategies for minimising sea lice are successful. If they are then it is possible
that sea lice medicines may not be an important limiting factor. However, if lice numbers
continue to be a problem, and concerns for wild populations continue to grow generating a
continued downward pressure on lice burdens, then it is likely that for many areas the use of
these medicines will become a factor that limits the scale of the industry.



DISEASE IMPACTS



7.8 The most significant issue in terms of transfer of disease and parasites between farmed
and wild populations is clearly sea lice. It is important that the relationships between the
various factors that might influence the degree to which farmed lice can affect wild
populations are determined. Current thinking indicates that smolts of both sea trout and
salmon are more susceptible to infestation in fish farming areas. If protecting wild salmonid
populations are agreed to be important then it is likely that lice transfer from farmed salmon
will limit the scale of the industry, particularly in areas with important populations of wild
fish. However, if, in the future, lice on farmed fish can be brought completely under control
by some new chemical, vaccine or technology then the constraint from this aspect might be
reduced.



ESCAPES



7.9 Escapes from salmon farms probably represent a serious threat to wild populations of
salmonids. This is not the case for farmed rainbow trout, which are sterilised. The situation
with other species is not yet well understood.



7.10 The magnitude of escapes varies over time but typically escaped salmon may be
greater in number than the estimated adult population of wild fish in farming areas. The
current level of escapes is probably unsustainable in terms of the health of wild populations. It
is difficult to determine how this relates to the scale of the industry, as it is clearly the scale of
escapes rather than the scale of the industry that is important. Were the industry to
significantly improve containment and/or reduce the fertility of farmed fish then it is obvious
that escapes might then limit the scale of production to a lesser extent.
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SUSTAINABILITY OF FEED SUPPLIES



7.11 Fishmeal and oil will become limited in the future as more of the world’s supply is
used for aquaculture feeds. As this happens, the industry will become increasingly vulnerable
to changes in supply caused by changes in the productivity or management of the relevant
fisheries. Alternative feedstocks are being actively researched and, especially if fishmeal and
oil become more expensive, new products are likely to be brought to market to fill the
fishmeal/oil gap. In addition, managers of fisheries globally have a poor record of conserving
fish stocks and sustaining harvests, so any unexpected reductions in fishmeal production
caused by a decline in the fishery before alternatives have been fully developed could reduce
the scale of the industry both in Scotland and worldwide.



SUMMARY



7.12 The supply of nutrients to the marine environment is unlikely to be the factor that
limits the scale of fish farm production in the foreseeable future. More likely to limit
production are the linked issues of medicine usage and sea lice transfer to wild populations.
The rate of escapes of farmed salmon is probably unsustainable and represents a major threat
to wild populations. Changes in fishmeal supply may affect the sustainability of the industry
in the short-term but substitutes for fish meal/oil are actively being developed to fill the
medium-term gap in supply.
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Introduction



To address the issue of current and future research on aquaculture impacts worldwide, a
questionnaire was devised (see below) and sent by email to workers identified from a variety
of sources. The MARAQUA web site (http://www.biol.napier.ac.uk/maraqua) maintained by
Napier University was an initial source of contact addresses for European researchers. To
widen the target community, members of the ICES Working Group on Mariculture and The
Environment were sought for contact addresses.



To identify workers in the field in the United States, the Aquaculture Information Center –
DOC/NOAA website (http://www.lib.noaa.gov/docaqua/basicaqua.html) provided addresses
and links to the various state Sea Grant programmes. The Aquaculture Association of Canada
(http://www.aquacultureassociation.ca) provided links to researchers in Canada. Finally,
recent worldwide symposia on aquaculture impacts were studied for relevant addresses.



A total of 481 emails were sent containing the questionnaire. There were 52 returned from
email servers stating the user was unknown, indicating that the addressee had changed
address, or had provided an incorrect email address. Where possible these erroneous
addresses were corrected. 30 researchers replied affirmatively, and returned completed
questionnaires, 15 replied that they were not doing any work in the area, 9 said they were out
of the office and would deal with the reply on their return, and 3 were not sure.



The replies were entered into a database, and extracted into areas of research for compilation
into the annex appended. The areas of research were divided into: Discharge of Waste
Nutrients; Effects of Medicines/Chemicals; Disease Impacts (including parasitic sea lice);
Escapes From Fish Farms and Potential Effects on Wild Stocks; Sustainability of Feed
Supplies; Carrying Capacity; Impacts on Seabird/ Sea Mammal Populations; Impacts of Trace
Metals; Assessment of Impacts (Modelling/Monitoring); and Others. The annex contains only
the title of the project, acronym, commencement date, location of host institute, and a brief
description of the project.
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The text of the questionnaire:



Environmental Impacts of Aquaculture – Questionnaire



In response to a Scottish Parliament Transport and Environment Committee Review examining the
interactions between Aquaculture and the Environment it was announced that a full review should
be undertaken by the Scottish Association for Marine Science (SAMS) on the recent and on-going
research concerning the Environmental Impacts of Aquaculture.  If you are currently involved in or
have secured funding for future work, I would be very grateful if you would take a few minutes to
complete the questionnaire below and return the form to:-



Dr Kenneth Black, SAMS, Dunstaffnage Marine Laboratory, Oban, Argyll, Scotland, U.K.
PA37 1QA



or e-mail: kdb@dml.ac.uk



Please return this form by Friday 5 April 2002



Title of the project (s):
Acronym of the project (s):
Type of contract (s):
Contract number (if applic.): Duration (in months):
Commencement date (s):
Project Co-ordinator:
Name: Title: Address:
Telephone: Telefax: E-mail:
Area(s) of Research (Please indicate)
� Discharge of Waste Nutrients   �  Effects of medicines/ chemicals   �  Disease Impacts (incl. parasitic sea lice)



�  Escapes from fish farms and potential effects on wild stocks  �  Sustainability of feed supplies



�  Carrying Capacity  �  Impacts on seabird/ sea mammal populations  �  Impacts of Trace Metals



�  Assessment of Impacts (Modelling/ Monitoring)  �  Other (Please specify)…………………………………………



World wide web address:
List of participants: (Please provide all partners’ details; names, institutions/departments, e-mail addresses).



Brief Description of Project: (Max. 200 words per project)



Any Relevant Links to other Projects:



Future Projects: (Please list any future projects that have secured funding and that are due to start in the
next 6 months)
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Discharge of Waste Nutrients



Title: Acronym: Commencement
date:



Location: Brief Description:



Reduction of solid and phosphorus
waste outputs of salmonids through
improvement of feed formulation.



N/A 01-Sep-2001 Canada (Univ. of
Guelph)



The environmental impact of fish culture is becoming
a matter of growing concern for the public and
various levels of government in Canada. Solid
organic matter wastes settling to the sediment can
negatively impact freshwater ecosystems by creating
localized anoxic conditions. Phosphorus (P) waste
output is also a great concern, since P is generally the
most limiting factor for algae in freshwater, and
excess P may lead eutrophication of the receiving
water body. Reduction of waste outputs is key to
sustainability of salmonid culture in Canada. Since
wastes are from dietary origins, reduction efforts
should be at the source, namely the feed. Very
significant reductions in solid and P waste outputs
have been achieved in recent decades through use of
improved quality feeds. More progress can be
achieved through refining of the feed composition,
and the use of new feed ingredients and additives to
increase the digestibility of ingredients. Reduction in
waste outputs can also be achieved through changes
in physical characteristics of fecal wastes that could
lead to improved recovery or greater dispersal of solid
wastes. This project will therefore examine the value
of different dietary strategies for reduction of solid
and P waste outputs by salmonid culture operations.
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Discharge of Waste Nutrients
(continued)



Title: Acronym: Commencement
date:



Location: Brief Description:



A multi-disciplinary approach with
the integration of three trophic levels
(fish/shellfish/seaweed) for the
development of sustainable
aquaculture systems



AquaNet EI 12 Apr-2001 Canada (Univ. of
New Brunswick)



As present monospecific aquaculture operations in
North America and other parts of the world are at
environmental, economic and social crossroads,
common sense suggests integrating different types of
aquaculture to develop responsible practices,
optimizing the efficiency of aquaculture systems and
diversifying the industry, while maintaining the
health of coastal waters through the understanding of
their assimilative capacities. Nutrification of coastal
waters is becoming a pressing issue worldwide, and
the contribution of the organic and inorganic outputs
of aquaculture to significant regional nutrient loading
is becoming more widely recognized. To avoid
pronounced shifts in coastal processes, a balanced
ecosystem approach requires that fed aquaculture
(finfish) be integrated with organic and inorganic
extractive aquaculture (shellfish and seaweed). Such
a bioremediative approach provides mutual benefits
to co-cultured organisms, economic diversification by
producing other value-added marine crops, increased
profitability per cultivation unit, and cost-effective
means for reaching effluent regulation compliance by
reducing the internalization of the total environmental
costs. The present project is conducting research, at
an industrial pilot scale, at a site in the
Passamaquoddy Bay, Bay of Fundy, Canada, where
salmons, mussels, and kelps are being grown together
to develop an integrated aquaculture model and train
students and professionals in this innovative
approach to aquaculture. The productivity and role of
each component (fish, shellfish and seaweed) is being
analyzed so that the appropriate proportions of each
of them can be defined in order to develop a
sustainable system in which metabolic processes
counter-balance each other within acceptable
operational limits and according to food safety
guidelines and regulations. The ultimate goal of this
project is to transfer this model to other sites and
make it a concept transferable to other aquaculture
systems. The Canadian fish aquaculture industry is
obviously here to stay in our "coastal scape": it has its
place in the global seafood supply and demand, and
in the economy of coastal communities. To help
ensure its sustainability, it needs, however, to
responsibly change its too often monotrophic
practices by adopting polytrophic ones to find
increasing environmental, economic and social
acceptability, and become better integrated into a
broader coastal management framework.



Estimating resulting environmental
impact from 6 model farms (fresh
water)



N/A Ending Denmark (IFR)



Magnitude and possible impact of
discharge of chemicals/medicines
from trout farms-P2



N/A Oct-2001 Denmark (IFR)



Sustainable development of marine
fish farming in Denmark



N/A Dec-2001 Denmark (IFR)
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Discharge of Waste Nutrients
(continued)



Title: Acronym: Commencement
date:



Location: Brief Description:



Effects of nutrient release from
Mediterranean fish farm on benthic
vegetation in coastal ecosystems



MedVeg 01-Dec-2001 Denmark (Univ. of
Southern Denmark)



The objectives of MedVeg are to examine potential
effects of nutrients released during fish farming on
macroalgae and seagrasses in coastal zones in the
Mediterranean. Specific objectives: Fate of nutrients
released from aquaculture production in the
Mediterranean; Effects of aquaculture on seagrasses
and associated benthic fauna; Shifts in coastal
vegetation communities (from seagrass to
macroalgae); Seagrasses and fauna as early warning
indicators of aquaculture impacts



Development of an environmentally
integrated shrimp farm in
Madagascar



LGA Project 1-Nov-2000 France (Creocean) The technical project is mainly a 1000 ha semi-
intensive shrimp farm developed in a mangrove area.
Due to the very sensitive location, a methodology to
integrate the farm into the environment was
developed. According to the application of this
methodology the environmental impacts were
minimized: no mangrove destruction, good water
management and especially pumping water and
discharge of wastewater. Thanks to these
characteristics, the farm is supposed to be operational
on a long-term basis. In order to check this, a
monitoring program is implemented. The results are
integrated into a GIS database. At the end of the
program, the GIS will allow to check the success of
the program.



Environmental describers analysis
for environmental impact
assessment of offshore fish farm



PR170 June-2000 Italy (ICRAM) The principal aim of this project is detect
environmental describers for impact assessment of
sea cages mariculture. The investigated area is in the
Western Mediterranean (Central Tyrrhenian Sea,
North Tuscany), 2.500 m southward of Porto Ercole
(Grosseto). The fish cage farm works for 4 years and
the species harvested are sea bass (Dicentrarchus
labrax L.) and sea bream (Sparus aurata L.), in two
submersible cages of 2000 m3 each. The initial
weight of the fingerlings is 5-30 g and the
commercial weight of 350-400 g is reached in one
year. In order to collect data and samples six
sampling campaigns were planned (3 in 2001 and 3
in 2002). The sediment is collected by using a Van
Veen grab (0.1 m2, 20 l), the water is collected by
using Niskin bottles. The water column is analyzed
"in situ" with a multiparameter probe (SBE 25). The
current was measured with an ADCP (RDI sentinel)
deployed in March 2001. The following elements in
the sediment are analyzed: macrobenthos; pH, redox,
water content, sulfide, total carbon, total organic
carbon, total nitrogen. In the water, the analysis was
performed on: temperature, salinity, dissolved
oxygen, pH, redox, chlorophyll a, ammonia, nitrite,
nitrate, orthophosphate.



Development of a blue label for fish
farms; towards a certified
environmental performance



Blue Label Netherlands (RIVO) To develop a recirculation system with a ’certified’
environmental performance which can comply with
the strictest regulations; To enhance economic
performance of fish farming In recirculation systems
by reducing the costs for use of energy and water; To
develop a tool for the calculation of heat balances of
farms In relation to the type of farm building used,
which can be used to balance Investments against
costs for heating or cooling.
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Discharge of Waste Nutrients
(continued)



Title: Acronym: Commencement
date:



Location: Brief Description:



Environmental Impacts of
Aquaculture



N/A On-going since
1984



New Zealand
(Cawthron Institute)



A number of sub-projects are involved. These range
from longer-term studies of the carrying capacity of
coastal inlets to studies of fouling and benthic effects.
Specific projects include: development of assessment
protocols; development of numerical ecosystem
models to use for carrying capacity estimates; effects
on demersal and pelagic fisheries; direct effects on
primary and secondary production; changes to
nutrient cycling in both sediments and overlying
water-column; planning water space to minimise
conflicts



Development of monitoring
guidelines and modelling tools for
environmental effects from
Mediterranean aquaculture



MERAMED 01-Dec-2000 Norway (Akvaplan-
niva)



In the last decade aquaculture of sea bass and sea
bream has experienced a period of exponential
growth in the Mediterranean region, however little
detailed information is available on the environmental
impacts of this industry. In general, it has been
assumed that these will, at least qualitatively, follow
the pattern established in northern latitudes.
Environmental assessment strategies, developed and
proven in northern European cage farms, underpin
effective regulations in those areas. However the
application of such strategies to Mediterranean
coastal cage farms would be inappropriate without
modification and adaptation to the ecological
particularities of the Mediterranean Sea. As well as
the climate, current regime, and the level of
eutrophication, differences in the composition and
diversity of fauna and flora between the North
Atlantic and the Mediterranean Sea must be
addressed. Objectives: 1. Review of procedures used
in the regulation and monitoring of marine fish farms
in Norway, Scotland and elsewhere and development
of an appropriate set of protocols for Mediterranean
conditions; 2. Undertake a field research programme
to provide data on the environmental impact of
eastern Mediterranean marine fish farms; 3. Develop
a predictive model to simulate the environmental
response at Mediterranean fish farms



Localization of Mariculture N/A 1-Apr-2002 Norway (IMR) The project is composed of several subprojects. The
overall objective is to utilise existing and providing
necessary new knowledge to develop a method for
localizing on growing fish farms. The main emphasis
is on pathogens and spread of disease, organic
effluents and animal welfare, but research on genetic
interactions is ongoing.



Cod Farming in the Marine
Environment – Evaluation of
automatic feeding systems to
minimise environmental impact and
promote sustainable cultivation of
Atlantic cod (Gadus morhua)



N/A 1-Oct-2002 UK (Ardtoe) There is considerable interest in the farming of cod in
the UK, but only limited experience of ongrowing in
sea cages. While sea cage systems will be very similar
to those developed for salmon, cod feeding patterns
appear to be quite different and appropriate
husbandry will need to be developed. Little is known
about the relative environmental impact of cod
rearing, which will require to be minimised. The
introduction of automated feeding systems by the
salmon farming industry has dramatically improved
production efficiency as well as significantly
reducing the amount of waste feed entering the
environment. Using the first volume production of
hatchery juveniles in the UK, this project aims to
collect baseline data on: solid waste effluent from cod
cages; seabed deposition; and the effectiveness of
computer controlled feeding to reduce waste.
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Discharge of Waste Nutrients
(continued)



Title: Acronym: Commencement
date:



Location: Brief Description:



Carrying capacity of coastal waters N/A 2002 UK (FRS) To undertake desk scoping studies of the approaches
used/available to defining the carrying capacity of
coastal waters for fish and shellfish farming



Waste production by farmed cod N/A 2001 UK (FRS) To review literature on cod feeding and to estimate
waste produced by cod in cultivation.



An experimental approach to
determining the fate of mariculture
waste in Western Australia



N/A Apr-2000 UK (IoA Stirling) The project is a detailed investigation of the fate of
nutrient waste from an experimental fish cage unit
situated on the coast of western Australia. Changes in
sediment composition, chemistry and infauna have
been investigated, in relation to food inputs to two
species of fish. Fate of soluble and particulate wastes
has been studied using 15N techniques. In addition,
the contribution of indigenous wild fish to removal of
waste food and faeces has been investigated using
exclusion experiments.



Investigation of the environmental
benefits of interactive feedback
feeders



N/A Sep-2000 UK (IoA Stirling) The study is comparing the environmental impacts on
sediments at sites using interactive feeders with those
using traditional feeding methods. Hydrographic
measurement, sediment traps, benthic samples and
modelling is being used for comparison. The data can
also be used for validation of particulate distribution
models. In addition there is implications for the more
effective environmental management of "in feed"
therapeutants from results obtained.



Modelling the environmental impact
of shellfish farming



N/A 01-Jan-1996 UK (Napier Univ.) Development of a descriptive model of the
interactions between mussel farms and the marine
ecosystem. This will be used to predict the possible
effects of other mussel farms on their surrounding
environment.



Practical guidance for the estimation
and allocation of environmental
capacity for aquaculture in tropical
developing countries



TROPECA Jan-2002 UK (Nautilus) TROPECA aims to address the role of environmental
capacity in coastal aquaculture planning. Working
with case studies in Bangladesh and Vietnam, the
project will address the potential for using
environmental capacity in a pre-emptive planning
role to enable equitable and sustainable division
between users of the assimilative resource. The
project will review existing approaches to the
estimation of environmental capacity and associated
environmental management systems and explore their
application to a range of tropical aquatic systems,
likely to experience increased pressure from
aquaculture development. Finally the project will
develop and adapt these approaches to generate
practical guidance for planners and aquatic sector
professionals in tropical developing countries in order
to increase the sustainability of aquaculture
development.
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Discharge of Waste Nutrients
(continued)



Title: Acronym: Commencement
date:



Location: Brief Description:



Sustainable Environmental
Aquaculture Feeds



SEA Feeds 2002 UK (Nautilus) The project will inform national and international
development policy on sustainable feed choices by
addressing obstacles to adoption of sustainable
practices in small-scale tropical aquaculture. This will
address the conflict between globally sustainable and
locally viable practice. The project will evaluate the
relative sustainability of global aquaculture feed
options and contrast these conclusions with day to
day feed choices of the small-scale operator.
Highlighting any conflict between globally
sustainable and locally acceptable feed choices will
enable obstacles to adoption of sustainable feed
practices to be overcome. Resulting action plans, best
practice and policy guidelines will tackle practical,
social and economic obstacles to sustainable
livelihoods initiatives and propose locally appropriate
solutions to global sustainability concerns. The
project will work closely with producers and policy
makers in Bangladesh, Laos, Vietnam, Thailand and
potentially China to tackle the need for sustainable
small-scale food production in accordance with
National Development Plan priorities.



Algal Toxins, their Accumulation
and Loss in commercially Important
Shellfish, including larval Mortality
and Appraisal of accelerated
depuration



TALISMAN Jun-2002 UK (Northbay
Shellfish Orkney)



To improve the understanding of the mechanism of
Domoic Acid (the Amnesic Shellfish Poison)
toxification and depuration in commercially valuable
species such as the king scallop.



Bio-filtration and Aquaculture: an
Evaluation of Hard Substrate
Deployment Performance within
Mariculture Developments



BIOFAQs 1-Dec-00 UK (SAMS) To quantify the validity (effectiveness) of biofilter use
in association with mariculture within both economic
and environmental frameworks on a pan-European
scale. To optimise biofilter designs and placement
protocols in line with geographical differences and
validated model predictions. To examine the
environmental and regulatory options governing post-
biofilter usage and to provide detailed economic
analyses of biofilter use compared with existing
practices.



Commercially Viable Sea Urchin
Cultivation



N/A Nov-1998 UK (SAMS) Developing systems for sea urchin aquaculture,
investigating their growth rates, reproduction and
nutritional needs, integrating the growth out phase
with that of Atlantic salmon



Physical and Biogeochemical
pathways of metals around fish
farms



N/A Mar-1999 UK (SAMS) The project has been designed to determine the
spatial distribution of sediment metals around a fish
farm in a Scottish sea loch and to determine if there is
any temporal variation in concentration. Craib cores
were collected in a radial transect around an active
fish farm in May and December 2000 and the metal
concentration determined. Initial results support the
idea that are certain metals that are in higher
concentrations around the fish farm due to direct
release from the farm, either as constituents of feed or
antifoulant treatments. Other metals are found in
either higher, or lower, than background sediment
concentrations around the fish farm due to sediment
geochemical conditions, as a result of organic matter
enrichment from the farm.



Response of pelagic microbial
community to nutrient inputs



N/A 1-Apr-2001 UK (SAMS) Laboratory, field and modelling studies into the effect
of nutrient inputs on the structure and function of
pelagic microbial communities. These include field
studies on the effect of fish farm organic inputs on
the diversity and activity of planktonic algae, bacteria
and protozoa.
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Discharge of Waste Nutrients
(continued)



Title: Acronym: Commencement
date:



Location: Brief Description:



The ecological effects of sea lice
treatment agents



PAMP 1-Sep-2000 UK (SAMS) The objectives of the PAMP study are to determine
the effects of each of several sea lice treatment
chemicals on the environment by examining pre- and
post treatment macrofaunal, zooplankton,
phytoplankton, meiofaunal, macroalgal and littoral
assemblages; the settlement (littoral and pelagic), of
sessile fauna and both micro and macro-floral
settlement; and to determine the significant
correlations between ecosystem responses, time, and
therapeutant concentration to quantify the proportion
of the observed environmental variance attributable to
the treatments against a background of responses due
to other parameters such as waste organic materials
and nutrients.



Tube worm fouling on rope grown
mussels – its importance to the
industry



N/A Apr-2001 UK (SAMS) The timing and intensity of tubeworm (Pomatoceros
triqueter) settlement was measured at 2 sites on each
of 2 mussel farms. Settlement showed a discrete peak,
mussels which have been recently disturbed, large
mussels and mussels at low density have more
tubeworm. Growers should delay thinning and re-
tubing until after peak tube worm settlement



Nitrogen isotope studies N/A 2002 UK (SCRI) To investigate the usefulness of 15N measurements to
define the geographical range over which the
influence of N released from a fish farm can be
detected.



Cost-effective and environmentally
friendly feed management strategies
for Mediterranean cage aquaculture



N/A 1-Nov-1998 UK (Univ. of
Glasgow)



The project investigated the implementation of
modern feeding technology to sea bass and sea bream
culture in the Mediterranean. This was achieved by;
the adaptation of existing demand feeding systems
and environmental models for use with farmed bass
and bream, to provide base line information on
natural variation in appetite in these species and,
experimentally investigating the potential advantages
of using such systems for production efficiency,
environmental protection and welfare of farmed sea
bass and sea bream.; The environmental protection
and modelling aspect of this work was undertaken by
the University of Stirling. Experimental
investigations of feed and faecal characteristics were
undertaken. Results, based on a customised
environmental model and field validation, indicated
that when using adaptive feeders significantly less
particulate waste would be incorporated into
sediments at distances greater than 20 m from cages.
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Discharge of Waste Nutrients
(continued)



Title: Acronym: Commencement
date:



Location: Brief Description:



Assess Nutrient Sources, Fluxes, and
Water Quality of the ’Aimakapa and
Kaloko Hawaiian Fishponds, at
Kaloko-Honokohau National
Historical Park



KAHO Jan-2003 USA (Univ. of
Hawaii)



Kaloko-Honokohau National Historical Park (KAHO)
contains unique water resources in the form of
anchialine pools, fishponds, and coral reefs. These
resources are significant habitat for many endemic
and federally listed threatened or endangered
Hawaiian species. Water quality in the Park is at risk
from existing and planned light-industrial
developments directly upslope from KAHO. The Park
is currently working with USGS-WRD to examine
organic contaminants in fish and sediments in Kaloko
and ‘Aimakapa Fishponds. This project will
supplement the USGS study by collecting baseline
data on water and sediment-water quality, and in the
first year will examine nutrient composition,
concentrations, and fluxes within ‘Aimakapa Pond
and to the adjoining coastal sediments and waters. In
Year II, the study will be extended to Kaloko Pond
and its adjoining coastal ecosystem. This project will
provide a comprehensive and long-term ecosystem
monitoring protocol for the Park’s pond systems.
KAHO staff will work cooperatively with Dr. Paul R.
Haberstroh and undergraduate students from the
Marine Science Department at the University of
Hawaii at Hilo (UHH). UHH students will also
examine components of the KAHO system as study
topics for Senior Thesis Research and Directed
Research projects.



Effects of medicines/chemicals



Title: Acronym: Commencement
date:



Location: Brief Description:



Estimating resulting environmental
impact from 6 model farms (fresh
water)



N/A Ending Denmark (IFR)



Magnitude and possible impact of
discharge of chemicals/medicines
from trout farms-P2



N/A Oct-2001 Denmark (IFR)



Sustainable development of marine
fish farming in Denmark



N/A Dec-2001 Denmark (IFR)



Sea-lice resistance to
chemotherapeutants; diagnosis,
mechanisms, dynamics and control



SEARCH 01-Jan-2001 Norway (Norwegian
School of Veterinary



Science)



To investigate and monitor the situation concerning
resistance development in sea-lice against
chemotherapeutants commonly applied against
Lepeophtheirus salmonis in Norway, Scotland,
Ireland and eastern Canada. To issue the results and
recommendations to the authorities, fish health
services and aquaculture industry on how to offset the
risk of resistance occurring and how to deal with
resistance problems that have already occurred. The
work programme includes: the development of
bioassays to detect sea lice with reduced
chemotherapeutant sensitivity; the characterisation of
the underlying methods of resistance; protocol
development to monitor the efficacy of sea-lice
treatments on farms; development of genetic markers
to detect different sea-lice populations; and to
disseminate results to the relevant national
authorities/bodies.
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Effects of medicines/chemicals
(continued)



Title: Acronym: Commencement
date:



Location: Brief Description:



Effects of the sealice
chemotherapeutant cypermethrin on
marine zooplankton



N/A Sep-1998 UK (IoA Stirling) The project investigated the effects of the sealice
chemotherapeutant, cypermethrin, on function of
biological parameters of the copepod Acartia tonsa
and on natural zooplankton communities. Lethal and
sub-lethal studies were made using Acartia
investigating differences in effect between sex, age
and on reproduction potential. Comparisons were
made with ‘standard’ hydrocarbon toxicants. In situ
mesocosms were used to investigate the effects of
treatments on marine zooplanktonic communities.



Potential effects of copper from anti-
foulant coatings used on sea-cage
nets



N/A Apr-1998 UK (IoA Stirling) The study investigates the copper in sediments in the
vicinity of fish cages. It investigates the levels of
copper species within sediment layers and effects on
sediment reworking by polychaete species, using
laboratory-based methods. Copper is traced within
polychaete tissues to assess its fate when ingested.



Bio-filtration and Aquaculture: an
Evaluation of Hard Substrate
Deployment Performance within
Mariculture Developments



BIOFAQs 01-Dec-2000 UK (SAMS) See under “Discharge of Waste Nutrients” above



Physical and Biogeochemical
pathways of metals around fish
farms



N/A Mar-1999 UK (SAMS) See under “Discharge of Waste Nutrients” above



The ecological effects of sea lice
treatment agents



PAMP 01-Sep-2000 UK (SAMS) See under “Discharge of Waste Nutrients” above



The effect of aquaculture on wild
salmonids



N/A Mar-2002 UK (Univ. of
Portsmouth)



Development of data based models
for effective treatment and the
environmentally safe use of
veterinary methods in the control of
sea lice infestation of farmed salmon



N/A 01-Oct-1999 UK (Univ. of
Strathclyde)



A multidisciplinary research project initiated in
response to the LINK Aquaculture call for the
development of disease control methods that
minimise the use of veterinary medicines as well as
the environmental impact of aquaculture operations.
The project’s scope was informed by a Working
Group report to the Co-ordinator of Fisheries
Research and Development (June 1998) which
recommended that target areas for research should
include:; standardisation of data collection methods
and the establishment of a central database; the
development of mathematical models for sea lice
population dynamics; The creation of such models
and their appropriate delivery have the potential to:
support management decisions; aid the conservation
of useful veterinary product; reduce discharge of
medicines into the environment
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Disease Impacts
(incl. parasitic sea lice)



Title: Acronym: Commencement
date:



Location: Brief Description:



Impact of aquaculture on the
immune response genes of natural
salmonid populations: Spatial and
temporal genetic signatures and
potential fitness consequences



SALIMPACT 01-Oct-2001 Netherlands
(Wageningen Univ.)



SALIMPACT assesses the extent to which disease
transmission from Atlantic salmon aquaculture affect
genetic variation in natural populations of Atlantic
salmon and brown trout. This is achieved by
comparative analyses of loci that are critically
involved in immune responses (i.e. major
histocompatibility complex genes, MHC) with
selectively-neutral microsatellite loci. Spatial and
temporal genetic studies of affected and unaffected
salmonid populations in two geographical regions
will be complemented by field experiments testing for
fitness differences among MHC genotypes. This
allows assessments of potential fitness consequence
of disease impacts on MHC variability in natural
populations



Localization of Mariculture N/A 01-Apr-2002 Norway (IMR) See under “Discharge of Waste Nutrients” above



Sea-lice resistance to
chemotherapeutants; diagnosis,
mechanisms, dynamics and control



SEARCH 01-Jan-2001 Norway (Norwegian
School of Veterinary



Science)



See under “Effects of medicines/chemicals” above



Gyrodactylus salaris in Swedish
fish farms



N/A Running Sweden (National
Board of Fisheries)



The project is mainly a monitoring program of
Gyrodactylus in Swedish Fish farms and Salmon
Rivers on the West Coast. Hereby are also the effects
on the population level of salmon studied by
electrofishing methods. There are also infection
experiments undertaken in order to test the resistance
of individual fish to infection of Gyrodactylus.



Characterisation and pathogenesis of
parasites and diseases in fish and
shellfish stocks



N/A 01-Apr-2000 UK (CEFAS) The main objective of the project is to facilitate the
provision of authoritative scientific advice to MAFF
on the significance of a wide variety of pathogens or
potential pathogens of fish and shellfish. This advice
will be strengthened by data gained from limited
transmission experiments where these are possible
using selected parasites and other pathogens
implicated in epizootics. The ability to maintain and
develop awareness of diseases and parasites of native
and exotic fish and shellfish species is essential so
that MAFF can be alerted to new or emerging disease
threats with minimum delay. Familiarity with the
wide range of specimens lodged in the Registry of
Aquatic Pathology database (RAP) will ensure that
CEFAS is well placed to provide accurate and timely
advice. It is intended that the RAP will ultimately be
available as a CD-ROM for MAFF use



Sea lice in aquaculture and the wild:
impacts, interactions and control



N/A 01-Mar-2002 UK (Heriot-Watt
Univ.)



This project aims to elucidate any relationships
between sea lice and wild fish in relatively confined
situations in relation to production of these parasites
in aquaculture facilities in the same area. This will be
achieved by rigorous plankton sampling, both inshore
and by boat, in association with seine net capture of
young salmonids (principally sea trout), which will
have attached lice counted. These results will be
compared with data from within and around salmon
farms. The sample sites are Loch Laxford, Sutherland
and Scapa Flow/Loch of Stenness, Orkney. Both of
these are candidate SACs.
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Disease Impacts….. (continued)



Title: Acronym: Commencement
date:



Location: Brief Description:



Genetic Characterisation of
populations of the ectoparasitic
copepod Lepeophtheirus salmonis in
Scotland



N/A 1997 UK (IoA Stirling) The study analysed the usefulness of a variety of
genetic markers for population studies and developed
microsatellite markers that were then used to analyse
a range of sea lice populations from different
geographic locations and from both wild and farmed
Salmo salar. The data was interpreted to determine
any interactions. It is currently being prepared for
publication.



The ecological effects of sea lice
treatment agents



PAMP 01-Sep-2000 UK (SAMS) See under “Discharge of Waste Nutrients” above



The effect of aquaculture on wild
salmonids



N/A Mar-2002 UK (Univ. of
Portsmouth)



Development of data based models
for effective treatment and the
environmentally safe use of
veterinary methods in the control of
sea lice infestation of farmed salmon



N/A 01-Oct-1999 UK (Univ. of
Strathclyde)



See under “Effects of medicines/chemicals” above



Escapes from fish farms/potential
effects on wild stocks



Title: Acronym: Commencement
date:



Location: Brief Description:



Impact of aquaculture on the
immune response genes of natural
salmonid populations: Spatial and
temporal genetic signatures and
potential fitness consequences



SALIMPACT 01-Oct-2001 Netherlands
(Wageningen Univ.)



See under” Disease Impacts” above



Localization Of Mariculture N/A 01-Apr-2002 Norway (IMR) See under “Discharge of Waste Nutrients” above



Performance and ecological impacts
of introduced and escaped fish:
physiological and behavioural
mechanisms.



AquaWild 1998 Sweden (Sea Water
Laboratory)



The effect of aquaculture on wild
salmonids



N/A Mar-2002 UK (Univ. of
Portsmouth)



Genetic and ecological interactions
between farm and wild Atlantic
salmon.



AquaNet 2000 USA (Oregon State
Univ.)



See under “Discharge of Waste Nutrients” above



Quantifying long-term ecological
and genetic effects of interactions
between farm and wild salmon



N/A 2001 USA (Oregon State
Univ.)



Sustainability of feed supplies



Title: Acronym: Commencement
date:



Location: Brief Description:



Reduction of solid and phosphorus
waste outputs of salmonids through
improvement of feed formulation.



N/A 01-Sep-2001 Canada (Univ. of
Guelph)



See under “Discharge of Waste Nutrients” above



Environmental Impacts of
Aquaculture



N/A On-going since
1984



New Zealand
(Cawthron Institute)



See under “Discharge of Waste Nutrients” above



Cod Farming in the Marine
Environment – Evaluation of
automatic feeding systems to
minimise environmental impact and
promote sustainable cultivation of
Atlantic cod (Gadus morhua)



N/A 01-Oct-2002 UK (Ardtoe) See under “Discharge of Waste Nutrients” above



Sustainable Environmental
Aquaculture Feeds



SEA Feeds 2002 UK (Nautilus) See under “Discharge of Waste Nutrients” above
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Carrying Capacity



Title: Acronym: Commencement
date:



Location: Brief Description:



A multi-disciplinary approach with
the integration of three trophic levels
(fish/shellfish/seaweed) for the
development of sustainable
aquaculture systems



AquaNet EI 12 Apr-2001 Canada (Univ. of
New Brunswick)



See under “Discharge of Waste Nutrients” above



Environmental Impacts of
Aquaculture



N/A On-going since
1984



New Zealand
(Cawthron Institute)



See under “Discharge of Waste Nutrients” above



Development of monitoring
guidelines and modelling tools for
environmental effects from
Mediterranean aquaculture



MERAMED 01-Dec-2000 Norway (Akvaplan-
niva)



See under “Discharge of Waste Nutrients” above



Localization Of Mariculture N/A 01-Apr-2002 Norway (IMR) See under “Discharge of Waste Nutrients” above



Cod Farming in the Marine
Environment – Evaluation of
automatic feeding systems to
minimise environmental impact and
promote sustainable cultivation of
Atlantic cod (Gadus morhua)



N/A 01-Oct-2002 UK (Ardtoe) See under “Discharge of Waste Nutrients” above



Carrying capacity of coastal waters N/A 2002 UK (FRS) See under “Discharge of Waste Nutrients” above



An experimental approach to
determining the fate of mariculture
waste in Western Australia



N/A Apr-2000 UK (IoA Stirling) See under “Discharge of Waste Nutrients” above



Marine finfish and suspended
shellfish aquaculture: water quality
interactions and the potential for
polyculture in coastal British
Columbia



N/A Apr-2001 UK (IoA Stirling) The aim is to quantitatively document the culture
performance of commercially important deep water
shellfish species incorporated adjacent to finfish
culture operations, and determine whether finfish-
shellfish polyculture is an environmentally viable
option for the British Columbia aquaculture industry.



Practical guidance for the estimation
and allocation of environmental
capacity for aquaculture in tropical
developing countries



TROPECA Jan-2002 UK (Nautilus) See under “Discharge of Waste Nutrients” above



Response of pelagic microbial
community to nutrient inputs



N/A 01-Apr-2001 UK (SAMS) See under “Discharge of Waste Nutrients” above



The ecological effects of sea lice
treatment agents



PAMP 01-Sep-2000 UK (SAMS) See under “Discharge of Waste Nutrients” above



Nitrogen isotope studies N/A 2002 UK (SCRI) See under “Discharge of Waste Nutrients” above



Cost-effective and environmentally
friendly feed management strategies
for Mediterranean cage aquaculture



N/A 01-Nov-1998 UK (Univ. of
Glasgow)



See under “Discharge of Waste Nutrients” above



Environmental sustainability of
bivalve cultivation



N/A 01-Oct-1999 UK (Univ. of Wales
Bangor)



To examine methods to improve yield in intertidal
mussel lays while reducing impacts on bird and
invertebrate populations



Impacts on seabird/sea mammal
populations



Title: Acronym: Commencement
date:



Location: Brief Description:



Environmental Impacts of
Aquaculture



N/A On-going since
1984



New Zealand
(Cawthron Institute)



See under “Discharge of Waste Nutrients” above



Evaluating the impacts of Acoustic
Deterrent Devices (ADDs) on non-
target Marine Wildlife



N/A Running UK (SNH) To review existing data both from the UK and
overseas relating to ADD use in order to identify and
assess the extent and nature of the impacts of these
devices on non-target marine wildlife. This review is
to be the start point for developing guidelines, in
conjunction with the fish farming industry, to ensure
the best practicable use of ADDs to minimise impact
on non-target marine wildlife.
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Impacts of Trace Metals



Title: Acronym: Commencement
date:



Location: Brief Description:



Aquaculture diversification -
Culture of Argyrosomus regius
("Corvina")



Aquadiv Portugal (IPIMAR)



Carrying Capacity of Northern
Ireland’s Sea Loughs



N/A Next 3 months UK (DARD) Project is aimed at assessing the capability of NI Sea
Loughs to support the ongoing development of
Shellfish culture in relation to their; productivity,
availability of suitable substrate and supply of seed



Potential effects of copper from anti-
foulant coatings used on sea-cage
nets



N/A Apr-1998 UK (IoA Stirling) See under “Effects of medicines/chemicals” above



Physical and Biogeochemical
pathways of metals around fish
farms



N/A Mar-1999 UK (SAMS) See under “Discharge of Waste Nutrients” above



Assessment of Impacts
(Modelling/Monitoring)



Title: Acronym: Commencement
date:



Location: Brief Description:



A multi-disciplinary approach with
the integration of three trophic levels
(fish/shellfish/seaweed) for the
development of sustainable
aquaculture systems



AquaNet EI 12 Apr-2001 Canada (Univ. of
New Brunswick)



See under “Discharge of Waste Nutrients” above



Estimating resulting environmental
impact from 6 model farms (fresh
water)



N/A Ending Denmark (IFR)



Magnitude and possible impact of
discharge of chemicals/medicines
from trout farms-P2



N/A Oct-2001 Denmark (IFR)



Sustainable development of marine
fish farming in Denmark



N/A Dec-2001 Denmark (IFR)



Effects of nutrient release from
Mediterranean fish farm on benthic
vegetation in coastal ecosystems



MedVeg 01-Dec-2001 Denmark (Univ. of
Southern Denmark)



See under “Discharge of Waste Nutrients” above



Development of an environmentally
integrated shrimp farm in
Madagascar



LGA Project 01-Nov-2000 France (Creocean) See under “Discharge of Waste Nutrients” above



Environmental describers analysis
for environmental impact
assessment of offshore fish farm



PR170 Jun-2000 Italy (ICRAM) See under “Discharge of Waste Nutrients” above



Impact of aquaculture on the
immune response genes of natural
salmonid populations: Spatial and
temporal genetic signatures and
potential fitness consequences



SALIMPACT 01-Oct-2001 Netherlands
(Wageningen Univ.)



See under” Disease Impacts” above



Environmental Impacts of
Aquaculture



N/A On-going since
1984



New Zealand
(Cawthron Institute)



See under “Discharge of Waste Nutrients” above



Development of monitoring
guidelines and modelling tools for
environmental effects from
Mediterranean aquaculture



MERAMED 01-Dec-2000 Norway (Akvaplan-
niva)



See under “Discharge of Waste Nutrients” above



Localization Of Mariculture N/A 01-Apr-2002 Norway (IMR) See under “Discharge of Waste Nutrients” above
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Assessment of
Impacts…..(continued)



Title: Acronym: Commencement
date:



Location: Brief Description:



Bioremediation through mussel
farming



N/A 01-Jan-2001 Sweden
(Kristineberg)



The great potential of mussel farming in archipelago
areas may have as a sustainable food production
combating the negative effects of eutrophication, is
the main theme. The common blue mussel (Mytilus
edulis) can efficiently filter out organic particles in
the seawater, thus reducing phytoplankton biomass
and increasing water clarity. Field campaigns have
clearly pointed out the large potential of mussel banks
(Strait of Öresund) that effectively can filter very
large volumes of water. The mussels structuring
grazing effect on the phytoplankton community,
which most likely reduces the sedimentation of
organic material to the bottom, has also been
demonstrated. Mussels grown on the west coast of
Sweden are of high quality and have a good
reputation among consumers. Swedish mussel
farming is efficient and cost effective through the
long-line technique. In Bohuslän, the Orust-Tjörn
fjord area has been known to be a privileged site
where DST in mussels does not exist or at least is
rare. However, the mussel industry has only to a
limited extent used the fjord area for farming
operations since they claim that the growth of the
mussels is lower and also that competing organisms is
a bigger problem inside the fjord system compared to
outside. Thus, in order to reach the main goal of
project 2.1, to implement mussel farming as a
recycling and sustainable system for food production
at the same time as the marine environment is
improved, the project will focus on the following
targets: Identify strategic sites where mussel farming
is profitable and counter-acts the negative effects of
eutrophication; Develop temporal and spatial models
on occurrence of toxic algae, pathogenic microbes
and DST; Improve methods for monitoring toxins and
the hygienic quality of water and products and
improve methods for depurating mussels from DST-
toxin; Evaluate the economical value of mussel
industry on improving coastal water quality.



Cod Farming in the Marine
Environment – Evaluation of
automatic feeding systems to
minimise environmental impact and
promote sustainable cultivation of
Atlantic cod (Gadus morhua)



N/A 01-Oct-2002 UK (Ardtoe) See under “Discharge of Waste Nutrients” above



Carrying Capacity of Northern
Ireland’s Sea Loughs



N/A Next 3 months UK (DARD) See under “Impacts of Trace Metals” above



An experimental approach to
determining the fate of mariculture
waste in Western Australia



N/A Apr-2000 UK (IoA Stirling) See under “Discharge of Waste Nutrients” above



Investigation of the environmental
benefits of interactive feedback
feeders



N/A Sep-2000 UK (IoA Stirling) See under “Discharge of Waste Nutrients” above



Modelling the environmental impact
of shellfish farming



N/A 01-Jan-1996 UK (Napier Univ.) See under “Discharge of Waste Nutrients” above



Practical guidance for the estimation
and allocation of environmental
capacity for aquaculture in tropical
developing countries



TROPECA Jan-2002 UK (Nautilus) See under “Discharge of Waste Nutrients” above



Bio-filtration and Aquaculture: an
Evaluation of Hard Substrate
Deployment Performance within
Mariculture Developments



BIOFAQs 01-Dec-2000 UK (SAMS) See under “Discharge of Waste Nutrients” above
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Assessment of
Impacts…..(continued)



Title: Acronym: Commencement
date:



Location: Brief Description:



Bioturbation – environmental
forcing and consequences



N/A Apr-2001 UK (SAMS) How does bioturbation vary in response to
environmental forcing and what are the
consequences? This project is an interdisciplinary
study of faunal community structure, function and
behaviour, bioturbation potential and effects on
geochemical cycling and pollutant redistribution in
response to environmental forcing, such as organic
enrichment imposed by fish farms. The role of
benthic fauna in the mediation of anthropogenic
impacts will be examined, together with effects on
carbon dynamics in sediments in pristine and polluted
environments at different latitudes. Existing models
will be greatly enhanced by an increased mechanistic
understanding of the interplay between benthic
community structure and function and the
consequences for mixing intensity and flux rates of
chemicals such as oxygen. The ultimate aim is to
improve coupled sediment community-
biogeochemical modelling of benthic behaviour in
Northern seas subject to increasing anthropogenic
impact.



Physical and Biogeochemical
pathways of metals around fish
farms



N/A Mar-1999 UK (SAMS) See under “Discharge of Waste Nutrients” above



Response of pelagic microbial
community to nutrient inputs



N/A 01-Apr-2001 UK (SAMS) See under “Discharge of Waste Nutrients” above



The ecological effects of sea lice
treatment agents



PAMP 01-Sep-2000 UK (SAMS) See under “Discharge of Waste Nutrients” above



Nitrogen isotope studies N/A 2002 UK (SCRI) See under “Discharge of Waste Nutrients” above



Evaluation and improvement of
shellfish dredge design in relation to
technical conservation measures and
environmental impact



ECODREDGE 01-Dec-1998 UK (Sea Fish
Industry)



Cost-effective and environmentally
friendly feed management strategies
for Mediterranean cage aquaculture



N/A 01-Nov-1998 UK (Univ. of
Glasgow)



See under “Discharge of Waste Nutrients” above



The effect of aquaculture on wild
salmonids



N/A Mar-2002 UK (Univ. of
Portsmouth)



Environmental sustainability of
bivalve cultivation



N/A 01-Oct-1999 UK (Univ. of Wales
Bangor)



See under “Carrying Capacity” above



Hawaii Offshore Aquaculture
Research Project, Phase III



HOARP 01-Sep-2001 USA (The Oceanic
Institute)



Examination of the biological, environmental, and
economic suitability of offshore aquaculture in
Hawaii. Collaborative effort between Oceanic
Institute, UH Sea Grant, and commercial sector.
Utilize multiple, 2600 cubic meter submersible
seacages 2 miles offshore off southern Oahu. Target
fish, Pacific threadfin (Polydactylus sexfilis).
Examination of ways to improve nursery survival,
modelling water quality effects, effects on benthic
biota in multiple cage system.



Assess Nutrient Sources, Fluxes, and
Water Quality of the 'Aimakapa and
Kaloko Hawaiian Fishponds, at
Kaloko-Honokohau National
Historical Park



KAHO Jan-2003 USA (Univ. of
Hawaii)



See under “Discharge of Waste Nutrients” above
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Other



Title: Acronym: Commencement
date:



Location: Brief Description:



A multi-disciplinary approach with
the integration of three trophic levels
(fish/shellfish/seaweed) for the
development of sustainable
aquaculture systems



AquaNet EI 12 Apr-2001 Canada (Univ. of
New Brunswick)



See under “Discharge of Waste Nutrients” above



Aquaculture and coastal economic
and social sustainability



AQCESS Dec-1999 Finland (FGFRI) To determine how employment in rural communities
changes with the arrival of aquaculture; To determine
what predictions exist for socio-economic,
environmental and biological sustainability resulting
from the interactions between aquaculture and
fisheries; To determine what recommendations can be
made for coastal resource management in areas where
aquaculture and fisheries coexist



Development of an environmentally
integrated shrimp farm in
Madagascar



LGA Project 01-Nov-2000 France (Creocean) See under “Discharge of Waste Nutrients” above



Development of monitoring
guidelines and modelling tools for
environmental effects from
Mediterranean aquaculture



MERAMED 01-Dec-2000 Norway (Akvaplan-
niva)



See under “Discharge of Waste Nutrients” above



Aquaculture diversification -
Culture of Argyrosomus regius
("Corvina")



Aquadiv Portugal (IPIMAR)



Algal Introductions To European
Shores



ALIENS 01-Feb-2002 Spain (Univ. of
Oviedo)



Algal introductions to European shores with 10 parts;
Pan-European quantitative survey of introductions;
Impact on native communities; Demography of
introduced species; Propagule pressure by vectors:
Fouling, Ballast waters and AQUACULTURE (oyster
aquaculture); Life history and biochemical characters
of some invasive species; Hierarchical sampling of
selected introduced species; Genetic analysis of
selected introduced species; Economic impact;
Modelling and risk management; Screening protocol;
OBJECTIVES: To explain the underlying ecological
causes of the introduction, establishment and
development of seaweed invasions on European
shores; To generate a baseline dataset on the present
status of seaweed introductions to European shores,
and of future susceptibility to further
introductions/invasions.; To elucidate the genetic
structure of various populations of selected invasive
seaweeds in Atlantic and Mediterranean Europe; To
evaluate the economic impact of existing seaweed
invasions on a European scale; To carry out risk
assessment and propose a screening protocol for
invasive macroalgae to be used in coastal
management.



Bioremediation through mussel
farming



N/A 01-Jan-2001 Sweden
(Kristineberg)



See under “Assessment of Impacts” above



Marine finfish and suspended
shellfish aquaculture: water quality
interactions and the potential for
polyculture in coastal British
Columbia



N/A Apr-2001 UK (IoA Stirling) See under “Carrying Capacity” above



Environmental Risk Assessment and
Aquaculture Development



Aquaculture ERA Oct-2001 UK (Nautilus) Commissioned to prepare a review paper on
environmental risk assessment and the application of
the precautionary principle to aquaculture
development. The paper will serve as resource
material for the IMO/FAO/UNESCO-
IOC/WMO/WHO/IAEA/UN/UNEP Joint Group of
Experts on Scientific Aspects of Marine
Environmental Protection (GESAMP) Working
Group 31 on Aquaculture and Environment.
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Other (continued)



Title: Acronym: Commencement
date:



Location: Brief Description:



Operating Principles for Sustainable
Shrimp Culture - Working
Document 1



N/A UK (Nautilus) FAO/Government of Australia Expert Consultation
on Good Management Practices and Good
Institutional and Legal arrangements for Sustainable
Shrimp Culture. Contracted to prepare two working
papers for an expert consultation organised by a
consortium of the World Bank, FAO, the World Wide
Fund for Nature, the Network of Aquaculture Centres
in Asia, and the Government of Australia. The first
paper built on previously commissioned case studies
to develop a set of globally applicable operating
principles for sustainable shrimp farming. The second
presented draft guidelines for the development and
implementation of locally appropriate good
management practices based on these operating
principles



Algal Toxins, their Accumulation
and Loss in commercially Important
Shellfish, including larval Mortality
and Appraisal of accelerated
depuration



TALISMAN Jun-2002 UK (Northbay
Shellfish Orkney)



See under “Discharge of Waste Nutrients” above



Bio-filtration and Aquaculture: an
Evaluation of Hard Substrate
Deployment Performance within
Mariculture Developments



BIOFAQs 1-Dec-2000 UK (SAMS) See under “Discharge of Waste Nutrients” above



Commercially Viable Sea Urchin
Cultivation



N/A Nov-1998 UK (SAMS) See under “Discharge of Waste Nutrients” above



Tube worm fouling on rope grown
mussels – its importance to the
industry



N/A Apr-2001 UK (SAMS) See under “Discharge of Waste Nutrients” above
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Other (continued)



Title: Acronym: Commencement
date:



Location: Brief Description:



Host and mate-locating
semiochemicals for sealice control



N/A Jun-1998 UK (Univ. of
Aberdeen)



The contract has provided resources for the
identification of the semiochemicals involved in the
location of salmon hosts by sea lice and in the
location of mates by reproducing sea lice with a view
to developing monitoring and control of lice for use
in integrated pest management strategies. Sea lice are
the major disease affecting farmed salmon and the
industry requires substantial and costly manpower to
control this health problem. Although a number of
veterinary medicines are now available to treat
infections the industry is continually threatened with
massive welfare problems and stock losses. In
addition, resistance problems to medicines recently
introduced are apparent and management practices
for the prevention and control of resistance are
required. In order for a sustainable integrated pest
management strategy for sea lice to be put in place a
key set of criteria is required. Firstly populations of
lice must be monitored on a regular year-round basis
both in the vicinity of the fish and elsewhere in the
estuary. Monitoring of sea lice populations is seen as
an essential tool in understanding the dynamics of
lice infection and for providing knowledge for when
to treat fish. Secondly the use of veterinary medicines
must be kept down to an absolute minimum to satisfy
environmental and public concerns and for the
prevention of resistance and its control once it
develops. This project provides the means to fulfil
both of these criteria by using natural chemical
signals, semiochemicals, that regulate important
interactions of the louse (host location, mate
location). Such cues, once identified, can be used in
traps for the routine daily monitoring of lice numbers
in estuaries, in baited targets for lure and kill
approaches or in push-pull strategies to remove lice
from the salmonid host without the use of veterinary
medicines. This project is unique in attempting to
identify chemical cues in the aquatic environment,
which are of significance to sea lice life cycle
strategies.



Environmental sustainability of
bivalve cultivation



N/A 01-Oct-1999 UK (Univ. of Wales
Bangor)



See under “Carrying Capacity” above



Hawaii Offshore Aquaculture
Research Project, Phase III



HOARP 01-Sep-2001 USA (The Oceanic
Institute)



See under “Assessment of Impacts” above



Assess Nutrient Sources, Fluxes, and
Water Quality of the 'Aimakapa and
Kaloko Hawaiian Fishponds, at
Kaloko-Honokohau National
Historical Park



KAHO Jan-2003 USA (Univ. of
Hawaii)



See under “Discharge of Waste Nutrients” above
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Evidence that ship noise increases
stress in right whales
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Baleen whales (Mysticeti ) communicate using low-frequency acoustic signals. These long-wavelength



sounds can be detected over hundreds of kilometres, potentially allowing contact over large distances.



Low-frequency noise from large ships (20–200 Hz) overlaps acoustic signals used by baleen whales,



and increased levels of underwater noise have been documented in areas with high shipping traffic.



Reported responses of whales to increased noise include: habitat displacement, behavioural changes



and alterations in the intensity, frequency and intervals of calls. However, it has been unclear whether



exposure to noise results in physiological responses that may lead to significant consequences for individ-



uals or populations. Here, we show that reduced ship traffic in the Bay of Fundy, Canada, following the



events of 11 September 2001, resulted in a 6 dB decrease in underwater noise with a significant reduction



below 150 Hz. This noise reduction was associated with decreased baseline levels of stress-related faecal



hormone metabolites (glucocorticoids) in North Atlantic right whales (Eubalaena glacialis). This is the



first evidence that exposure to low-frequency ship noise may be associated with chronic stress in



whales, and has implications for all baleen whales in heavy ship traffic areas, and for recovery of this



endangered right whale population.



Keywords: right whales; glucocorticoids; stress; underwater noise; ship traffic


1. INTRODUCTION
Underwater ocean noise from anthropogenic sources



has increased over the past 50 years [1,2]. This acoustic



pollution is a by-product of a rising tide of human



maritime activities including seismic exploration by the oil



and gas industries, military and commercial use of sonar,



recreational boating and shipping traffic. In many ocean



areas, the dominant source of human-generated low-



frequency noise (20–200 Hz) is from the propellers and



engines of commercial shipping vessels, and noise levels



have been increasing [2–4]. These sound frequencies can



propagate efficiently over long distances in the deep-water



marine environment. Studies monitoring trends of under-



water noise in the Northeast Pacific found that since the



1960s, low-frequency ambient noise (less than 80 Hz) has



increased by 10–12 decibels (dB), coinciding with a dou-



bling of the global shipping fleet [5,6]. This rising level of



noise has raised concerns about effects on marine mammals



that rely on acoustic signalling [7–9]. In particular, shipping



noise directly overlaps the frequency band of acoustic


r for correspondence (rrolland@neaq.org).
t address: Department of Biology, Syracuse University,
, NY 13244, USA.
t address: NOAA Northeast Fisheries Science Center,



ole, MA 02543, USA.



18 November 2011
18 January 2012 2363


communication signals used by the largest of cetaceans,



the baleen whales (Mysticeti) [10,11].



Living in an environment where sound propagates



far better than light, many marine animals, particularly



cetaceans, evolved to rely primarily upon acoustic sig-



nalling to communicate, locate prey and navigate [12].



The acoustic repertoire of baleen whales consists of



low-frequency, long-wavelength sounds that propagate



efficiently underwater, potentially allowing communication



over large distances in the open ocean [10–12]. For



example, data from the U. S. Navy’s SOund SUrveillance



System (SOSUS) has shown that blue whale (Balaenoptera



musculus) calls can be detected offshore at ranges of hun-



dreds of kilometres [13]. However, the range at which



baleen whales actually communicate with each other



remains unknown. Elevated low-frequency underwater



noise levels near busy shipping routes and ports have the



potential to interfere significantly with whale calls used to



maintain contact, aggregate to feed and locate potential



mates (‘acoustic masking’), potentially affecting critical



life-history events [1,7–11]. Reported whale responses to



increases in background noise have included: habitat



displacement, behavioural changes and alterations in voca-



lization patterns such as shifting the frequency band or



energy level of calls, making signals longer or more repeti-



tive, or waiting to signal until the noise is reduced [8,9].


This journal is q 2012 The Royal Society
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Figure 1. The study site in the Bay of Fundy, Canada. The
Canadian Right Whale Conservation Area and the location



of the designated shipping lanes (in 2001) are shown.



2364 R. M. Rolland et al. Ship noise and stress in right whales


Owing to the challenges of studying free-swimming large



whales, it is unknown whether these responses to back-



ground noise translate into biologically significant effects



that may have long-term consequences for individuals or



populations [7].



The tragic events of 11 September 2001 (9/11 here-



after) resulted in an unplanned experiment on the



effects of underwater noise on western North Atlantic



right whales (Eubalaena glacialis). These baleen whales



congregate during late summer in the Bay of Fundy,



Canada, to feed and nurse their calves. Since 1980, the



New England Aquarium (Boston, MA, USA) has con-



ducted longitudinal population surveys annually in this



critical right whale habitat. In the immediate aftermath



of 9/11, we noted a marked decrease in ship traffic in



the Bay of Fundy, Canada, and acoustic recordings



revealed a noticeable decrease in low-frequency back-



ground noise levels. A study of stress-related faecal



hormone metabolites was also underway throughout the



2001 field season and over the four subsequent years.



We analysed acoustic recordings and ship traffic data



along with faecal glucocorticoid (fGC) measures of phys-



iological stress before and after 9/11. Here, we show that a



post-9/11 decrease in background underwater noise from



reduced large ship traffic corresponded to a decrease in



stress-related fGC hormone levels in right whales.


2. MATERIAL AND METHODS
(a) Acoustic data



Acoustic data were collected in the Bay of Fundy in August and



September 2001 for a project related to right whale social be-



haviour. Data were collected with a single factory-calibrated



HTI-94-SSQ hydrophone with a built-in preamplifier recorded



into a Sony TCD-D8 Digital Audio Tape (DAT) recorder with



constant recording gain setting (system frequency response



50 Hz–20 kHz+1 dB). The hydrophone was deployed from



the side of a small vessel (with the engine shut off ) using a



spar buoy to minimize vertical displacement.



We analysed 93 min of recordings collected from 2 days



before 9/11 (25 and 29 August 2001) and 90 min of recordings



from 2 days immediately following 9/11 (12 and 13 September



2001) all with the same sea-state conditions (Beaufort 1-2).



Recordings collected during several individual recording ses-



sions from each day were compiled and converted to .wav



files with a sampling rate of 48 kHz. The records were then



bandpass filtered to 50 Hz–20 kHz. Extraneous noises (e.g.



splashing sounds and whale calls) were removed to select the



quietest section of background noise in each recording. The



DAT recorder gain was measured in the laboratory by record-



ing known voltage signals directly into the recorder. The sound



pressure level (SPL) at the hydrophone was calculated using



the known sensitivity of the hydrophone, the hydrophone pre-



amplification gain and the measured gain from the recorder



to obtain the overall gain for the system. A custom MATLAB pro-



gram was used to calculate SPL in dBRMS re 1 mPa for the full



band (50 Hz–20 kHz) and power spectrum density level (PSL)



in mPa2 Hz21 for the range 50–500 Hz.



(b) Ship traffic data



The Bay of Fundy (BOF) has a Traffic Separation



Scheme (i.e. shipping lanes) that is mandatory for all vessels



of or over 20 m in length, and vessel-tracking radar data are



collected. Ship traffic data on the same days as the acoustic
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recordings were extracted from the Kongsberg Norcontrol IT



Vessel Traffic Management and Information System computer-



ized log-files stored with the Marine Communication and



Traffic Services, Saint John, New Brunswick, Canada [14].



Figure 1 shows the Grand Manan Basin Right Whale Conser-



vation Area in the Bay of Fundy where the study was



conducted, and the location of the shipping lanes (in 2001).



(c) Faecal sample collection and hormone analysis



In a second study (conducted from 2001–2005), we col-



lected faecal samples from right whales and measured



metabolites of steroid reproductive hormones (oestrogens,



androgens and progestins) and adrenal glucocorticoids



(GCs) [15,16]. Circulating steroid hormones are metab-



olized in the liver and excreted in bile (and urine), and the



resulting metabolites are measurable in faeces [17,18]. The



pattern of faecal metabolites reflects the average level of cir-



culating parent hormone with a lag time of hours to days,



depending on hormone turnover rates and gastrointestinal



passage time for the species [18,19]. Based on data from



other species, the lag time for right whales was estimated as



1 day for this study [20]. Previous work has demonstrated



that concentrations of fGCs reflect adrenal activation and



relative physiological stress levels in a wide variety of animals



[19], including North Atlantic right whales [15].



Faecal samples were collected near right whales in the Bay



of Fundy from late July to early October. Samples were found



opportunistically and using detection dogs trained to find



right whale faeces [21]. Floating faeces were scooped from



the water using a 300 mm dipnet (Sea-Gear Corp., Mel-



bourne, FL, USA), temporarily stored at 2208C, and



shipped overnight on dry ice to the laboratory. Species of



origin was confirmed photographically and by amplification



of mitochondrial control region DNA [21].



Samples were lyophilized (2208C) to remove variation



owing to water content and diet, then sifted and mixed to hom-



ogenize hormone metabolites. Steroid metabolites were



extracted from weighed faecal powder with a methanol



vortex method [19]. Radioimmunoassays for faecal
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Figure 2. Power spectrum density level (PSL) of background
noise in the range 50–500 Hz from 2 days before (25 and 29
August 2011) and 2 days after 11 September 2001 (12 and



13 September 2011) with identical sea-state conditions.
Overall noise levels (PSL in dB re 1 mPa2 Hz21 are lower
and the peak frequency (Hz) of the noise shifted to a
higher frequency post-9/11.
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oestrogens, progestins, androgens and GCs have been pre-



viously validated for right whales, and detailed methods have



been described [15,16]. Briefly, faecal extracts were diluted in



the appropriate amount of assay buffer, and GC and oestrogen



metabolites were assayed using double-antibody 125I radio-



immunoassay kits (MP Biomedicals, Costa Mesa, CA, USA)



and counted with a Packard Crystal II gamma counter. Proges-



tin and androgen assays were in-house 3H radioimmunoassays



counted with a Beckman LS6500 liquid scintillation counter.



All samples were assayed in duplicate, with a full standard



curve and two controls (low and high) in every assay.



Any samples with percent-bound outside of the standard



curve, or with greater than 10 per cent coefficient of variation



between duplicates, were re-assayed. Results are expressed as



nanograms of immunoreactive hormone metabolites per



gram of freeze-dried faeces (abbreviated as ng g21).



(d) Statistical methods



We compared levels of fGC metabolites before (and includ-



ing) 11 September and after 11 September for the years



2001–2005 using a two-way, unbalanced Kruskall–Wallis



test. The main effects were year (2001–2005) and period



(before and after 11 September for all years). The null



hypothesis was no effect of period, year or interaction



between period and year. We were interested in assessing



whether there was a pre-9/11 versus post-9/11 effect on



fGCs in 2001 that differed from other years. Samples with



faecal metabolites of testosterone greater than 5000 ng g21



and progesterone greater than 6000 ng g21 were removed



from the analyses to control for physiologically normal



elevations of fGC levels in adult males (mean androgens+
standard error of the mean ¼ 10 192+986 ng g21) and preg-



nant females (mean progestins ¼ 201 240+27 025 ng g21)



[15,16]. The hormone cut-off values were derived from con-



ditional inference trees used to classify identified whales with



known reproductive states based on faecal hormone levels



(P. J. Corkeron, unpublished data).


3. RESULTS
The acoustic analyses showed a 6 dB decrease in the overall



background noise (50 Hz–20 kHz) in recordings made



after 9/11. More importantly, the noise spectrum changed



dramatically, with a significant reduction of noise below



150 Hz (figure 2). Records from the ship traffic monitoring



programme in the Bay of Fundy (Fundy Traffic) confirmed



a decrease in large vessel traffic following 9/11. Ship traffic



(within 16 km of the Right Whale Conservation Area,



figure 1) on the same dates in 2001 as the acoustic record-



ings, decreased from nine large ships on 25 and 29



August (five and four ships, respectively) to three ships on



12 and 13 September (one and two ships, respectively).



Faecal GC levels from a total of 144 samples were used



in the analyses (n ¼ 114 before 11 September; n ¼ 30 after



11 September, for all years). Sample sizes before/after 11



September by year were as follows: 2001 n ¼ 14/9; 2002



n ¼ 14/3; 2003 n ¼ 37/4; 2004 n ¼ 3/9; 2005 n ¼ 46/5.



Samples were collected approximately proportionally on



weekdays and weekends, 96 per cent were evenly split



between August and September, and 4 per cent were



collected in late July and early October.



There was a significant effect of year and period on



fGC levels (Kruskall–Wallis x2 ¼ 29.6889, d.f. ¼ 4, p ¼



0.000005663; figure 3a). The only year in which there
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was a significant decrease in fGCs after 11 September



was 2001 (figure 3b). While the data show annual variabil-



ity in fGC levels, the dominant trend was for higher fGCs



after 11 September in three of four control (non-2001)



years (figure 3b). This trend was particularly pronounced



in 2003, a year in which 75 per cent of post-11 September



samples were collected after 20 September. This is in



contrast to all other study years in which only 19 per cent



of (post-11 September) samples were collected after 20



September. A possible explanation for higher fGC levels



in later September (as in 2003) is the observation of an



increase in whale participation in surface-active (courtship)



groups as September progresses (New England Aquarium,



unpublished data). Increased courtship activity could be a



significant social stressor elevating fGC levels.


4. DISCUSSION
Acoustic studies have shown that right whales alter their



vocalization behaviour in noisy habitats by increasing



both the amplitude and frequency of their stereotyped



upcalls [22,23], which are the main contact sounds used



by these whales. A comparison of three right whale habitats



along the east coast of the USA and Canada found that the



Bay of Fundy had the highest levels of background low-



frequency noise associated with heavy shipping traffic,



and that the frequencies of right whale upcalls were signifi-



cantly higher in this habitat [24]. While right whales alter



their vocalizations in response to low-frequency under-



water noise, it has been previously unclear whether these



responses are accompanied by quantifiable physiological



effects that could potentially lead to biologically significant



impacts on individuals or populations.



Here, we show a decrease in baseline concentrations of



fGCs in right whales in association with decreased overall



noise levels (6 dB) and significant reductions in noise at



all frequencies between 50 and 150 Hz as a consequence



of reduced large vessel traffic in the Bay of Fundy follow-



ing the events of 9/11. Even with relatively small sample



sizes after 11 September in 2001, the decrease in fGCs



after 9/11 was highly significant compared with other
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Figure 3. (a) Levels of faecal GC metabolites (ng g21) in North Atlantic right whales before (grey boxes) and after (white
boxes.) 11 September for the years 2001–2005. Boxes show the interquartile range, the black line inside the box is the
median, whiskers represent the adjacent values (most extreme observations that are not more than 1.5 times the height of



the box), and outliers are represented by dots. (b) Yearly difference in median faecal GC levels (2001–2005) post 9/11–
before 9/11. Significantly lower faecal GC levels after 11 September were only seen in 2001, and were associated with decreased
underwater low-frequency noise resulting from a reduction in large vessel traffic.
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years. To our knowledge, there were no other factors



affecting the population that could explain this difference



besides the decrease in ship traffic and concomitantly



reduced underwater noise disturbance after 9/11.



GCs are secreted in response to a large variety of



natural stressors, such as social aggression, predators,



starvation and drought, as well as anthropogenic disturb-



ances [25,26]. Studies of terrestrial species have



demonstrated increases in fGCs in response to noise-



related anthropogenic stressors, such as snowmobiles



[27], tourism traffic [28] and road noise [29]. Release



of GCs from the adrenal cortex is mediated by the



hypothalamic–pituitary–adrenal axis within minutes to



an hour of experiencing (or even perceiving) a stressor



[30]. This short-term stress response is beneficial to the



individual by mobilizing energy reserves and initiating



behaviours to respond to the threat. However, chronic



elevations of GCs secondary to repeated or continuous



stressors become maladaptive, suppressing growth,



immune system function and reproduction [26,30], with



implications for individual and population fitness. For



example, circulating corticosterone levels predicted



population-level survival probability in Galapagos marine



iguanas (Amblyrhynchus cristatus) during an El Niño-



induced famine [31], and high fGCs were predictive of



individual mortality in ring-tailed lemurs (Lemur catta)



[32]. Definitively linking chronic stress responses to detri-



mental health effects in large whales is extremely difficult



because of the logistics of studying free-swimming



whales and the inability to conduct a controlled study.



However, a large body of literature has demonstrated



that chronic stress, assessed by persistently elevated GCs,



can lead to detrimental effects on health and reproduction



across a variety of vertebrate taxa [26,30–32].



While the results presented here provide compelling



evidence of a stress response in right whales exposed to



higher levels of low-frequency underwater noise from
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ship traffic, this is a retrospective analysis based on a



non-repeatable event, with all of the inherent limitations.



Because the study was unplanned, there are no compar-



able acoustic recordings from the Bay of Fundy in years



other than 2001 for comparison. Additionally, sample



sizes after 11 September were relatively small in all



years because deteriorating weather conditions in later



September are much less conducive to faecal sample col-



lection. In the absence of planned cessation of shipping



traffic, future work is needed to characterize and compare



underwater noise and fGC levels in right whales occupy-



ing habitats with varying levels of low-frequency noise



from large ships to see if an enhanced stress response to



higher noise levels is detectable given natural variability



in the hormone data.



Because of their use of near-shore habitats along east-



ern North America, recovery of the critically endangered



North Atlantic right whale population has been seriously



impaired by mortalities from ship collisions and fishing



gear entanglements [33]. Acoustic pollution from anthro-



pogenic sources presents a less visible but pervasive



disturbance to these coastal-dwelling whales that may



have negative consequences for population viability.



Exposure to potentially significant underwater noise



from ships is not unique to the Bay of Fundy. For



example, data modelling and analytical approaches esti-



mated that the acoustic communication space of calling



right whales in a second east coast habitat (Stellwagen



Bank National Marine Sanctuary) was reduced 84 per



cent by the passage of only two commercial ships



during a 13.2 h period [10]. The Stellwagen area aver-



aged six ships per day [34], suggesting that acoustic



masking was occurring for the majority of the time that



right whales were feeding there. The communication



space of singing fin (Balaenoptera physalus) and humpback



(Megaptera novaeangliae) whales was also diminished, but



to a far lesser extent because of species-specific
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differences in acoustic signalling [10]. While increases in



low-frequency ocean noise must be considered a potential



anthropogenic stressor for all baleen whales in coastal



areas with high levels of ship traffic, depleted populations



experiencing the cumulative impact of multiple stressors



and those with particular acoustic characteristics may be



at heightened risk [7].
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iguanas during El Niño events. Proc. Natl Acad. Sci.
USA 98, 7366–7370. (doi:10.1073/pnas.131091498)


Proc. R. Soc. B (2012)


32 Pride, E. 2005 High faecal glucocorticoid levels predict
mortality in ring-tailed lemurs (Lemur catta). Biol. Lett.
1, 60–63. (doi:10.1098/rsbl.2004.0245)



33 Kraus, S. D. et al. 2005 North Atlantic right whales in
crisis. Science 309, 561–562. (doi:10.1126/science.
1111200)



34 Hatch, L., Clark, C., Merrick, R., Van Parijs, S.,
Ponirakis, D., Schwehr, K., Thompson, M. & Wiley, D.



2008 Characterizing the relative contributions of large
vessels to total ocean noise fields: a case study using the
Gerry E. Studds Stellwagen Bank National Marine Sanc-
tuary. Environ. Manage. 42, 735–752. (doi:10.1007/



s00267-008-9169-4)





http://dx.doi.org/10.1046/j.1523-1739.1997.96240.x


http://dx.doi.org/10.1073/pnas.131091498


http://dx.doi.org/10.1098/rsbl.2004.0245


http://dx.doi.org/10.1126/science.1111200


http://dx.doi.org/10.1126/science.1111200


http://dx.doi.org/10.1007/s00267-008-9169-4


http://dx.doi.org/10.1007/s00267-008-9169-4





			Evidence that ship noise increases  stress in right whales


			Introduction


			Material and methods


			Acoustic data


			Ship traffic data


			Faecal sample collection and hormone analysis


			Statistical methods





			Results


			Discussion


			This work was supported by grants from the Office of Naval Research (S.K.), NOAA Fisheries (R.R. and S.P.), and the Northeast Consortium (R.R.). Our special thanks to the New England Aquarium right whale team and the other researchers who collected samples for the stress hormone study; to Philip Hamilton for right whale data discussions; to Jackie Ciano, Stephanie Martin and Cynthia Thomas for assistance with acoustic recordings; to Angelia Vanderlaan and Chris Taggert for supplying ship traffic data for the Bay of Fundy; and to Brooke Wikgren for graphics. This research was conducted under permits from Fisheries and Oceans, Canada and Scientific Research Permits under the Canadian Species at Risk Act.


			References













R E P O R T  O F  T H E  M A R I N E  A Q U A C U LT U R E  TA S K  F O R C E



Sustainable Marine Aquaculture:
Fulfilling The Promise; 



Managing The Risks



J A N U A RY  2 0 0 7

















R E P O R T  O F  T H E  M A R I N E  A Q U A C U LT U R E  TA S K  F O R C E



Sustainable Marine Aquaculture:
Fulfilling The Promise; 



Managing The Risks



J a n u a r y  2 0 0 7

















table of contents 



Task Force Members and Staff . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i



Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v



Executive Summary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1



CHAPTER 1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9



CHAPTER 2 Status of Marine Aquaculture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13



CHAPTER 3 Governance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23



CHAPTER 4 Ecological Effects of Escapes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45



CHAPTER 5 Aquaculture Disease Interactions with the Ecosystem . . . . . . . . . . . . . . . 59



CHAPTER 6 Water Pollution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69



CHAPTER 7 Aquaculture Feeds and Feeding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89



CHAPTER 8 Working within the Marketplace . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103



CHAPTER 9 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115



References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

















Marine Aquaculture Task Force 



Richard Pittenger is chairman of the
Marine Aquaculture Task Force. Dick
Pittenger retired in 2004 as Vice President
for Marine Operations and Arctic Research
Coordinator for Woods Hole Oceanographic
Institution, where he worked for 14 years,
devising and carrying out a strategy to mod-
ernize its fleet of research vessels and advanc-
ing the use of remotely operated vehicles 
for ocean science. Adm. Pittenger retired
from the Navy as a Rear Admiral in 1990.
During his 32 years of service, he had a 
wide range of duties including command 
of a mine sweeper in Vietnam and a 
destroyer squadron, Chief of Staff to the
U.S. Naval Forces in Europe, director of 
the Antisubmarine Warfare Division, and
Oceanographer of the Navy. He is a frequent
lecturer at the Naval War College and the
Naval Postgraduate School, and has authored
books on antisubmarine warfare and articles
on undersea acoustics, nautical charting, and
naval oceanography.



Bruce Anderson is president of the
Oceanic Institute, a not-for-profit research
organization in Hawaii dedicated to sustain-
able aquaculture development, improved
coastal resource management, and marine
science education. Dr. Anderson has exten-
sive experience in environmental manage-
ment and public health issues in Hawaii and
the Pacific Islands. Before assuming the lead-
ership of the Oceanic Institute, Dr.
Anderson was director of the Environmental
Health Program at the University of Hawaii
School of Medicine. From 1999 through
2002, he was Director of Health for the



State of Hawaii, and served as Deputy
Director for Environmental Health for the
state from 1987 through 1998. He holds a
Ph.D. in biomedical sciences from the
University of Hawaii and an M.P.H. in 
epidemiology from Yale University.



Daniel Benetti is the Chairman of the
Division of Marine Affairs and Policy at the
University of Miami’s Rosenstiel School of
Marine and Atmospheric Science, where he
is an Associate Professor and the Director of
Aquaculture. He has over 25 years experience
in aquaculture worldwide and has published
numerous articles in aquaculture science and
technology. In addition to his academic
responsibilities, he carries out R&D and
technology transfer projects for the develop-
ment of sustainable marine hatchery and off-
shore growout initiatives. He has extensive
experience with the industry and has been a
consultant for the private and government
sectors in Latin America, the U.S., Europe,
Asia, the Caribbean, and Australia.
Coordinating the NOAA/NSG/NMAI 
effort in the SE U.S. and the Caribbean, he
has partnered with the government and the
industry to spearhead advanced technology
for hatchery and offshore aquaculture devel-
opment in these regions. He is the scientific
coordinator of Snapperfarm’s and Aquasense’s
offshore aquaculture demonstration projects
in Puerto Rico and the Bahamas. Prior to
joining the faculty of the University of
Miami, he was a research scientist at Harbor
Branch Oceanographic Institution in Ft.
Pierce, Florida. 



i i  M A R I N E  A Q U A C U L T U R E  T A S K  F O R C E











Paul Dayton is Professor of Oceanography
at the Scripps Institution of Oceanography.
His research interests include benthic 
ecology, marine conservation and policy, 
evolution, and natural history. He is the
author of dozens of publications on topics
ranging from kelp forest ecology, ecosystem
effects of fishing, to cetacean habitat selec-
tion. He teaches numerous courses including
natural history of coastal habitats, professional
ethics in science, advanced experimental
methods, and biological oceanography. 



Bill Dewey is the public affairs manager
for Washington State’s Taylor Shellfish
Company, one of the largest producers of
farmed shellfish in the United States. During
more than 20 years as a shellfish farmer,
Dewey has been active in shaping environ-
mental and regulatory public policy as it
affects the shellfish culture industry. He is
president of the Pacific Shellfish Institute,
serves on the Board of Directors of the
National Aquaculture Association and was
recently appointed by Washington’s
Governor Gregoire to his third term on the
Puget Sound Council advising the State on
conservation priorities for Puget Sound. He
recently served as a member of the National
Academy of Science’s Committee on
Nonnative Oysters in the Chesapeake Bay
and together with his wife Joyce, owns and
operates a clam farm in Samish Bay.



Rebecca Goldburg is a senior scientist at
Environmental Defense, a national nonprofit
research and advocacy organization. Working
from New York City, Goldburg is active in
public policy issues concerning both marine
and terrestrial food production. Among her
responsibilities, she leads Environmental
Defense’s work to increase demand for more
sustainably produced seafood. She currently
serves as an advisor to the Luce Foundation’s
Environment Program, as a member of the
USDA’s task force developing organic stan-
dards for aquaculture, and on the Monterey
Bay Aquarium Seafood Watch Program’s
Advisory Board. An author of numerous arti-
cles, Goldburg coauthored the Pew Oceans



Commission’s report on marine aquaculture.
Dr. Goldburg has an M.S. in Statistics, a
Ph.D. in Ecology, and an honorary
Doctorate of Laws, all from the University 
of Minnesota.



Alison Rieser is the Dai Ho Chun
Distinguished Chair in Arts and Sciences at
the University of Hawai’i Manoa. She was
previously a professor of ocean and coastal
law at the University of Maine School of
Law. She directed the University of Maine’s
Marine Law Institute from 1983 until 2001.
Her research interests include the use of
property and rights-based concepts in 
ocean and coastal management, ecosystem
approaches to fisheries management, and the
role of science in marine legal regimes. In
addition to her teaching duties, Professor
Rieser is a consultant to federal and state
agencies and NGOs, and has written and 
lectured extensively on coastal and ocean law.
She is the coauthor of the leading casebook
on ocean and coastal law and of numerous
articles on the management of marine fish-
eries, the regulation of aquaculture, and the
protection of endangered marine wildlife.
Professor Rieser served on the National
Academy of Sciences Committee to Review
Individual Fishing Quotas and was selected
as a Pew Fellow in Marine Conservation in
1999. She was a postdoctoral fellow in
marine policy at the Woods Hole
Oceanographic Institution and has law
degrees from The George Washington
University and Yale Law School.



Byron Sher was elected to the California
State Senate in 1996 in a special election. He
was subsequently re-elected to two four-year
terms, and served as the first chairman of the
Senate Environmental Quality Committee.
Mr. Sher served for over 15 years in the State
Assembly, where he chaired the Natural
Resources Committee and the Criminal Law
and Public Safety Committees. He served
two terms as Mayor of Palo Alto during his
nine years on the City Council. Mr. Sher
graduated from Harvard Law School and is
Professor of Law Emeritus at Stanford Law
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School. He held academic teaching positions
at the law schools of Harvard, Southern
Methodist University and the University of
Southern California, as well as Stanford.



Arliss Sturgulewski was elected to serve
on the Anchorage Charter Commission and
the Anchorage Assembly. She served in the
Alaska State Senate from 1978 through
1992, when she chose not to stand for re-
election. She was the Republican candidate
for governor of Alaska in 1986 and 1990.
Senator Sturgulewski received a BA in
Economics and Business from the University
of Washington. She received an Honorary
Doctor of Laws degree from the University
of Alaska, Anchorage. She has served on
many local municipal boards, including
Planning and Zoning and the Board of
Examiners and Appeals. Ms. Sturgulewski
gives frequent speeches on issues dealing
with equity and on education issues. She is a
trustee for the Anchorage YMCA, Sheldon
Jackson College located in Sitka, Alaska, and
the University of Alaska Foundation. She
serves on the Advisory Council for the
University of Alaska School of Fisheries and
Ocean Sciences and the University of Alaska,
Anchorage Chancellor’s Council as well as
numerous other statewide boards and com-
missions.
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Executive Summary 



The Nature of the Problem



According to the U.N. Food and
Agriculture Organization (FAO), most 
capture fisheries are either fully exploited 
or have been overfished, while demand for
seafood continues to grow. Governments, 
the seafood industry, and consumers look
increasingly to aquaculture—the farming of
aquatic organisms, including fish, mollusks,
crustaceans and plants—to fill the gap
between wild fisheries landings and seafood
demand. In response, aquaculture has been
growing at an annual rate of about nine 
percent worldwide and, by some estimates,
now produces nearly half of the fish and
seafood eaten. Aquaculture is also playing 
a growing role in efforts to restore and 
maintain depleted stocks of wild fish and
other aquatic organisms.



The United States is a net importer of
seafood, with a current seafood trade deficit
of approximately $8 billion. About 40 per-
cent of the seafood imported into the United
States is farm raised, mostly consisting of
salmon and shrimp. The U.S. produces
aquaculture products worth about $1 billion
annually, but the Department of Commerce
has called for the development of a domestic
industry worth $5 billion by 2025. Although
current U.S. production is dominated by
pond-raised catfish, technological advances
in recent decades have led to a dramatic
increase in the production of farmed salmon.
Several other marine finfish species are raised
in small amounts in U.S. waters and research
is being conducted on several more. Marine
species—mostly salmon, bivalve mollusks,
and shrimp—now constitute about 10 per-



cent of domestic production, but contribute
20 percent of the value of the crop.



With the growth of aquaculture have come
environmental impacts, particularly as tech-
nology has opened new areas to aquaculture
and allowed for increasingly intensive farm-
ing methods. Environmental effects from
aquaculture include water pollution, intro-
duction of nonnative species, genetic effects
on wild populations of fish and shellfish
from escapes of farmed animals or their
gametes, and concerns about the increasing
use of wild forage fish for aquaculture feeds. 



Historically, culture of marine species has
been done in situ in coastal waters. However,
with the dramatic increase in coastal develop-
ment in the United States in recent decades,
clean water and suitable sites for coastal
aquaculture are at a premium. As a result,
many experts see open ocean waters as the
most likely venue for any major expansion 
of U.S. marine aquaculture. The Department
of Commerce’s National Oceanic and
Atmospheric Administration (NOAA) 
has developed legislation to expedite the
establishment of aquaculture in U.S. marine
waters under federal jurisdiction (generally 3
to 200 nautical miles offshore). This legisla-
tion was introduced in the Senate in June
2005. 



Sustainable development of aquaculture
requires that its environmental impacts be
addressed effectively, particularly if, as pre-
dicted by many experts, a large proportion of
the future growth in aquaculture is through
in situ culture in marine waters. Most marine
waters, in the United States and around the
world, are part of the public domain. Public
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Sustainable development
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that its environmental
impacts be addressed



effectively, particularly if,
as predicted by many



experts, a large 
proportion of the future
growth in aquaculture 
is through in situ culture 



in marine waters.











policy makers are faced with difficult deci-
sions about how to balance the potential
benefits of aquaculture to the nation’s econo-
my and food supply with its effects on the
environment, particularly where aquaculture
may affect the health of marine ecosystems
and other uses of the nation’s ocean space
and resources.



Our Task



With the United States—and the world—
poised for a significant expansion in marine
aquaculture, the Woods Hole Oceanographic
Institution convened the Marine
Aquaculture Task Force, consisting of scien-
tists, legal scholars, aquaculturists and policy
experts. Its mission was to examine the status
and trends in marine aquaculture and to rec-
ommend standards and practices for U.S.
marine aquaculture to protect the health of
marine ecosystems. During regional meetings
in Massachusetts, Alaska, Washington state,
Hawaii and Florida, the Task Force met with
aquaculturists, marine scientists, fishermen,
public officials and many others interested in
aquaculture and its effects—both positive
and negative—on coastal communities and
the marine environment. The Task Force also
visited a number of public and private facili-
ties to get a sense of the nature and practice
of modern aquaculture in the United States.



What We Found



Marine aquaculture is controversial.
Shellfish farming along our coasts has been
practiced for centuries, but with the dramat-
ic increase in coastal development in recent
decades, many marine areas formerly open to
shellfish farming have been closed to protect
public health. In remaining clean areas, shell-
fish farmers are finding it increasingly diffi-
cult to compete for ocean space and
resources with other users. The rapid world-
wide growth of salmon farming has raised
awareness of the environmental, social and



economic effects of finfish farming. It is diffi-
cult, if not impossible, to separate discussions
of environmental and economic impacts in
the coastal communities affected by them.
The idea of farming in the ocean, which has
been traditionally regarded as a wilderness
open to all, adds a complicating dimension
to the discussion about marine aquaculture.
To address these concerns, government
processes for siting, permitting and managing
marine aquaculture should be transparent,
accountable and accessible to the public.



Assessing future environmental impacts
of marine aquaculture is challenging. 
Most of the growth in marine aquaculture is
expected to be in the open water cultivation
of marine finfish species. Most of the experi-
ence with finfish production to date, howev-
er, is with culture of salmonids in net pens in
coastal waters. While the Task Force believes
that the same kinds of risks—water pollu-
tion, escapes, disease, etc.—are inherent to
all in situ finfish aquaculture, it is challeng-
ing to estimate the absolute and relative mag-
nitude of these risks in a different environ-
ment in which we have little experience to
date. The few demonstration projects con-
ducted to date show negligible to modest
impacts on the marine environment.
However, these projects were conducted on
small-scale operations mostly at low densities
of fish, so their application to large-scale
and/or concentrated marine fish farming is
limited. Additional research needs to be con-
ducted on the effects, including cumulative
and secondary impacts, of aquaculture on the
marine environment. In addition, govern-
ment agencies responsible for permitting
marine aquaculture should require careful
monitoring and reporting of environmental
parameters by operators of aquaculture facili-
ties. 



Congress should enact legislation ensur-
ing that strong environmental standards
are in place to regulate the siting and 
conduct of offshore marine aquaculture.
Regardless of potential impacts, aquaculture
is a substantial new use of federal ocean
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Submersible sea cages, 
like this one manufactured



by Net Systems, offer 
protection from the 
wind and waves of 



open-ocean conditions.
Such structures open the



technological door to 
offshore aquaculture.
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waters. Given known risks to marine ecosys-
tems from aquaculture and the important
commercial and recreational uses that
depend on ocean space and resources,
Congress should enact legislation specifying
standards to protect the health and integrity
of marine ecosystems in advance of signifi-
cant federal permitting for marine aquacul-
ture facilities. Establishing a sound, compre-
hensive governance framework for marine
aquaculture at the federal level will protect
the public interest in healthy marine ecosys-
tems and provide for meaningful coordina-
tion with the states, in whose waters the
majority of aquaculture occurs.



Decisions about siting and permitting of
marine aquaculture facilities should give
priority to protection of the health of the
marine environment in the face of uncer-
tainty about effects on this public resource.
Little is known about the assimilative capaci-
ty of marine ecosystems for the wastes pro-
duced by aquaculture operations. Since the
oceans are a public trust resource, it is legiti-
mate to hold private uses, such as aquacul-
ture, to a high standard if permission is to be
granted for these activities to be conducted
in the public domain. This is especially true
since many commercial and recreational
activities, including aquaculture itself,
depend on clean, healthy oceans. Careful sit-
ing and technological improvements can
reduce escapes and accumulation of wastes,
and research on and development of these
approaches should be supported. But these
approaches can only go so far in an open sys-
tem, particularly if marine aquaculture oper-
ations expand significantly in number, densi-
ty, and intensity of production. A better
understanding of the assimilative capacity of
marine ecosystems for nutrients and particu-
late organic matter, drugs and chemicals, and
escapes of live animals from marine aquacul-
ture facilities needs also to be gained. In the
meantime, decisions regarding siting, culture
methods, species cultured, and number and
density of aquaculture facilities within an
area should be conservative to ensure protec-
tion of ecosystem health.



Culture of native species of the local
wild genotype substantially addresses two
major concerns regarding marine aquacul-
ture: the introduction of invasive species
and genetic effects of escapes on wild popu-
lations of marine life. Invasive species are a
global environmental and economic prob-
lem. In addition, there is growing evidence
that escaped farmed salmon are interbreeding
with wild Atlantic salmon, spreading their
genes within dwindling wild stocks of
Atlantic salmon and potentially confounding
the recovery of this species. Most of the
species currently being used or developed for
marine aquaculture are depleted in many
areas of their range. To minimize the ecologi-
cal risk of introducing a species that might
become invasive, or of introducing harmful
genes to wild populations, marine aquacul-
ture permits should be limited to native
species of the local wild genotype unless sci-
entific information and analysis shows the
risk of harm from culturing a nonnative
species or a native species of nonlocal geno-
type to be negligible.



In addition to appropriate regulation,
development of sustainable marine aqua-
culture in the United States will benefit
from private-sector initiatives to identify,
develop, and reward environmentally 
beneficial practices. There is growing recog-
nition worldwide that many food production
practices are not environmentally, socially or
economically sustainable. Identifying and
rewarding more sustainable aquaculture
practices and products is an
important step in ensuring
that the
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growing marine aquaculture industry con-
tributes positively to the global food supply.
Recognizing that corporate purchaser and
individual consumer choices play a powerful
role in shaping industrial practices and prod-
ucts, development of systems to identify, cer-
tify, and label sustainable aquaculture prod-
ucts would be important steps in this regard.
The experience with other products indicates
that this requires strong partnerships among
producers, corporate buyers, and consumers.
Early results indicate that consumers will
preferentially select more sustainable prod-
ucts when given good information, reason-
able choices, and a certification/labeling
scheme that they trust.



Summary of Recommendations



In the chapters that follow, the Task Force
has identified six key areas that must be
addressed to ensure that marine aquaculture
poses minimal risks to the health of marine
ecosystems and that will promote a more
sustainable U.S. marine aquaculture industry.
Our review of issues related to governance,
escapes, disease and parasites, water pollu-
tion, feeds, and market-based incentives, and
the resulting recommendations in each of
these areas is summarized below.



Governance
Addressing the effects of aquaculture on



the marine environment requires specific
measures to address specific concerns, such 
as escapes, disease, or water pollution. It also
requires changes to the broader framework of
laws, institutions, and policies that dictate
how aquaculture is sited, permitted, and
operated in marine waters of the United
States. This is particularly true if aquaculture
in the United States moves increasingly 
offshore into marine waters under federal
jurisdiction.



Two key failings of the current legal
regime for marine aquaculture are the lack of
clear federal leadership and the lack of stan-
dards to protect of the marine environment.



Numerous federal agencies have responsibili-
ty for aspects of aquaculture regulation, but
currently no agency is charged to coordinate
the overall process. This creates a confusing
and cumbersome process for those seeking
permits for aquaculture and results in a lack
of accountability among the federal agencies
for marine aquaculture activities and its
impacts on the marine environment. As a
result, greater authority requires greater
responsibility on the part of the lead agency.
This is best facilitated by a strong signal from
Congress that marine aquaculture will not be
promoted at the expense of the health of the
marine environment. 



• Congress should assign NOAA a leading
role in planning, siting, and regulating
aquaculture in federal marine waters.



• Congress should direct NOAA to estab-
lish a federal marine aquaculture pro-
gram that is precautionary, science based,
socially and economically compatible
with affected coastal communities, trans-
parent in its decision making, and pro-
vides ample opportunity for public
input.



• NOAA should evaluate the environmen-
tal risks from marine aquaculture prior to
permitting.



• NOAA should consult with affected
coastal states and regional and interstate
fisheries councils during both the plan-
ning and permitting stages.



• Congress should ensure environmental
standards are in place before permits are
issued for aquaculture in federal waters.



• NOAA should implement environmental
standards through management, moni-
toring, and enforcement requirements in
permits.



• Aquaculture operators should be required
to develop and comply with an operating
plan specifying measures taken to achieve
environmental standards.



• Operators of aquaculture facilities in fed-
eral waters should be liable for damage
caused by their activities.
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• NOAA should provide incentives to
industry for research, development and
deployment of species, technologies, and
techniques for sustainable marine aqua-
culture, including sustainable aquacul-
ture feeds.



• Congress should address the growing
need for a comprehensive regime for
management of aquaculture and other
offshore activities affecting federal
marine waters and resources.



Escapes 
Aquaculture has been a significant source



of intentional and unintentional introduc-
tions of nonnative species. The harm caused
by invasive species is well documented and
there is considerable evidence of damage to
the genetic integrity of wild fish populations
when escaped farmed fish can interbreed
with local stocks. Escapes of farmed animals
will inevitably occur in any in situ culture
situation. This is particularly true of inher-
ently “leaky” net pens or cages and in situa-
tions where cultured organisms release viable
gametes into the water. 



Careful planning and management to pre-
vent introductions of nonnative species and
nonlocal genetic strains are more effective
than attempting to fix problems after they
occur. Therefore, any rational policy for
addressing escapes must focus first on pre-
vention, but follow up with strong manage-
ment measures to eliminate, or at least mini-
mize, ecological damage once escapes occur.
These measures must be cost effective, but
the benefits of protecting ecosystem integrity
should be accounted for as well. 



• Limit marine aquaculture to native
species of the local wild genotype unless
it can be demonstrated that the risk of
harm to the marine environment from
culturing other species is negligible. 



• Culture native species in a manner that
ensures escapes will not harm the genet-
ics of local wild populations. 



• Use siting criteria and require manage-
ment measures to minimize risks to
marine ecosystems from escapes of
aquatic animals or release of viable
gametes from aquaculture facilities.



• Support and coordinate research to
reduce the risk of harm to the marine
environment from escapes from marine
aquaculture.



Disease and Parasites
Scientists have increasingly found evidence



of disease “spillover” from agriculture into
natural ecosystems, with associated impacts
on wild organisms. Marine aquaculture, as a
relative newcomer to the world of agricul-
ture, has not been studied as extensively in
terms of its role in the spread of disease, but
one would expect that the same mechanisms
for disease amplification and transmission
exist, especially given the open nature of
many aquaculture systems. As marine aqua-
culture expands in terms of volume and loca-
tion, management and regulatory strategies
should adopt a risk-averse approach to avoid
problems before they become crises.
Preventative measures are more effective in
the long term in protecting the environment
and the economic interests of the industry. 



• Establish and maintain a database on
disease and parasite distribution in
marine waters to inform permitting 
decisions.



• Use siting whenever possible to eliminate
or reduce the likelihood and ecological
impact of diseases and parasites.



• Establish management practices for the
prevention and treatment of diseases in
farmed aquatic organisms to minimize
impacts on marine ecosystems.



• Support research and development of
aquatic animal husbandry and disease
management strategies that will reduce
the risk of harm to marine ecosystems. 











Water Pollution
Marine aquaculture facilities produce a



variety of wastes that are potentially harmful
to the environment and which are dis-
charged untreated into coastal and ocean
waters. Wastes from marine aquaculture gen-
erally include dissolved (inorganic) nutrients,
particulate (organic) wastes (feces, uneaten
food and animal carcasses), and chemicals 
for maintaining infrastructure and animal
health. In the United States, aquaculture 
discharges are currently small compared to
other sources of water pollution, but little is
known about the assimilative capacity of the
marine environment for these pollutants.
Additionally, marine aquaculture operations
tend to cluster geographically, raising the
potential for cumulative impacts. 



If marine aquaculture expands consider-
ably in the U.S., the choices made regarding
the species and methods of culture, as well as
the location and concentration of facilities,
will determine whether pollution effects
from marine aquaculture will be substantial
or minor. Discharges of pollutants from
most marine aquaculture facilities are regu-
lated under the Clean Water Act, which pro-
vides a variety of tools to protect marine
water quality. If used effectively and creative-
ly, the tools provided by the Clean Water Act
can control pollution from marine aquacul-
ture.



• Existing effluent limitations for aquacul-
ture should be reviewed and revised, if
necessary, to ensure that concerns partic-
ular to the proposed expansion of aqua-
culture into federal marine waters are
addressed.



• EPA should ensure that all coastal states
have water quality standards for marine
waters, and that those standards protect
the health of marine ecosystems.



• EPA should establish water quality stan-
dards for federal marine waters or revise
guidelines for determining degradation
of ocean waters to achieve the same level
of protection.



• Regulations for implementing water
quality standards and ocean discharge
criteria should be clarified to ensure that
pollution discharge permits for marine
aquaculture facilities address, inter alia,
cumulative and secondary impacts at the
local and regional level from expansion
of the industry.



• EPA and the states should coordinate
with NOAA so that management prac-
tices and other measures required in pol-
lution discharge permits are integrated,
to the extent possible, into operating
plans for marine aquaculture facilities
called for in the governance recommen-
dations.



Aquaculture Feeds
Aquaculture is seen as a supplement to



global seafood supplies as landings from wild
fisheries have peaked. Currently, however, the
protein and energy needs of farmed carnivo-
rous species, such as salmon and cod, are met
mainly through the use of fishmeal and oil
obtained from fisheries directed at small
pelagic fish. These fisheries, called reduction
fisheries, are generally fully exploited or over-
fished worldwide. Scientists are increasingly
concerned about the ecological effects of
these fisheries because small pelagic fish are
an important food source for predators in
marine ecosystems. 



Scientific feed formulation and feeding
practices, driven in part by the rising price of
fishmeal and fish oil, have resulted in sub-
stantial improvements in the efficiency of
feed use on the farm. There is nonetheless a
growing realization that if aquaculture of car-
nivorous species is to expand, alternatives to
fishmeal and fish oil—most likely plant-
based ingredients—are necessary. Alternative
feed ingredients are under various stages of
development and use, from the use of fishery
bycatch, terrestrial and marine plants, to ani-
mal processing byproducts. As research in
this area continues, it will be a major chal-
lenge for the industry to continue to grow
while reducing its dependence on wild fish
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for feeds. To do this, marine aquaculture in
the United States must focus on the develop-
ment of feed alternatives that are economical
and meet the dietary requirements of fish, as
well as encouraging the use of more sustain-
able feed ingredients.



• Support research and development for
alternative feed ingredients. 



• Substitute sustainable feed ingredients
for unsustainable ingredients. 



• Adopt ecosystem-based management
approaches for reduction fisheries. 



• Develop a traceability system for fish-
meal and fish oil. 



• Promote sustainable aquafeeds interna-
tionally.



Market-based Incentives
By harnessing the enormous power of the



marketplace to reward good behavior with
respect to the environment, demand-side
programs—including environmental certifi-
cation systems, corporate purchasing policies,
and eco-labeling—provide incentives for
environmental protection that governments
cannot provide. These methods can comple-
ment and enhance the effectiveness of 
government regulation and industry 
management practices. A well-recognized,
widely accepted certification system does 
not yet exist for marine aquaculture 
products, although there are a number 
of efforts underway that may lead to more
sustainable aquaculture practices.



The keys to success of purchasing 
agreements and environmental certification
schemes include high standards for sustain-
ability, strong verification procedures to
ensure compliance with standards, trans-
parency and accessibility of the process to
interested parties, and achieving and main-
taining high consumer confidence in the
label. Major issues to be resolved for aqua-
culture include the degree to which organic
standards are, or can be, credibly applied to
various forms of aquaculture, and whether a



widely accepted approach for certifying the
sustainability of aquaculture feed ingredients
can be developed. In the meantime, corpo-
rate purchasing agreements can reward envi-
ronmentally friendly production practices
and offer insights for the development of
broader programs.



• Encourage companies to adopt purchas-
ing policies favoring environmentally
preferable aquaculture products.



• Encourage the development of a 
certification system for aquafeeds and
aquaculture products.



• A certification system for aquaculture
products should contain criteria that
require the use of feed derived from 
sustainable sources.
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Finfish account for more than half of
aquaculture production, most of this from
freshwater fishes, such as carp, catfish, and
tilapia. However, the depletion of many
marine stocks, combined with consumer
demand for salmon and other high-value
marine species, has spurred dramatic growth
in their culture. Marine species now account
for about one third of aquaculture produc-
tion by weight, and farmed salmon now
comprise more than 60 percent of the total
salmon market.



Of course, given protection from predators
and disease, and the right inputs of nutrients,
it is possible to produce far more animal pro-
tein through husbandry than nature can pro-
duce on its own in a given area. This is the
essential logic of agriculture, whether prac-
ticed on land or in the ocean. We long ago
crossed this threshold on land, and agricul-
ture has produced undeniably great benefits
to society. But is has also caused significant—
and often needless—damage to terrestrial
ecosystems.



We now face a similar decision for the
oceans. The economics have shifted to make
large-scale farming of the seas—once an
unlikely futuristic vision—a potential reality
in the decades to come. At the same time, we
already depend on our oceans for a variety of
other important economic activities, includ-
ing tourism and recreation, fishing, and 
energy production. From the reports of two
major ocean commissions and numerous



Fishing is one of mankind’s oldest profes-
sions, and seafood has long been a staple of
the human diet. But nowadays the seafood
you eat at your favorite restaurant is nearly as
likely to have been raised on a farm as
caught wild. Already almost half the seafood
produced for human consumption is farm
raised, and that percentage is expected to
continue to climb.



Global catches of wild fish have leveled off
in recent years. Our ability to catch fish has
simply exceeded the capacity of marine
ecosystems to produce them. Yet demand for
seafood continues to grow. To fill this gap,
governments and the seafood industry look
increasingly to aquaculture. The industry has
grown nearly nine percent per year since
1970 and is now responsible for more than
37 percent of worldwide fisheries landings.1



In the United States, growth has been
slower but aquaculture still produces fresh-
water fish and seafood worth approximately
$1 billion annually. The Department of
Commerce has called for an expansion of
U.S. aquaculture to $5 billion in annual 
production by 2025. With such dramatic
growth worldwide, and with the United
States poised to expand its industry, it is time
to take a closer look at how aquaculture—
the growing of fish and other aquatic 
organisms—is changing our diets, our
coastal communities, and our oceans. 



9



1 The vast majority of aquaculture production is for human consumption while about 30 percent of the global
wild fish catch is used to produce fish meal and oil for livestock fodder and non-food products.  As a result, aqua-
culture makes up a greater share of the seafood produced for human consumption than it does of total fisheries
harvest.



… almost half the
seafood produced for
human consumption is
farm raised, and that 



percentage is expected
to continue to climb.











other studies and reports, we know that our
oceans are in trouble. The health and integri-
ty of marine ecosystems has been degraded
through overuse—and careless use—of the
bounty they provide. We have been fooled
by the sheer vastness of the oceans into
thinking that their resources are inex-
haustible. We have finally realized that the
oceans, just like our natural resources on
land, require careful stewardship if they are
to continue to provide the many benefits
that society has come to rely on from them.



The philosopher George Santayana said
those who cannot remember the past are
condemned to repeat it. We cannot afford to
make the same mistakes with ocean agricul-
ture that we have made on land. If used
properly, this new technology can help
address the nutritional needs of a growing
population, expand economic opportunities
in coastal communities, produce seed stock
to restore depleted marine species, and
relieve fishing pressure on wild stocks. But if
done carelessly, aquaculture can add substan-
tial pollution to the marine environment,
damage wildlife habitat, disrupt fisheries,
introduce nonnative species and impact the
genetic integrity of wild stocks in already-
stressed ecosystems. 



This is the promise and the risk of any
new technology: The outcome depends
entirely on whether we apply the technology
thoughtfully and conscientiously, or careless-
ly. With marine aquaculture, we stand on 
the shore of a new frontier in agriculture. We
need to take a careful look before we dive in. 



Our Mission
The Marine Aquaculture Task Force is a



panel of scientists, aquaculturists and policy
experts convened by the Woods Hole
Oceanographic Institution with financial
support from The Pew Charitable Trusts and
the Lenfest Foundation. The Task Force was
charged to develop a series of protective, 
science-based standards to ensure that aqua-
culture development poses minimal threats



to the ocean environment. Over the last 18
months, the Task Force explored the status
and trends of marine aquaculture in the
United States. Together, we examined the
potential effects of aquaculture on our oceans
and developed recommendations for how the
U.S. industry can grow in an economically
and environmentally sustainable manner. 



Aquaculture is a diverse, worldwide indus-
try. Although the United States is the world’s
second largest seafood importer, it produces
less than one percent of worldwide aquacul-
ture output. For this study, we chose to focus
on aquaculture in marine waters of the
United States because it is the industry sector
most likely to expand significantly in this
country and because of the potential effects
of that expansion on the health and vitality
of marine ecosystems, which are already
threatened by a variety of human activities.
The introduction of legislation to encourage
development of aquaculture in marine waters
under federal jurisdiction makes it clear that
the Administration and Congress expect 
significant growth in this area. That makes 
it especially timely for the Task Force to
examine the risks from aquaculture and 
recommend solutions that would enable 
the industry to grow without harming the
marine environment.



The Task Force held five regional meet-
ings—in Woods Hole, Massachusetts;
Anchorage, Alaska; Seattle, Washington;
Waimanalo, Hawaii; and Tampa, Florida. 
In Anchorage and Seattle, we held public
forums to discuss the merits of, and concerns
about, marine aquaculture. At our regional
meetings we had extensive dialog with fisher-
men, marine scientists, environmental advo-
cates, aquaculture practitioners, and state and
federal government regulators. We also visit-
ed numerous aquaculture facilities, including
hatcheries for salmon ranching, mussel rafts
and a shellfish hatchery, state-of-the-art 
aquaculture research facilities, and even an
ancient Hawaiian fish pond that is being
restored on Oahu.
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Frozen wild tuna 
at a market in Tokyo.



Capture fisheries landings
have leveled off in recent
years while aquaculture
production continues to
expand to meet growing



demand for seafood.



Photo: Getty Images



Levels of concern about the environmental
effects of aquaculture varied from region to
region, and different concerns were para-
mount in different regions. However, issues
related to water pollution, genetic and 
ecological effects of escapes, the spread of
disease and parasites from farms to wild fish
and other marine life, and the ecological
effects of the use of wild fish for aquaculture
feeds were of common concern everywhere
we went.



The Task Force also came to understand
that the current ocean governance frame-
work does not adequately assess and address
the threats to the marine environment posed
by the expansion of aquaculture. At the same
time, the current regulatory framework is, in
effect, an impediment to development of a
responsible marine aquaculture industry. As a
result, in addition to addressing the environ-
mental concerns regarding marine aquacul-
ture, the Task Force developed recommenda-
tions to improve the governance framework
for marine aquaculture to promote the 
development of a sustainable industry. 



In the chapters that follow, the Task Force
offers its analysis of the environmental risks



presented by marine aquaculture and its 
recommendations for addressing those risks.
The function of the Task Force is neither to
promote aquaculture nor to hamper its
development. Rather, our goal is to provide 
a blueprint for environmentally responsible,
sustainable development of the industry so
that it can continue to grow, in this country
and worldwide, without harming the
already-fragile health of marine ecosystems.
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The Status of Aquaculture: 
Global and National Perspectives 



Introduction



According to the U.N. Food and
Agriculture Organization (FAO), most 
capture fisheries are either fully exploited 
or have been overfished, but demand for
seafood is expected to increase in the future
(FAO 2004). Most experts believe that 
aquaculture is the only means to produce 
the additional seafood that the world’s 
consumers are demanding. In response,
aquaculture has been growing at an annual
rate of nearly nine percent worldwide and is
now believed to produce nearly half of the
fish and seafood eaten (FAO 2006). 



The FAO has defined aquaculture as “the
farming of aquatic organisms, including fish,
mollusks, crustaceans and aquatic plants.
Farming implies some form of intervention
in the rearing process to enhance production
as well as ownership of the stock being culti-
vated” (FAO 2000). Aquaculture is a diverse
activity with roots that go back several thou-
sand years. Early aquaculture was most likely
a simple form of animal rearing in which
human intervention led to increased produc-
tion, but today it is developing into a highly
technological and efficient industry, which is
expected to continue to expand and increase
its contribution to the worldwide seafood
supply. 



Status of Global Aquaculture
Production



Worldwide, aquaculture has grown at an
average compounded rate of 8.8 percent per



year since 1950, which is more rapid growth
than all other food animal producing sectors,
including capture fisheries and terrestrial
farmed meat production systems over the
same time period. Global aquaculture pro-
duction (including aquatic plants) in 2004,
the latest year for which FAO statistics are
available, was reported to be 59.4 million
metric tons (mt)2, worth an estimated
U.S.$70.3 billion (FAO 2006). Asian coun-
tries account for the vast majority of global
aquaculture production, supplying over 90
percent of the worldwide total in 2004.
China is the world’s largest aquaculture pro-
ducer and several other Asian countries are
ranked in the top 10 producers (Table 2-1).
In 2004, China is estimated to have pro-
duced over 69 percent of the total world
aquaculture production. The FAO has cau-
tioned, however, that China’s reported cap-
ture fisheries and aquaculture production fig-
ures may be too high (FAO 2004). 



Aquaculture production has grown more
in developing countries than in developed
countries. While China has contributed the
most growth, aquaculture production in sev-
eral other countries has grown considerably
in recent decades. According to the FAO,
developing countries accounted for about 59
percent of aquaculture production in 1970.
By 2002 their share had risen to over 90 per-
cent. In Asian countries, most aquaculture
production is in the form of low-value carp
and seaweed for domestic consumption, and
marine shrimp and mollusks for export. 
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2 A metric ton (mt) is equal to 1000 kg or 2200 pounds. We will present aquaculture production data in metric
tons throughout the report unless otherwise noted. 



Global aquaculture 
production (including



aquatic plants) in
2004…was reported 



to be 59.4 million metric
tons, worth an estimated



U.S.$70.3 billion.











A wide variety of species is used in aqua-
culture. FAO reports that 336 different
species of aquatic organisms were farmed in
2004, but the majority of aquaculture pro-
duction is based on a very limited number 
of these. Just 10 species made up about 
69 percent of the total global production 
and the top 25 species accounted for over 
90 percent. In 2004, fish made up 47.4 per-
cent of the total global production, followed
by aquatic plants (23.4 percent), mollusks
(22.3 percent) and crustaceans (6.2 percent).
Based on 2003 data, freshwater fish, mainly
carps, comprised more than 85 percent of
farmed fish production by weight. 



Seafood Supply and Demand in the
United States 



The U.S. is dependent on seafood
imports, about 40 percent of which are
farmed species, primarily shrimp and salmon
(USDOC 2005). Some have suggested
addressing the substantial U.S. seafood trade
deficit, which is estimated at about $8 bil-
lion, by increasing domestic seafood produc-
tion through aquaculture (USDOC 1999). 



Annual consumption of seafood in the
U.S. has remained relatively stable at about
15 pounds per person for the past decade.
Domestic seafood consumption is expected
to increase in the future, however, due to
population growth, the aging of the popula-
tion (older people generally consume more
seafood), and greater emphasis on eating
seafood as part of a healthy diet. It has been
estimated that the U.S. seafood market will
require an additional 1.8 million mt (4 bil-
lion pounds) of seafood by the year 2020,
with aquaculture potentially providing most
of the needed production (Johnson 2003).
Increasing costs of fossil fuels and biosecurity
concerns are increasing demand for locally
produced food supplies, including seafood. 



Status of Aquaculture in the United
States



Production
The U.S. aquaculture industry produces 



a wide range of organisms, although it 
produces less than one percent of worldwide
supplies. Perhaps more importantly, domestic
aquaculture produces only a small portion of
the domestic seafood supply. According to
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T a b l e  2 - 1



Top ten aquaculture
producers in the world
in 2004 (from FAO
2006)



COUNTRY PRODUCTION % OF GLOBAL VALUE % OF GLOBAL



(MILLION MT) PRODUCTION (BILLION US$) VALUE



CHINA 41.329 69.6 35.997 51.2
INDIA 2.472 4.2 2.936 4.2
PHILIPPINES 1.717 2.9 0.795 1.1
INDONESIA 1.469 2.5 2.163 3.1
JAPAN 1.261 2.1 4.242 6.0
VIET NAM 1.229 2.1 2.459 3.5
THAILAND 1.173 2.0 1.587 2.3
REPUBLIC OF KOREA 0.953 1.6 1.212 1.7
BANGLADESH 0.915 1.5 1.363 1.9
CHILE 0.695 1.2 2.815 4.0
TOP TEN SUBTOTAL* 53.212 89.6 55,568 79.0



UNITED STATES 0.607 1.0 NOT AVAILABLE



*COLUMNS MAY NOT ADD DUE TO ROUNDING.



Sales of U.S. aquaculture
products in 2005 are 
estimated to have



exceeded $1 billion.











National Marine Fisheries Service data,
total U.S. aquaculture production in 2003
was over 420,000 mt (926 million pounds)
with a value of nearly $961 million (Figure
2-1).3 Sales of U.S. aquaculture products in
2005 are estimated to have exceeded $1 bil-
lion (USDA 2006). These figures represent
significant growth over the past 20 years. 
In 2003 marine species made up less than
10 percent of total aquaculture production,
but because some marine species are high in
value, contribution to total aquaculture
value was about 20 percent (Figure 2-2).



Currently, the U.S. aquaculture industry
is dominated by catfish production (Table 
2-2). Catfish production in 2003 was over
300,000 mt (661 million pounds), or over
71 percent of the total U.S. production, 
and was valued at $384 million, or about 
40 percent of the total value. Several other
freshwater species make up large portions of
domestic aquaculture production, including:
crawfish (33,498 mt, 74 million pounds),



trout (23,005 mt, 51 million pounds), and
tilapia (9,000 mt, 20 million pounds).
Southern states with well-developed catfish
industries, such as Mississippi, Arkansas, and
Alabama, are leaders in terms of aquaculture
production. Several coastal states with well-
developed marine aquaculture industries,
however, rank high in the value of aquacul-
ture products. Maine, which leads the nation
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3 FAO reports 2004 U.S. production of 607,000 mt (FAO 2006), which seems at odds with the 2003 NMFS fig-
ure. Differences in the number of taxa included and the way product weight is recorded may account for this dis-
crepancy. In this section we have relied on NMFS data because they provide an internally consistent time series of
data on U.S. aquaculture production.
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U.S. aquaculture 
production (millions of
pounds and millions 
of dollars) (Data from
NMFS 2005) 
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Contribution of marine
aquaculture to total 
U.S. aquaculture 
production and value 
in 2003.
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in farmed salmon production, and
Washington state, which has well-developed
salmon farming and shellfish farming 
industries, are leaders in marine aquaculture
production (USDA 1998). 



Marine aquaculture production in the
U.S. is primarily comprised of just four taxa:



• Atlantic salmon – Salmon farming,
which is practiced only in the states of
Maine and Washington, grew rapidly in
the 1990s and peaked in production
(22,395 mt, 49 million pounds) and
value ($99 million) in 2000 (Figure 2-3).
Since then, production has declined,
possibly as a result of setbacks to the
industry, including adverse court rulings,
diseases, and competition from imports.
After dipping to very low levels in 2002,
production rebounded in 2003 to
16,315 mt (36 million pounds) of
salmon with a value over $54 million.
Recently released USDA data show 2005
sales of 20.7 million pounds of farmed
salmon valued at $37.4 million (USDA
2006).



• Oysters – The farming of oysters is a
long-established industry in coastal
states. For the past decade, U.S. farmed
oyster production has remained around
8,000 to 9,000 mt (17.5 to 20 million
pounds) per year after reaching a peak of
about 12,700 mt (28 million pounds) 
in 1994 (Figure 2-4).4 In 2003, over
9,200 mt (20 million pounds) of farmed
oysters were harvested at a value of more
than $63 million. Washington is the
largest producer of farmed oysters, 
followed by Oregon, California, and
Massachusetts. Several species of oysters
are produced, but Pacific oysters, a 
nonnative species, are primarily farmed
along the West Coast while native
Atlantic oysters are the dominant species
produced along the East Coast and Gulf
of Mexico. 



• Clams – Clam farming, while still a
small industry compared to wild clam
harvest, is an important segment of the
U.S. aquaculture industry. In the mid-
1990s U.S. clam production doubled
from an average annual production of
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4 NMFS reports aquaculture production of mollusks as meat weight (exclusive of shell).
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U.S. aquaculture 
production and value
data for 2003 (from
NMFS 2005)



SPECIES METRIC TONS THOUSAND POUNDS THOUSAND DOLLARS



(MARINE SPECIES IN BOLD)



CATFISH 300,056 661,504 384,305
CRAWFISH 33,498 73,851 48,515
TROUT 23,005 50,716 55,361
SALMON 16,315 35,967 54,706
OYSTERS 9,272 20,440 63,574
TILAPIA 9,000 19,841 37,699
BAITFISH 6,329 13,954 45,790
STRIPED BASS 5,192 11,447 30,423
CLAMS 4,894 10,790 53,966
SHRIMP 4,627 10,200 19,891
MUSSELS 293 645 3,521
MISCELLANEOUS (INCLUDES 7,688 16,949 163,222
ORNAMENTAL FISH AND



OTHER HIGH-VALUE



PRODUCTS)
TOTAL 420,169 926,304 960,973
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U.S. aquaculture 
production of salmon
(millions of pounds 
and millions of dollars)
(data from NMFS 
2005) 
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U.S. aquaculture 
production of oysters
(Meat weight in 
millions of pounds and
value in millions of 
dollars) (data from
NMFS 2005)
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U.S. aquaculture 
production of clams
(meat weight in 
millions of pounds 
and value in millions 
of dollars) (data from
NMFS 2005)
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U.S. aquaculture 
production of 
saltwater shrimp 
(millions of pounds 
and millions of 
dollars) (data from
NMFS 2005)
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Catfish farm ponds 
in Alabama. Native



channel catfish comprise
more than two thirds of



U.S. aquaculture produc-
tion by volume.



Photo: istockphoto



about 2,200 mt (5 million pounds) to
close to 4,500 mt (10 million pounds),
where it has remained relatively constant
(Figure 2-5). In 2003, nearly 5,000 mt
(11 million pounds) of farmed clams
were harvested with a value of nearly 
$54 million. The states of Florida,
Virginia, and Washington lead the U.S.
in farmed clam production.



• Shrimp – U.S. shrimp aquaculture pro-
duction has steadily increased in the last
decade, but value fluctuated (Figure 
2-6). In 2003, shrimp farmers produced
slightly more than 4,600 mt (10 million
pounds) of shrimp with a value of nearly
$20 million. About 75 percent of U.S.
farmed shrimp are produced in ponds
along the coast of Texas. Hawaii, the 
second largest farmed shrimp producer
accounted for about 20 percent of the
total U.S. production in 1998. U.S.
aquaculture production of shrimp pales
in comparison to shrimp imports, 
which in 2004 exceeded 502,722 mt
(1.1 billion pounds) and were valued 
at $3.7 billion. 



Several other marine species also are 
produced, including mussels, abalone, 
cobia, and moi, but at relatively low levels.
Additionally, research is under way to explore
the ability to, and profitability of, producing
many additional species through aquacul-
ture. Species that may be farmed in the U.S.
on a commercial scale in the near future
include halibut, cod, flounder, sablefish,
tuna, and snapper. Several of these species
have been suggested as candidates for off-
shore aquaculture. 



Facilities and Culture Practices
There are over 4,000 aquaculture facilities



in the United States, primarily dominated by
catfish farms in the southern states (USDA
1998). Consistent with the general trend in
livestock operations, there has been increased
concentration in the aquaculture industry 
in recent years (USDA 2000). In 1998, 



5 percent of the farms accounted for over 
60 percent of the total U.S. aquaculture
sales, indicating a high level of concentration
similar to other livestock industries. The
salmon farming industry in particular is 
controlled by a few large multinational 
companies. These same companies would
likely also lead the industry as it diversifies 
to include other species, such as cod, halibut,
and tuna.



A wide variety of production facilities are
used by the U.S. aquaculture industry,
including:



Ponds – Worldwide, ponds, which can be
either natural or man-made, are the most
popular type of aquaculture system. In the
U.S., inland ponds are used to farm freshwa-
ter fish, such as catfish and hybrid striped
bass, and coastal ponds are used for shrimp
production. Pond aquaculture production
practices vary widely, primarily depending 
on the species farmed. 



Closed/recirculating systems – Land-based
systems, usually referred to as closed or recir-
culating systems are primarily used to grow
freshwater fish such as tilapia and hybrid
striped bass. They are often used for the
hatchery stage for many aquaculture species.
Currently, researchers are developing recircu-
lating systems for marine species as well.
These systems generally consist of tanks to
hold the fish and a series of filters that con-
tinuously clean water that circulates through
the system. Recirculating systems have a
high degree of control over
waste discharges and they
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can be integrated with other forms of agri-
culture. For example, plants can be used to
filter nutrients out of the water before it is
recycled back into the system. High startup
and operational costs have limited the extent
to which these systems have been used. 



Flow-through – In the U.S., the trout
farming industry almost exclusively uses
flow-through systems. These systems, which
consist of concrete or earthen raceways, are
land based, but water is not reused to the
extent that it is in recirculating systems.
There is less control over discharges with
flow-through systems, though waste dis-
charges can be treated to varying degrees.
While flow-through systems are used primar-
ily to farm freshwater fish, there is potential
to use them to grow marine fish. For exam-
ple, in Europe, some species of marine fish
are farmed in land-based systems that pump
water out of the ocean, run it through tanks
holding the fish, and then discharge the
water back to the ocean.



Net pens/cages – Worldwide, many differ-
ent species of fish are farmed in net pens and
cages. In the U.S., net pens are used by the
salmon farming industry. Submerged cage
systems are used to raise some relatively new
aquaculture species such as moi, cobia,
amberjack, and cod. Both of these systems
consist of a mesh enclosure, which is
designed to keep fish in but allow water to
flow through, taking wastes away and 
providing a constant flow of clean water. 
Net pens are limited to the water surface but
sea cages can be submerged in the water 
column. Researchers are currently working
on techniques and systems to improve net
pen and cage aquaculture, such as improved
mooring systems and automated feeding 
systems. There is also interest in developing
techniques to use decommissioned oil plat-
forms to support cage aquaculture systems. 



Mollusk culture – A wide variety of culture
methods is used to farm mollusks, such as
oysters, clams, and mussels. Techniques can
be generally divided into two groups—on
bottom and off bottom. On-bottom aqua-



culture involves the seeding of mollusks, 
usually oysters or clams, in nursery and
growout areas where they can be protected
from predators and allowed to mature. When
the mollusks reach the desired size they can
be harvested. Off-bottom culture involves
suspending mollusks in the water column,
either in enclosures, such as cages, nets, or
bags, or attached to ropes. 



Non-Food Production Segments of
Marine Aquaculture 



In addition to the food fish production
that has been described, the aquaculture
industry in the U.S. includes several other
segments, including restoration programs
and the production of ornamental fish.
Aquaculture can play an important role in
restoration efforts for marine fish species,
especially those that have declined from 
overfishing and habitat destruction. While 
it does not address the root causes of the
decline of wild stocks, aquaculture can assist
in restoration efforts by supplying hatchery-
raised individuals to supplement wild popu-
lations. Efforts to restore endangered stocks
of salmon rely heavily on hatchery programs,
although these programs have been costly,
controversial and have met with only mixed
success. Aquaculture has been an important
part of the restoration efforts for many other
species of finfish and shellfish, such as striped
bass, sturgeon, and oysters. 



Ornamental fish production is another
important aspect of aquaculture in the U.S.
Collection of live fish from the wild for the
aquarium trade has caused widespread dam-
age to coral reef ecosystems, particularly in
Southeast Asia. The ornamental aquaculture
industry provides alternatives to wild-caught
tropical fish. In Florida, which currently
dominates the domestic industry, about 
200 producers raise over 800 varieties of
freshwater fish using ponds and indoor
closed systems (USDA 1998). The develop-
ment of marine ornamental fish aquaculture
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is an area of much research interest.
Techniques for farming seahorses, ornamen-
tal shrimp, and a wide variety of coral reef
fish are under development and should offer
a potentially lucrative and more environmen-
tally sound alternative to wild-caught marine
aquarium species in the near future.



Looking Toward the Future



While marine aquaculture currently makes
up a small portion of the total U.S. aquacul-
ture production, there are government and
industry initiatives to increase marine pro-
duction in the coming years. For example,
the Department of Commerce adopted as
part of its aquaculture policy the goal of
increasing the value of domestic aquaculture
production from the present $900 million
annually to $5 billion by 2025. Seemingly
little progress has been made in implement-
ing this policy since its adoption. With the
recent introduction of legislation it has
become clear that the government is interest-
ed in expanding aquaculture production to
include federal marine waters. 



What is not clear, however, is whether the
technology is in place or whether the eco-
nomics will make it feasible for the industry
to venture to offshore waters. For example,
the Task Force’s discussions with marine
engineers indicate that sea cages become pro-
hibitively expensive to deploy and maintain
in water depths greater than 200 meters.
Research continues, however, on single-point
moorings for sea cages, advanced free-float-
ing cage designs, and other innovations that
could overcome this obstacle. Rising prices
for fuel and for fishmeal and fish oil pose
additional economic and research challenges
for the industry. As has been the case with
offshore energy development, improvements
in both technology and the profitability of
marine aquaculture will likely be required to
make true deepwater deployment a sound
business model.



A likely trend in future marine aquacul-
ture, whether it is in nearshore or offshore
waters, will be diversification in cultured
species. Salmon may continue to play a
major role in the aquaculture industry, but
there is great interest in developing the tech-
niques and knowledge needed to commer-
cially grow other species, primarily finfish.
Research is already underway on several
marine finfish species, including: cod, hal-
ibut, cobia, snapper, pompano, and tuna.
Successful shellfish producing companies
have realized the value of species diversifica-
tion as well. In the Pacific Northwest there
has been considerable effort to culture the
giant geoduck clam in recent years. 



As has been the case with other forms of
agriculture, as marine aquaculture expands 
it is likely to become more consolidated and
automated. The economic pressures for
automation and consolidation are especially
great for offshore aquaculture because the
energy and labor costs associated with feed-
ing and facility maintenance increase with
distance from shore. 



While some forms of aquaculture, salmon
farming for example, have experienced con-
solidation and offshore investment, mollusk
culture has been much less affected by these
trends. Much of the domestic shellfish indus-
try is made up of smaller, family-run, labor-
intensive operations providing considerable
rural employment. Small-scale producers can
find it difficult to compete with large corpo-
rations and the need to reduce labor costs,
usually the second highest operating cost
behind feeds, often leads to increased
automation. Research into automation is
already taking place as computer-operated
cages and feeding systems are under develop-
ment. Mollusk culture has made some strides
in automating processing in particular.
Shellfish culture, however, remains labor
intensive, providing considerable employ-
ment in rural coastal economies. Formerly a
local or regional product, farmed shellfish
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products are increasingly marketed nationally
and internationally, bringing outside dollars
in to fuel local economies. 



A large question looming as we begin to
farm the sea is how will it transform coastal
communities? Fitting into coastal communi-
ties will be a major challenge for the marine
aquaculture industry as it expands into new
areas and interacts with a variety of stake-
holders. Coastal communities in many areas
suitable for aquaculture have traditionally
depended on fisheries and have, in recent
decades, increasingly depended on tourism.
The jobs and revenue that aquaculture brings
have been welcomed in some coastal com-
munities, including some hit hard by the
decline of wild fisheries. Others, however,
have rejected aquaculture development. By
its nature, aquaculture requires dedicated
space for pens, cages, rafts, or tanks. These
uses can compete for space with other uses
such as recreational boating and commercial
and recreational fishing. These same floating



structures when located in nearshore areas
with developed shorelines also raise visual
impact concerns. The subjective nature of
these aesthetic impacts makes them challeng-
ing to resolve. Moreover, coastal communi-
ties will bear the brunt of any ecosystem
damage resulting from marine aquaculture.
Some of the most dramatic impacts of aqua-
culture on commercial fishermen may be in
the marketplace, as large-scale production of
seafood by aquaculture, regardless of where 
it is produced, creates competition with 
fisheries products. Such competition in
salmon markets led to lower prices for 
consumers, but also to depressed wholesale
prices overall making it harder for traditional
fishermen to make ends meet. 



Realizing the promise of the blue 
revolution and developing truly sustainable
marine aquaculture will depend on address-
ing both the environmental effects of marine
aquaculture—the issues on which this report
focuses primarily—but also on addressing its
social and economic effects.
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Governance 



Introduction



Addressing the effects of aquaculture on
the marine environment requires specific
measures to address specific concerns, such 
as escapes, disease, or water pollution. It also
will require changes to the broader frame-
work of laws, institutions, and policies that
dictate how aquaculture is sited, permitted,
and operated in marine waters of the United
States. This will be particularly true if aqua-
culture in the United States moves increas-
ingly offshore into marine waters under 
federal jurisdiction. The need for a coherent
governance structure for marine aquaculture
has been noted by numerous studies and
reports (NRC 1992, Pew Oceans
Commission 2003, U.S. Commission on
Ocean Policy 2004, Cicin-Sain et al. 2005). 



The U.S. Commission on Ocean Policy
and the Pew Oceans Commission both rec-
ommended managing our oceans on an
ecosystem basis and the application of a pre-
cautionary approach when making resource
use and management decisions. If marine
aquaculture is to develop and expand in an
environmentally sustainable manner, it must
be integrated into precautionary, ecosystem-
based management in state and federal
waters. Managed appropriately, aquaculture
can contribute positively to ecosystem-based
management. Managed poorly, aquaculture
can harm water quality, fish populations,
and marine wildlife. 



The current legal regime for
marine aquaculture does not pro-
vide for clear federal leadership.
Numerous agencies have responsi-
bility for aspects of aquaculture



regulation, but currently no agency is
charged to coordinate the overall process.
Not only does this create a confusing and
cumbersome process for those seeking per-
mits for aquaculture, but it results in a lack
of accountability among the federal agencies
for marine aquaculture activities and its
impacts on the marine environment. As a
result, greater authority requires greater
responsibility on the part of the lead agency.
This is best facilitated by a strong signal from
Congress that marine aquaculture will not be
promoted at the expense of the health of the
marine environment. 



In this chapter, the current governance
framework for marine aquaculture is
explored. We look at how aquaculture is reg-
ulated at the federal level and in several
states, and examine the environmental track
record of these approaches. We also examine
the legislation pending before Congress to
authorize aquaculture in waters under federal
jurisdiction. A thorough review of aquacul-
ture governance was done by Cicin-Sain 
et al. (2001, 2005). The purpose is not to 
re-examine their work, but to
build on it to make the case
for substantial
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reform of aquaculture law and policy at the
federal level, which will lay the groundwork
for effective environmental protection as
aquaculture grows and expands in U.S.
marine waters. Provided with the appropriate
legal authority, financial and technical
resources, and a clear legal mandate, govern-
ment agencies with responsibility for marine
aquaculture can make decisions regarding its
future development that protect the integrity
of marine ecosystems, reduce conflicts with
other users of marine resources, and ensure
that the use of ocean space and resources is
in the long-term public interest.



The Federal Role in Marine
Aquaculture



A number of federal laws affect marine
aquaculture, but none was really crafted with
the regulation of marine aquaculture in
mind. In several cases, an individual law may
require actions by more than one federal
agency. The major federal statutes addressing
environmental aspects of marine aquaculture
are summarized in Table 3-1. 



The National Aquaculture Act of 1980
established a national policy to encourage
development of aquaculture in the United
States. It required the creation of a National
Aquaculture Development Plan, established
an interagency body—the Joint
Subcommittee on Aquaculture—to increase
the effectiveness of federal aquaculture pro-
grams, and created a national information
center to provide a clearinghouse for the 
collection and dissemination of aquaculture
research and development information. The
National Aquaculture Act functions as a pro-
motional and coordinating instrument. It
does not establish regulatory requirements
for the industry. 



The Clean Water Act (CWA) is arguably
the major federal law regulating environmen-
tal aspects of marine aquaculture, yet it is
limited to controlling water pollution. Its
role in addressing the effects of aquaculture



on the marine environment is discussed in
detail in Chapter 6. Under the Clean Water
Act, most net pen or sea cage aquaculture
facilities require a permit to discharge pollu-
tants into U.S. waters. Operations growing
molluscan shellfish that do not add feed to
the water are not required to obtain a permit. 



The Magnuson-Stevens Fishery
Conservation and Management Act is the
fundamental statute regulating fisheries in
federal marine waters. The act defines “fish-
ing” to include landing or possession of fish
species managed under the processes estab-
lished by the Act regardless of whether they
are wild caught or harvested from a net pen.
As a result, fishery management plans must
be amended to allow for the commercial 
culture of managed species. Although this
appears to be an unintended consequence of
the particular wording of the Act, current
law nonetheless gives the National Oceanic
and Atmospheric Administration (NOAA)
and the regional fishery management coun-
cils established by the Act authority over
marine aquaculture unless the species culti-
vated is not covered by a fishery management
plan. 



To date, the regional fishery management
councils have taken limited action with
respect to marine aquaculture (GMFMC
2005). The Gulf of Mexico Fishery
Management Council issued a special permit
for an experimental aquaculture facility 
adjacent to an oil and gas platform in 1997.
In 2005, it proposed amendments to fishery
management plans to allow for the potential
commercial culture for species under its
purview. In 1996, the New England Fishery
Management Council amended a fishery
management plan to allow for the closure of
a nine square mile area off Massachusetts for
the culture of sea scallops on the ocean floor. 



The Endangered Species Act (ESA)
requires federal agencies to consult with
NOAA or the U.S. Fish and Wildlife Service,
depending on the species involved, regarding
agency actions that might jeopardize an
endangered species. Private citizens wishing
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Major Federal Statutes
Affecting Marine
Aquaculture.



STATUTE PRIMARY AGENCY DESCRIPTION/KEY PROVISIONS



NATIONAL AQUACULTURE ACT U.S. DEPARTMENT OF —ESTABLISHES A NATIONAL



(16 U.S.C. 2801 ET SEQ.) AGRICULTURE AQUACULTURE DEVELOPMENT



PLAN



—REQUIRES FEDERAL



COORDINATION OF AQUACULTURE



ACTIVITIES.
CLEAN WATER ACT ENVIRONMENTAL PROTECTION —POLLUTION DISCHARGE



(33 U.S.C. 1251 ET SEQ.) AGENCY (EPA) (NPDES) PERMITS (33. U.S.C. 
1342)
—OCEAN DISCHARGE CRITERIA



(33. U.S.C. 1343)



U.S. ARMY CORPS OF —PLACING FILL MATERIAL IN



ENGINEERS (COE) NAVIGABLE WATERS OF THE



UNITED STATES (33 U.S.C. 404)
FEDERAL INSECTICIDE, FUNGICIDE EPA REGULATES USE OF PESTICIDES



AND RODENTICIDE ACT (7 U.S.C. 
136 ET SEQ.)
RIVERS AND HARBORS ACT OF COE SITING OF STRUCTURES IN



1899 (CH. 425, 30 STAT. 1121) NAVIGABLE WATERS (33 U.S.C. 
403)



MARINE PROTECTION, RESEARCH COE DISPOSAL OF DREDGED MATERIAL



AND SANCTUARIES ACT (33 AT SEA (33. U.S.C. 1431)
U.S.C. 1401 ET SEQ.)
THE MIGRATORY BIRD TREATY U.S. FISH AND WILDLIFE SERVICE —PROTECTS MIGRATORY BIRDS



ACT (16 U.S.C. 703 ET SEQ.) (FWS) —REQUIRES PERMITS FOR TAKE



OF PROTECTED SPECIES



ENDANGERED SPECIES ACT NATIONAL OCEANIC AND PROTECTS FEDERALLY LISTED



(16 U.S.C. 1531 ET SEQ.) ATMOSPHERIC ADMINISTRATION SPECIES AND THEIR HABITAT



(NOAA) AND FWS
MARINE MAMMAL PROTECTION NOAA AND FWS PROTECTS MARINE MAMMALS



ACT (16 U.S.C. 1361 ET SEQ.)
MAGNUSON-STEVENS FISHERY NOAA MANAGES HARVEST AND



CONSERVATION AND POSSESSION OF MARINE FISH IN



MANAGEMENT ACT FEDERAL WATERS



(16 U.S.C. 1801 ET SEQ.)
FOOD, DRUG AND COSMETIC FOOD AND DRUG ANIMAL DRUG APPROVAL AND



ACT (21 U.S.C. 301 ET SEQ.) ADMINISTRATION REGULATION (INCLUDING GMO 
APPROVAL)



ENERGY POLICY ACT OF 2005 MINERALS MANAGEMENT APPROVE USE OF OFFSHORE



SERVICE, DEPARTMENT OF THE AREAS FOR AQUACULTURE UNDER



INTERIOR THE PROCEDURES OF THE OUTER



CONTINENTAL SHELF LANDS ACT



COASTAL ZONE MANAGEMENT NOAA REQUIRES FEDERAL ACTIVITIES



ACT OF 1972 (16 U.S.C. (INCLUDING PERMITS) TO BE



1451 ET SEQ.) CONSISTENT WITH STATE COASTAL



MANAGEMENT PLANS











to take actions that might harm an endan-
gered species must get an incidental take per-
mit from the appropriate federal agency and
develop a plan to minimize the harm to the
species involved. The Marine Mammal
Protection Act establishes review and
approval responsibility for NOAA and the
Fish and Wildlife Service regarding activities
that may result in the killing, injury or
harassment of marine mammals. For both of
these laws, whether consultation is with the
Fish and Wildlife Service or NOAA depends
on the endangered species or marine mam-
mal involved. Should Congress give NOAA
substantial permitting authority for marine
aquaculture, as has been requested by the
Administration, it will be a significant politi-
cal, legal, and administrative challenge for
the agency to carry out its new duties while
upholding its numerous conservation
responsibilities under existing law. Congress
will need to provide careful guidance to
NOAA so that new responsibilities do not
undermine longstanding conservation man-
dates.



Net pens or sea cages are potential hazards
to navigation and hence fall under the
purview of the U.S. Army Corps of
Engineers (COE) in its responsibility to
administer the Rivers and Harbors Act of
1899. Under this act, the COE must con-
duct a public interest review and provide a
permit under section 10 of the Act for haz-
ards to navigation in U.S. waters. Although
the COE typically considers environmental
effects in its review and must also comply
with the National Environmental Policy Act
by considering environmental impacts of
granting the permit, it has broad discretion
and little specific direction from Congress
regarding how to address environmental
impacts. Under current law, the section 10
permit amounts to a siting permit for marine
aquaculture facilities. Siting is an important
determinant of the environmental impacts of



marine aquaculture (Box 3-1).
A provision of the Energy Policy Act of



2005 authorizes the Secretary of the Interior
to grant a lease, easement, or right of way
under the Outer Continental Shelf Lands
Act for use of offshore areas if activities
undertaken in those areas support energy-
related purposes or “other authorized marine-
related purposes.” It is not clear exactly what
was meant by “other authorized marine-relat-
ed purposes,” but it could include federal
leases for aquaculture if those activities were
considered to be authorized by law. 



The Coastal Zone Management Act
(CZMA) provides a tool the states can use to
ensure that federal activities are not in con-
flict with state efforts to manage coastal areas
and resources. The CZMA requires federal
activities, including issuing a permit for pri-
vate activities, within or affecting the coastal
zone of a state to be consistent “to the maxi-
mum extent practicable” with enforceable
policies of a state’s coastal zone management
plan. Activities affecting a state’s coastal zone
must be evaluated for consistency with the
state plan and a state may dispute the so-
called consistency determination. If neces-
sary, disputes among permit applicants, per-
mitting agencies, and a state or states can be
adjudicated by the Secretary of Commerce.
In practice, however, most consistency issues
are resolved by modifications to the proposed
permit or activity. 



A state’s coastal zone management plan is a
comprehensive plan for managing coastal
resources and the human activities that affect
them in state marine waters as well as coastal
land areas specified by the state. Congress
envisioned aquaculture as part of state coastal
zone planning by authorizing special funding
to encourage states to improve their federally
approved coastal plans in one or more of
nine specific areas. One of these is to
“enhance existing procedures and planning
processes for siting marine aquaculture facili-
ties while maintaining current levels of
coastal resource protection.”
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Jurisdiction Over Ocean Space and
Resources: Legal and Political
Considerations



Legal jurisdiction over ocean space and
resources is fragmented and does not corre-
spond to marine ecosystem boundaries 
(Pew Oceans Commission 2003, U.S.
Commission on Ocean Policy 2004) (Figure
3-1). The Submerged Lands Act of 1953
conveyed authority over submerged lands
and ocean waters from the shoreline out
three nautical miles for most states.5



Important exceptions are Texas and Florida,
which, under the terms of their statehood,
retained jurisdiction over marine waters and
resources to nine miles offshore in the Gulf
of Mexico. Florida’s jurisdiction on its
Atlantic coast extends the standard three
miles offshore. The United States exerts terri-
torial sovereignty over marine waters from 



3 to 12 miles offshore, and it exerts econom-
ic and environmental jurisdiction over
marine resources at least 200 miles offshore.
This latter area is referred to as the Exclusive
Economic Zone (EEZ), consistent with the
United Nations Convention on the Law of
the Sea. To avoid confusion, in this report
the term marine aquaculture refers to aqua-
culture in salt water regardless of jurisdiction.
Where we wish to distinguish between feder-
al and state jurisdiction, we will refer to
aquaculture in federal or state marine waters,
respectively. 



The practical implications of the jurisdic-
tional map are that the oceans are legally
divided into an inshore and an offshore
region, the latter falling under the control of
the federal government and the former
falling mostly under the control of the states.
To develop an integrated policy for manag-
ing the environmental risks from marine
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The Importance of
Siting



Location, location, location—so goes the old real estate maxim. It turns out that the same is true for
marine aquaculture. Time and again, as the Task Force has examined the environmental effects of
marine aquaculture, siting has emerged as at least part of the solution to adverse impacts. The loca-
tion of a marine aquaculture facility can make the difference between an operation that is opposed
by the local community, fails economically and/or causes severe environmental impacts and one that
is sustainable—economically, environmentally and socially. Although good siting is not a substitute for
good management and appropriate regulation, it is clearly a key component of environmentally
sound marine aquaculture.



For marine aquaculture to develop in a sustainable manner it is clear that criteria and guidelines are
needed for where to proceed with aquaculture development and, possibly more importantly, where
not to move forward. Whether this occurs as a part of broader regional efforts to manage ocean uses
on an ecosystem basis, as has been called for by the U.S. Commission on Ocean Policy and the Pew
Oceans Commission, or for aquaculture on its own, developing criteria to guide siting and density of
aquaculture facilities will be crucial in avoiding environmental damage and user conflicts. At the very
least, siting criteria for marine aquaculture should consider:



• Potential conflicts with other commercial and recreational uses of the oceans;



• The ability of the area to disperse and/or assimilate nutrients and other waste inputs, from single
farms as well as on a cumulative basis;



• The proximity of sensitive habitats;



• The potential for escaped organisms to interact with wild populations;



• Risks of diseases spreading among farms, and from farms to wild populations; and



• Interactions with wildlife.



5 One nautical mile equals 1.15 statute miles. As used in this report, miles means nautical miles unless otherwise
indicated.











aquaculture will require coordination among
the various federal agencies involved, as well
as coordination among the federal govern-
ment, coastal states, and Indian tribes.



Concern over states rights and interests 
has caused some stakeholders to propose that
the regional fishery management councils
established under the Magnuson-Stevens Act
should retain authority over aquaculture in
federal marine waters. Although manage-
ment of aquaculture in federal waters by the
regional councils would ensure coordination
of aquaculture and fisheries policies, many 



in the wild-catch fisheries community are
opposed to marine aquaculture. If granted
management authority over marine aquacul-
ture, the regional councils might simply
squelch it, at least for the time being.
Substantial reforms enacted in 1996 and
additional reforms currently under considera-
tion in Congress offer the hope that federal
fisheries management will be better grounded
in scientific and ecological principles in the
future. As the councils struggle to implement
these reforms it seems imprudent to add
responsibility for management of marine
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aquaculture to their duties. Nonetheless,
marine aquaculture policy should be closely
coordinated with fishery management to
ensure that marine aquaculture activities do
not undermine conservation efforts for wild
fish stocks and marine ecosystems, and so
that the benefits of aquaculture for wild
stock restoration and enhancement can be
maximized.



The consistency provisions of the Coastal
Zone Management Act provide states with
another tool to ensure coordination of state
and federal aquaculture policy. If the states
are to use this tool effectively, however, it will
be essential for them to ensure that policies
relating to aquaculture, water quality, fish-
eries management, invasive species, and
other policies related to the potential envi-
ronmental impacts of marine aquaculture 
are fully integrated into their coastal zone
management plans. The State of Florida, 
for example, has a broad coastal plan 
incorporating more than 20 state laws, which
it believes will provide a strong basis for
ensuring the consistency of any marine 
aquaculture development that may occur in
adjacent federal waters.



State Management of Marine
Aquaculture



At present all commercial marine aquacul-
ture in the United States occurs in waters
under the primary jurisdiction of the states.
The Department of Commerce is encourag-
ing a substantial expansion of aquaculture
into federal marine waters, but economics,
engineering, and logistics are significant con-
straints on the pace and scope of that devel-
opment. Without substantial subsidy, most
aquaculture in U.S. marine waters will con-
tinue to be in state waters for some time to
come. To assess the environmental impact of
marine aquaculture in the U.S., it is essential
to understand how it is being regulated by
the states, and what the environmental
results of that regulation have been. During
its regional meetings, the Task Force learned



as much as it could about how marine aqua-
culture was managed in the states we visited.
Snapshots of four of these regulatory pro-
grams are presented below. This is not
intended to serve as an exhaustive survey, but
we hope it will provide an overview of some
of the different approaches that have been
used.



Alaska: Aquaculture for Wild Stock
Enhancement and Shellfish Production



In 1990, Alaska enacted a ban on finfish
aquaculture in state waters. The ban was
enacted to protect Alaska’s wild fisheries and
aquatic ecosystems from any harmful effects
of finfish aquaculture. Whether the motiva-
tion was primarily economic or environmen-
tal is the subject of considerable debate, and
the truth most likely resides somewhere in
between. Whatever the motivations, the state
ban has not stopped the dramatic expansion
of marine fish farming—mostly of nonnative
Atlantic salmon—in British Columbia to the
south. Nor did it shield the state’s fisheries
from the economic blow resulting from the
massive increase in farmed salmon produc-
tion worldwide in the 1990s. 



Despite its antipathy to commercial finfish
farming, the State of Alaska is not opposed
to aquaculture. In fact, it fostered what may
be the world’s largest aquaculture program to
produce juvenile salmon to supplement wild
stocks. Natural salmon runs decreased sub-
stantially in the late 1960s, and starting in
the early 1970s the state built a series of
hatcheries concentrated in the central and
southeastern parts of the state to produce
smolt and fry of all salmon species, but
mostly pink and chum salmon. 



The early years of the program saw prob-
lems with siting, as well as production and
genetics practices. In the modern program,
however, the genetics of the hatchery fish are
closely monitored and hatcheries have been
sited to avoid competition with existing
runs. All hatchery fish are marked and
returns are monitored to gauge the relative
health and contribution to catches of wild
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and hatchery stocks. The contribution of
hatchery fish varies from year to year, but 
up to a third of the pink and chum salmon
harvest is from hatchery-released fish. As a
result, these hatcheries contribute substan-
tially to the economy of coastal Alaska. Some
hatcheries—those producing mainly sport
fish—are still state financed, but most hatch-
eries now meet expenses through a self-
imposed landings tax paid by fishermen and
through the sale of fish that make it back to
the hatchery. In recent years, it has become
more challenging for hatcheries to make ends
meet as low market prices for salmon—dri-
ven by competition from fish farms—have
resulted in decreased revenue from landings
and sale of hatchery returns. High salmon
prices this year may slow or reverse this
trend, at least for the short term.



Alaska also has a small but growing shell-
fish farming industry facilitated by state-
sponsored shellfish hatcheries, which provide
seed for commercial growers. It has a well-
developed, community-based regulatory 
program for shellfish aquaculture, which is
discussed in more detail in Chapter 4.



Hawaii: Offshore Leasing 
The State of Hawaii leases submerged



lands and overlying waters for the purpose of
marine aquaculture under a system that
emerged in its modern form through legisla-
tion enacted in 1999. Unlike most states,
land-use zoning is administered primarily at
the state level in Hawaii, and the marine
leasing program is derived from this authori-
ty. The state has four land use zones: urban,
agricultural, rural, and conservation. Zone 4,
conservation, has four subzones: protected,
limited, resource, and general. All 2.8 mil-
lion acres of state marine waters are designat-
ed “resource”, in which aquaculture can take
place if a lease and conservation use permit
are granted. Hawaii does not appear to have
put any state waters, including areas within a
national marine sanctuary, off limits to aqua-
culture a priori. This places heavy emphasis



on a case-by-case evaluation of aquaculture
permits and siting decisions.



With three offshore leases for 193 acres of
submerged lands, Hawaii has a fledgling
marine aquaculture industry. Because of the
state’s oceanography, facilities operating just a
few hundred yards offshore may be operating
in currents, wave exposure, water depth, and
other parameters more indicative of oceanic
than coastal conditions. Currently, one oper-
ator, Cates International, produced 300,000
lbs. (136.4 mt) of moi (Pacific threadfin) in
submerged cages off Oahu. Moi production
is projected to increase to 500,000 lbs.
(227.3 mt) in 2006. A second operator,
Kona Blue Farms, raises kahala (amberjack)
in submerged sea cages 0.8 km off the island
of Hawaii. Exact production figures are not
available, but Kona Blue stocked 140,000
fish to date and harvested them at an average
weight of 3.5 kg in 2005. 



The permit applicant is responsible for site
selection, although site suitability and other
environmental issues are evaluated by the
state through its environmental assessment
process. An environmental assessment is 
conducted on a completed application and a
determination is made whether to require an
environmental impact statement (EIS). 
None of the currently permitted projects has
required an EIS. To operate in Hawaii state
waters, an applicant needs a submerged lands
lease and a conservation district use permit,
both administered by Department of Land
and Natural Resources. Hawaii state law 
limits marine aquaculture to native species,
and the applicant must file an emergency
response plan, a business plan, and a facility
management plan with the permit applica-
tion. A public hearing is required at a venue
near the proposed lease site before a use 
permit can be issued.



The state has broad discretion over the
terms of the submerged lands lease. Although
it can publicly auction lands available for
leasing, the current aquaculture leases were
granted directly under the state’s discretion.
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Of the current leases, only two have been
assigned terms: one for a term of 15 years
with an option to extend for 10 years and
another for a term of 20 years. The state
charges a fixed annual fee for the lease and
has discretion to specify in the lease a charge
of a percentage of gross revenues, although
none of the current leases do so. Revenues
from the leases go into a special fund for
management of submerged lands. Additional
lease provisions include:



• A requirement for a performance bond for
removal of the facility at the end of the
lease term;



• Stipulation that escapes from the facility
become common property;



• Measures to be taken to eradicate escapes;
• A statement of the degree of exclusivity of



the lease (i.e., the degree, if any, of public
access to the lease site); and



• Restrictions on reassignment of the lease. 



Public concern in Hawaii about marine
aquaculture appears to have less to do with
environmental impacts than with traditional
and Common Law rights of access to fishing
grounds. The superimposition of a modern
property rights regime—the leasing of ocean
space—on what had previously been either
common property resources or rights-based
fisheries derived from Hawaiian cultural 
traditions has raised sensitive issues regarding
access and privilege. However, it appears that
the current leaseholders have been able to
address most of these concerns through
negotiation and dialogue with stakeholders
(Suryanata and Umemoto 2003). 



Unpublished monitoring data indicate 
that current marine aquaculture activities in
Hawaii are having no significant impact on
water quality. Recently published research,
described in more detail in Chapter 6, docu-
ments substantial changes to seafloor biology
in the vicinity of one of these operations. It
remains to be seen whether current levels of



environmental impact, and the current level
of comity in the leasing process, are main-
tained if marine aquaculture expands signifi-
cantly in Hawaii. 



Florida: Emphasizing Best Management
Practices



Florida’s marine aquaculture industry 
consists mainly of shellfish farming. Its 
aquaculture production ranks third in the
nation in value. There are currently no 
finfish aquaculture facilities in marine waters
of the state, although a few applications have
been filed in the past but have been denied
for various reasons. Because the continental
shelf is so shallow along the Gulf Coast and
because of the ever-present threat of hurri-
canes, conditions might not be conducive for
cage culture of finfish in the state’s Gulf
waters. Nonetheless, Florida has taken a
proactive approach in preparing for the pos-
sibility of finfish aquaculture in its marine
waters. In response to requests from various
stakeholders the state convened a working
group in 2005 to develop best management
practices (BMPs) for net pen aquaculture in
state waters. Although the proposed BMPs
have not been finalized, the thrust of these
recommendations is clear.



Net pen operations in state marine waters
must obtain:



• A state operational permit;
• A lease from the state for the aquaculture



site; and 
• A pollution discharge permit if the facility



will produce more than 100,000 lbs. of live
weight product annually.



The threshold for obtaining a pollution
discharge permit corresponds with criteria
established by EPA for such permits for
aquaculture facilities, as described in detail 
in Chapter 6. Bivalve mollusks for human
consumption can only be cultured within
state-designated shellfish harvesting areas.
Net pen operators who do not comply with



31 G O V E R N A N C E











lease terms and specified BMPs may have
their lease or operating permit revoked and
may be fined for violations. The proposed
BMPs for net pen aquaculture will be
administered by the State Department of
Agriculture and Consumer Services. They
will include criteria and procedures for site
selection, feed management, solid waste
management and disposal, escape manage-
ment, facility operations and maintenance,
fish health, and record keeping. 



Although the proposed BMPs broadly
cover the usual areas of environmental con-
cern, they may lack adequate specificity to
provide meaningful management should
commercial marine finfish aquaculture occur
in Florida. For example, the siting BMPs do
not prohibit siting in marine protected areas
or other sensitive habitats, establish buffer
zones to protect fragile areas, or require the
use of siting to mitigate user conflicts.
Although broodstock must be collected in
the same region as the proposed facility, cul-
tured fish are not required to be marked or
tagged in any way. The culture of genetically
modified organisms (GMOs) is not restrict-
ed. However, anyone culturing fish in
Florida waters will likely need a special activ-
ities license from the Florida Fish and
Wildlife Conservation Commission, thus
making the Commission’s rule banning
GMOs applicable to marine aquaculture.
The Florida Fish and Wildlife Conservation
Commission may impose additional require-
ments on net pen finfish farming under its
authority to protect Florida fish and wildlife.



Maine: Lessons Learned 
Maine leads the nation in marine aquacul-



ture production. In 2004, aquaculture in the
state produced nearly 19 million pounds of
Atlantic salmon, 1 million pounds of blue
mussels and between 300,000 and 500,000
pounds of oysters (DMR 2006). This harvest
was produced on about 1,290 acres of leased
submerged lands. Salmon farming in Maine
began in earnest in the 1980s. Production



peaked in 2000 at over 36 million pounds,
but by 2003, a combination of market fac-
tors, litigation, and disease had reduced pro-
duction to 13.2 million pounds. Aquaculture
employment figures are not available for all
sectors, but commercial salmon farming,
hatcheries, and processing provided about
800 jobs in Maine in 1997 (Alden 1997). 



Nearly all the controversy surrounding
aquaculture in Maine has concerned salmon
farms, which comprise 58 percent of the
acreage leased for aquaculture and are con-
centrated in the state’s two northernmost
coastal counties. Industry critics have cited
water pollution, esthetics, and the effect of
salmon farming on endangered wild Atlantic
salmon as major concerns. 



Atlantic salmon runs have been on the
decline in the northeastern United States
since the 19th century and efforts to supple-
ment natural reproduction with hatcheries
began in the 1870s (NRC 2004a). Wild
Atlantic salmon from the lower Kennebec
River to the border with Canada (excluding
the Penobscot River) were listed as a federal
endangered species under the Endangered
Species Act in November 2000. In 2002, it is
estimated that less than 900 salmon returned
to spawn in Maine rivers. The Dennys River
empties into Cobscook Bay—one of the
most concentrated areas of salmon farming
in Maine. From 1993 to 2001, the percent-
age of escaped farmed fish in salmon runs on
the Dennys River ranged from 44 to 100
percent (NRC 2004a). An outbreak of infec-
tious salmon anemia (ISA) in Cobscook Bay
forced the destruction of all farmed salmon
in the bay in early 2002.



Litigation between public interest groups
and salmon farm operators resulted in sub-
stantial changes in the industry and its regu-
lation. The history of this litigation and its
implications for environmental management
of aquaculture are discussed in Chapter 6.
One key change forced by the litigation is a
prohibition on the use of European strain
salmon for farming, as had been common
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practice previously. Maine salmon farming 
is nonetheless still concentrated in close
proximity to endangered salmon runs.
Growth in the industry has reportedly
increased interactions with marine mammals,
particularly seals, but seal populations 
continue to increase (DMR 2003).
Improvements in feed formulation and 
feeding methods have reduced feed use 
and wastage per ton of fish produced. 



Leasing and monitoring are overseen by
the Maine Department of Marine Resources
(DMR), which also manages marine fisheries
and other marine resources. DMR empha-
sizes outcome-based standards instead of
numeric “triggers” in an effort to provide
flexibility to operators to determine how to
achieve results. Water pollution from salmon
farms is addressed in most areas through a
general pollution discharge permit adminis-
tered by the Maine Department of
Environmental Protection (DEP). Maine
DEP believes this approach is suitable for
waters with a high assimilative capacity for
water pollution relative to the level of antici-
pated discharges (DEP 2002). Farms in areas
eligible to use this system are not required 
to obtain an individual pollution discharge
permit but must comply with the terms of
the general permit. The general permit does
not specify numerical effluent limitations. 
It establishes broad conditions such as 
minimum current velocity for the farm site,
no “significant degradation of water quality”,
and a requirement that discharges not result
in violation of water quality standards more
than 30 meters from the edge of the net
pens. 



In 1991, the Maine legislature established
a mandatory finfish aquaculture monitoring
program to provide for consistent and com-
prehensive monitoring of salmon and steel-
head farming. Given the broad nature of the
state’s aquaculture permitting, monitoring
becomes especially important. A review of
the program in 2003 suggested changes to
improve its ability to assess effects of marine



aquaculture on the environment (DMR
2003). The review recommended clearer 
definition of the spatial and temporal extent
over which water quality standards must be
attained and development of methods to
determine the carrying capacity of a water
body for aquaculture. It urged examination
of far-field pollution effects and better char-
acterization of nutrient and organic inputs
from aquaculture facilities. It recommended
the use of quantitative measures of benthic
effects and evaluation of numerical stan-
dards. 



The Context for Federal Reform



A number of studies have found that 
federal agencies have “limited, and often
unclear, statutory authority with respect to
offshore aquaculture” (Cicin-Sain et al.
2001). With no clear, overarching authority,
individual federal agencies are left to regulate
particular aspects of aquaculture operations,
such as discharge of pollutants, hazards to
navigation, and impacts on marine fish and
wildlife. The resulting “regulatory uncertain-
ty,” according to NOAA, is a major barrier
to growth of the industry. On the other
hand, only one permit—a siting permit from
the Army Corps of Engineers—is always
required for offshore aquaculture facilities.
This and other applicable laws are unlikely
to address comprehensively the environmen-
tal risks of offshore aquaculture (Hopkins et
al. 1997). 



In 1992, the National Research Council
conducted a study to assess the technology
and opportunities for marine aquaculture.
Even at that time, it was clear that wild-catch
fisheries were reaching their limits of produc-
tion. Among the major recommendations of
this study were changes in federal and state
agency roles “to provide a regulatory and
funding framework that encourages the
industry’s growth while ensuring that envi-
ronmental concerns are addressed” (NRC
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1992). In particular, the NRC recommended
that Congress create a legal framework to:



• Foster appropriate development of marine
aquaculture;



• Anticipate potential conflicts over use of
ocean resources;



• Assess potential environmental impacts of
marine aquaculture; 



• Develop appropriate mitigation measures
for unavoidable impacts; and 



• Assign fair rents and returns on marine
aquaculture operations.



NOAA articulated a clear view of aquacul-
ture governance when it produced the Code
of Conduct for Responsible Aquaculture
Development in the U.S. Exclusive Economic
Zone (NOAA 2003). This document was
developed with extensive input from aqua-
culture scientists, government regulators, the
aquaculture industry, and the conservation
community. It draws heavily on the FAO
Code of Conduct for Responsible Fisheries,
which itself includes a section on aquacul-
ture. Like the FAO Code, compliance with
the NOAA Code is voluntary. 



The NOAA Code calls for offshore 
aquaculture to “adopt the guiding principle
of a precautionary approach combined with
adaptive management to achieve sustainable
development in offshore waters.” It calls for
the designation of one agency as the “overall
authority” to coordinate, support, regulate,
and promote all aquaculture activities in fed-
eral marine waters. The Code recommends
the development of a management plan for
aquaculture in federal waters that:



• Clearly specifies management objectives,
assessment of impacts, and monitoring and
mitigation requirements;



• Includes predetermined standards or allow-
able limits of impact;



• Develops siting criteria to “promote clarity,
consistency, and precaution in the permit
process”;



• Identifies areas suitable for aquaculture
after a thorough environmental review; and



• Provides for participation of stakeholders in
planning and permitting decisions.



Regarding the permitting process for off-
shore aquaculture, the Code is quite specific.
It recommends establishment of: 



• A single, consolidated permit for EEZ
aquaculture facilities;



• A guide for site assessments for use by per-
mit applicants;



• Long-term leases for offshore aquaculture;
• BMPs for offshore aquaculture and their



inclusion as enforceable permit conditions;
• Performance-based management plans for



aquaculture operations to provide an objec-
tive basis for monitoring and enforcement;



• Standards for specific culture systems which
could serve as conditions for permits and
references for monitoring compliance; 



• Use permits to prescribe interim manage-
ment measures until regulations are in
place; and



• Transparent processes involving public 
participation in planning and permitting
decisions.



While the 1992 NRC report basically 
recommended strengthening existing agency
roles to promote marine aquaculture, Cicin-
Sain et al. (2005) recommended a more 
substantive overhaul of federal aquaculture
governance. Among other sources of 
information, these authors surveyed the expe-
rience of other nations in managing marine
aquaculture (Box 3-2). Cicin-Sain 
et al. recommended giving NOAA primary
authority over aquaculture in federal marine
waters. They proposed that Congress estab-
lish leasing authority for offshore areas for
aquaculture and that NOAA administer this
program as well as taking a lead role in coor-
dinating among the various federal agencies
with responsibility for evaluating the envi-
ronmental effects of marine aquaculture.
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Among the key environmental recommenda-
tions of Cicin-Sain et al. (2005) were:



• Comprehensive mapping of offshore areas
should be carried out to identify areas 
suitable for offshore aquaculture;



• Congress should confirm that the National
Environmental Policy Act applies to federal
waters;



• Environmental review of offshore aquacul-
ture activities should be guided by a com-
mitment to—
• Sustainability,
• The precautionary approach,
• Concern for environmental carrying



capacity,
• Comprehensive assessment and monitor-



ing,



• Management that is ecosystem-based
and adaptive, and



• Extensive public participation and trans-
parency;



• Monitoring and regulation of offshore
aquaculture should—
• Ensure that it does not exceed environ-



mental standards or the carrying capacity
of the environment, and



• Be flexible and adaptive so they can
respond to changes in operating proce-
dures or environmental conditions; and



• Operators of offshore aquaculture facilities
should be responsible for environmental
remediation, restoration, or monetary dam-
ages.
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International
Experience with 
Marine Aquaculture
Governance.



Marine aquaculture has grown much more rapidly in a number of other countries than it has in the
United States. As a result, other nations have more experience addressing development of marine
aquaculture as an industry and in addressing the environmental, social and economic consequences
of that development. Cicin-Sain et al. (2001) surveyed the experience of Norway, the United Kingdom,
Ireland, Canada, Chile, Australia, New Zealand, and Japan in the management of aquaculture in their
marine waters. In addition, they examined guidance provided for marine aquaculture by the U.N.
Food and Agriculture Organization (FAO) and the International Council for the Exploration of the Seas
(ICES). These authors point to several broad conclusions that can be drawn from the international
experience in marine aquaculture:



• Marine aquaculture tends to fall under the purview of a number of government agencies. The 
designation of a lead government agency to coordinate a well-defined interagency process has
been found useful in several countries.



• Government agencies need to have well-trained and technically competent staffs overseeing
marine aquaculture so that they can administer a flexible regulatory process and keep up with 
rapidly changing technology and industry dynamics.



• A two-step permitting process in which a lease for an area of the ocean or seabed is applied for and
issued first, followed by a license to operate within the leased area, seems to be a common and
workable approach.



• Conflicts involving the siting of fish farms and other uses of marine space and resources were a major
problem in all countries surveyed. The development of siting criteria for marine aquaculture appears
to be important to minimize these conflicts. Several countries have undertaken a formal process for
determining areas of marine waters suitable for aquaculture.



• “Carrying capacity” of marine areas for aquaculture, both in terms of the number of cages or pens
and the density of fish in those structures, has been controversial. Norway, for example, has devel-
oped procedures to assess permissible organic loading of marine areas, availability of suitable sites,
density of fish farms, and distance of fish farms from sensitive habitat.



• The development of broad aquaculture management plans by authorities in advance of considera-
tion of applications for individual permits has been found useful.



• FAO and ICES emphasize a precautionary approach to aquaculture development and placement
of the responsibility for providing information about the potential impacts of aquaculture on those
proposing the development and on government agencies managing the development.











Recent and Pending Legislation
Affecting Marine Aquaculture



In June 2005, NOAA proposed legislation
that would authorize the Secretary of
Commerce to issue permits to site and oper-
ate aquaculture facilities in federal marine
waters and to improve coordination among
the federal agencies of other required per-
mits. At the request of the Administration,
Senator Ted Stevens (R-AK) introduced this
legislation (S. 1195) in June 2005. Concerns
over the effects of aquaculture in federal
waters on wild fish stocks and marine ecosys-
tems led to resolutions being passed by the
legislatures of Oregon and Alaska urging
changes to the federal proposal, and to the
introduction of federal legislation by Senator
Lisa Murkowski (R-AK). 



A bill governing finfish aquaculture 
in state marine waters of California was
recently signed into law in California. The
Sustainable Oceans Act establishes standards
for environmental review and permitting of
finfish facilities in California state waters.
These conditions would be in addition to 
an existing ban on the culture of salmon,
nonnative fish, and genetically modified
organisms in California state marine waters. 



S. 1195
On June 8, 2005, Senator Ted Stevens (R-



AK) with cosponsor Senator Daniel Inouye
(D-HI) introduced the Administration’s 
proposed offshore aquaculture legislation.
The bill:



• Authorizes the Secretary of Commerce to
issue permits to site and operate aquacul-
ture facilities in federal waters.



• Authorizes the Secretary to establish envi-
ronmental requirements for offshore aqua-
culture where the Secretary finds existing
environmental controls are inadequate.



• Exempts permitted offshore aquaculture
from regulation under the Magnuson-
Stevens Fishery Conservation and
Management Act.



• Requires concurrence of the Secretary of
the Interior for aquaculture facilities on or
near offshore oil and gas platforms.



• Creates a research and development pro-
gram in support of offshore aquaculture.



• Requires the Secretary to work with other
federal agencies to develop a streamlined
and coordinated permitting process for 
offshore aquaculture.



• Authorizes the Secretary to establish a
schedule of fees for permits and requires
permit applicants to post bonds to cover
unpaid fees, removal costs, and other 
financial risks identified by the Secretary.



• Provides for enforcement of the Act.



As introduced, the bill does not adequately
address environmental concerns related to
marine aquaculture. First, the Secretary’s
authority to condition permits on environ-
mental compliance and performance beyond
what is required by existing law is discre-
tionary. Secondly, the promotion of offshore
aquaculture by the bill is not balanced by
concrete procedures to protect the marine
environment. Given the importance of a
healthy marine environment to commercial
and recreational fishing and a number of
other important economic activities, the 
legislation as introduced would not seem to
promote the kind of balanced, precautionary
policy called for by the Pew Oceans
Commission and the U.S. Commission on
Ocean Policy, and by NOAA’s own Code of
Conduct for Responsible Aquaculture.



The sponsors of the legislation seem to
have similar concerns. At the same time S.
1195 was introduced, Senators Stevens and
Inouye introduced two key amendments to
the bill. One would prohibit the issuance 
of the necessary permits for aquaculture in
federal waters off any state if the governor of
that state provides written notice that the
state does not want it to occur. The second
would require—not just authorize—the
Secretary to develop additional permit
requirements “needed” to address environ-
mental concerns about offshore aquaculture. 
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S. 1195 clearly states that the new authori-
ty granted to the Secretary of Commerce
does not supersede the authority of other
agencies to regulate aspects of aquaculture.
In that regard, the legislation does not estab-
lish the “one-stop” permitting long sought by
the industry. While the site and operating
permits envisioned by the bill would convey
the legal authority to build and operate a
facility, it is not clear that these permits, in
and of themselves, convey a suite of property
rights in the sense that a lease for offshore oil
and gas development does. It would seem
that establishing clear property rights is one
of the fundamental requirements for eco-
nomically viable aquaculture in federal
marine waters (Rieser 1996). Lastly, the bill
directs the Secretary to consult with other
federal permitting agencies to develop a 
coordinated and streamlined permitting
process, but it does not give the Secretary 
of Commerce authority to overhaul that
process.



S. 796
Aware that the Administration was work-



ing on legislation to promote offshore aqua-
culture and mindful of strong concerns from
the powerful commercial fishing industry in
her state, Senator Lisa Murkowski (R-AK)
introduced S. 796 on April 14, 2005. This
bill is similar to legislation she introduced in
the previous Congress. The bill in effect bans
federally permitted marine aquaculture until
Congress enacts legislation specifying what
the permit process would look like and what
specific requirements it would include. 



The bill prohibits federal agencies from
issuing a permit for an aquaculture facility in
federal marine waters until Congress enacts
legislation specifying the types of analyses
that must be carried out prior to issuing such
a permit, including studies on:



• Disease control;
• Engineering;
• Pollution;



• Biological and genetic impacts (presumably
on marine fish and wildlife);



• Access and transportation;
• Food safety; and 
• Social and economic impacts of offshore



aquaculture on fishing and other marine
activities.



The bill also requires federal agencies to
consult with the governor of each state locat-
ed within 200 miles of the proposed facility
and that any permit or license be approved
by the relevant regional fishery management
council. 



If enacted, this legislation could impose a
substantial barrier to permitting offshore
aquaculture. Given the difficulty in enacting
legislation in the first instance, requiring
Congress to pass another bill before an exec-
utive agency can act is potentially a highly
effective obstruction. On the other hand, the
studies required by this legislation would
ensure a thorough analysis of the economic,
environmental, and social implications of
marine aquaculture prior to its permitting 
by federal agencies.



California’s Sustainable Oceans Act
This bill was first introduced by California



Senator Joe Simitian on February 22, 2005.
Existing law in California authorizes areas of
state marine waters to be leased for aquacul-
ture if the California Fish and Game
Commission (CFGC) determines that the
lease is in the public interest. The CFGC is 
a five-member panel appointed by the gover-
nor and confirmed by the state senate. It
deals with regulation, permitting, licensing,
and management related to conservation of
fish and wildlife in California. State law in
California already prohibited the culture in
state waters of salmon and genetically modi-
fied organisms. The Sustainable Oceans Act
(SOA) requires finfish farmers to obtain a
lease from the Commission to operate in
state marine waters and would require leases
and regulations for the conduct of marine
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finfish aquaculture to meet certain standards.
It is likely that a programmatic environ-



mental impact report will be prepared 
pursuant to the California Environmental
Quality Act (similar to the federal National
Environmental Policy Act) before any signifi-
cant leasing of California marine waters for
finfish aquaculture. Although the SOA does
not require a programmatic environmental
impact report to be prepared, it does stipu-
late that if such a report is prepared, it must
ensure that aquaculture is “managed in a 
sustainable manner” and that a variety of
environmental factors are adequately 
considered. The law also requires leases and 
regulations governing those leases to meet
standards designed to protect marine
resources and the users of those resources,
including:



• Ensuring the suitability of the site;
• Minimizing effects on marine fish, wildlife,



and environmental quality; 
• Minimizing disruption of other uses of



ocean space and resources;
• Minimizing use of fish meal and oil in



feeds;
• Providing for monitoring of environmental



effects;
• Establishing liability for damages resulting



from aquaculture activities; and 
• Establishing the environmental carrying



capacity, in terms of the total number and
density of farmed fish, for marine aquacul-
ture.



In addition to these conditions, the bill
requires the Fish and Game Commission to
act to prevent significant harm to the marine
environment, including—if necessary—shut-
ting down an aquaculture facility or revoking
its lease. See Box 3-2 for more details on the
environmental requirements of the
Sustainable Oceans Act.



Discussion and Conclusions



A number of studies have examined
marine aquaculture and come to very similar
conclusions. While marine aquaculture can
contribute to the supply of seafood and plays
a role in stocking and restoration efforts,
careful management is required to ensure
that it is done in a way that does not harm
marine life or the ecosystems on which it
depends. Key features of such a governance
regime, such as a precautionary approach,
careful siting and high standards for environ-
mental performance implemented through
flexible, adaptive mechanisms, have been
repeatedly articulated after careful examina-
tion of the issues. 



Aquaculture is a form of agriculture, and
agriculture is going to have an impact on the
ecosystems in which it takes place. The ques-
tion is what are the nature and magnitude of
these impacts and can they be managed to
an acceptable degree so that society can get
the benefit of farmed seafood without signif-
icant harm to marine resources and other
uses of the oceans? We believe the answer to
this question is yes and below we make 
recommendations consistent with the spirit
of the foregoing studies and reports to
achieve this balance. 



The fact that the oceans are public space
adds another dimension to the discussion.
Most farming takes place on private land.
Agricultural activities, such as timber har-
vesting and grazing, that take place on public
land are subject to additional scrutiny—and
appropriately so. This is also the case with
most marine aquaculture: with the exception
of some nearshore shellfish culture on pri-
vately owned tidelands, it is a private activity
occurring in public “space.” As a result it is
legitimate to hold these activities to a high
standard for environmental performance.
Lastly, it is also appropriate to err on the side
of environmental protection where uncer-
tainty exists regarding the effects of aquacul-
ture on marine life and ecosystems. 
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The Sustainable
Oceans Act:
Environmental
Assessment and
Standards



The Sustainable Oceans Act was signed into law on May 26, 2006. The law allows areas of California’s
marine waters to be leased for finfish aquaculture under certain conditions. Environmental protections
in the bill operate through two primary mechanisms. First, the law requires enhanced assessment of the
potential environmental effects of marine aquaculture by requiring the environmental impact report
for the leasing program to take into consideration the following factors:



• Appropriate siting to avoid or minimize adverse impacts on marine resources and users of marine
resources;



• Effects on sensitive habitats;
• Effects on human health, marine life, fishing, and other ocean uses;
• Cumulative effects of multiple fish farms on marine ecosystems;
• Effects of the use of fishmeal and fish oil on marine ecosystems;
• Effects of escaped farmed fish on wild fish and the marine environment; and
• Design of facilities to minimize adverse environmental impacts.



Secondly, leases and regulations for marine finfish aquaculture must meet the following standards:



• The site must have been judged appropriate in the programmatic environmental impact report;
• The lease must not unreasonably—



• Interfere with fishing or other uses of the ocean,
• Disrupt wildlife and marine habitats, or
• Harm the ability of the marine environment to support “ecologically significant flora and fauna;”



• A lease shall not have “significant adverse cumulative impacts;”
• Use of fishmeal and fish oil shall be minimized, and alternatives to these feed ingredients shall be 



utilized where feasible;
• Lessees must develop and implement best management practices to ensure environmental protec-



tion and compliance with the law; 
• The California Fish and Game Commission may take action to prevent or stop damage to the marine



environment and must take “immediate remedial action to avoid or eliminate significant damage, 
or the threat of significant damage, to the marine environment.” Measures that may be taken to 
mitigate environmental damage include—
• Removing fish stocks,
• Closing facilities, or
• Terminating a lease;



• Fish number and density must be limited to what can be safely raised while protecting the marine
environment;



• The use of drugs and chemicals shall be minimized and shall be used only as approved by the 
federal Food and Drug Administration for marine aquaculture use;



• All farmed fish must be marked, tagged or otherwise identified unless the Fish and Game
Commission determines this is not necessary for the protection of wild stocks; 



• Facilities and operations shall be designed to prevent the escape of farmed fish and lessees are
responsible for damage to the marine environment caused by more than de minimis escapement;
and



• Lessees shall meet all applicable requirements imposed by state and federal water quality laws.











• Aquaculture operators should be required
to develop and comply with an operating
plan specifying measures taken to achieve
environmental standards.



• Operators of aquaculture facilities in 
federal waters should be liable for damage
caused by their activities.



• NOAA should provide incentives to indus-
try for research, development and deploy-
ment of species, technologies, and tech-
niques for sustainable marine aquaculture,
including sustainable aquaculture feeds.



• Congress should address the growing need
for a comprehensive regime for manage-
ment of aquaculture and other offshore
activities affecting federal marine waters
and resources.



Summary of Recommendations



• Congress should assign NOAA a leading
role in planning, siting, and regulating
aquaculture in federal marine waters,
including preparation of a programmatic
environmental impact statement.



• Congress should direct NOAA to establish
a federal marine aquaculture program that
is precautionary, science based, socially and
economically compatible with affected
coastal communities, transparent in its
decision making, and provides ample
opportunity for public input.



• NOAA should evaluate the environmental
risks from marine aquaculture prior to 
permitting.



• NOAA should consult with affected coastal
states and regional and interstate fisheries
councils during both the planning and 
permitting stages.



• Congress should ensure environmental
standards are in place before permits are
issued for aquaculture in federal waters.



• NOAA should implement environmental
standards through management, monitor-
ing, and enforcement requirements in 
permits.
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Detailed Recommendations



1. Congress should authorize NOAA to develop a national program of marine aqua-
culture, including both strong environmental safeguards and provisions to balance
offshore aquaculture with other ocean uses. 



1.1. Congress should authorize NOAA to issue implementing regulations and site and
operating permits for aquaculture in federal marine waters.6



1.2. After making institutional changes to ensure the integrity of its decision-making
process, NOAA should take a leading role in planning, permitting and regulating
aquaculture in federal marine waters, and in coordinating aquaculture in all marine
waters with other federal agencies, the states, tribes, and the regional and interstate
fisheries management councils. 



1.3. Congress should direct NOAA to establish a program for marine aquaculture that:



• Uses relevant and timely scientific and technical information in a precautionary
manner to protect the health of marine ecosystems;



• Is socially and culturally compatible with coastal communities and existing uses of
the marine environment; and 



• Is economically beneficial to coastal communities.



1.4. Congress should direct the Joint Subcommittee on Aquaculture to update the
National Aquaculture Development Plan to incorporate the national marine aqua-
culture program.



2. Congress should lay the groundwork for the orderly, well-planned and environ-
mentally sustainable development of offshore aquaculture by requiring NOAA to:



2.1. Make organizational arrangements to separate its regulatory, permitting, mon-
itoring, and enforcement functions from its aquaculture research and develop-
ment activities;



2.2. Establish a transparent process for making aquaculture siting and permitting
decisions that—



• Provides ample opportunity for stakeholder input, including public hearings,



• Requires all information pertinent to the environmental impacts of permits to be
made publicly available, and 



• Ensures that potential environmental, social, economic, and cultural impacts of
offshore aquaculture are considered in the permitting process;



2.3. Prepare a programmatic environmental impact statement;



2.4. Evaluate the environmental risks from marine aquaculture prior to issuance of
each site and operating permit. Marine aquaculture risk assessments should—



• Be conducted according to formal guidelines developed by NOAA, 
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6 By “federal marine waters” the Task Force means those marine waters and submerged lands under exclusive fed-
eral control for purposes of domestic law (i.e., waters outside of state control). The area of marine waters under
federal jurisdiction is often referred to as the Exclusive Economic Zone (see, e.g., the Magnuson-Stevens Act), but
since that term is sometimes used to describe all marine waters under the jurisdiction of the United States (both
state and federal jurisdiction, 0-200 n. mi. offshore) the Task Force has avoided use of that term. 











• Be conducted by NOAA or by permit applicants, 



• Be required to include a worst-case scenario and evaluate the risks at various levels
of contingency planning and preparedness, and response effectiveness, 



• Include public review and input, and 



• Be made part of the public record of the marine aquaculture permitting process; 



2.5. Consult with affected coastal states and regional and interstate fisheries man-
agement councils during program development and on individual permitting
decisions. Such consultation should ensure that the national marine aquaculture
program and any permits issued to carry it out—



• Are integrated with any regional marine planning aimed at managing U.S. marine
waters on an ecosystem basis, 



• Are consistent, to the maximum extent practicable, with enforceable policies of
adjacent states, and



• Do not undermine the effectiveness of conservation measures under the jurisdic-
tion of the states or the fisheries management councils; and



2.6. Provide technical and financial assistance to states to review and, if necessary,
revise their coastal zone management plans to address aquaculture activities in
state and federal ocean waters.



3. Congress should require that standards are in place to protect marine wildlife and
ecosystems before permits may be issued for offshore aquaculture. 



3.1. Congress should set general standards for, and require the appropriate agencies to
issue detailed standards to address:



• Genetic and biological interactions with escaped farmed organisms;



• Disease and parasites that may be present in aquaculture facilities;



• Water pollution, drug and chemical use, and alteration of marine habitat; and 



• Marine wildlife interactions.



3.2. Congress should require that such standards be adopted by NOAA and other
appropriate agencies before site and operating permits may be issued for offshore
aquaculture.



3.3. Congress should require that agencies issuing permits required for marine aquacul-
ture ensure compliance with these standards as a condition of those permits.



4. NOAA, in collaboration with other agencies with jurisdiction over offshore aqua-
culture, should establish management, monitoring and enforcement requirements
to achieve environmental standards (as described in recommendation 3) and
require their inclusion as enforceable conditions of site and operating permits.



4.1. NOAA should set standards for environmental performance, which could serve as
conditions for site and operating permits and provide points of reference for moni-
toring. (The Task Force’s recommendations for environmental standards are dis-
cussed in greater detail in chapters addressing escapes, water pollution and
pathogens.)
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• Where numerical or narrative standards for environmental performance are feasi-
ble, NOAA should establish such standards and require compliance with them as
a condition of offshore aquaculture site and operating permits.



• Where establishing numerical or narrative standards is not feasible, NOAA should
require implementation of management practices and/or deployment of specified
technologies as a condition of offshore aquaculture site and operating permits. 



• If NOAA issues permits for marine aquaculture before regulations are in place to
implement environmental standards, such permits should prescribe interim man-
agement measures needed to uphold the environmental standards.



4.2. NOAA should require offshore aquaculture facilities, as a condition of their site and
operating permits, to be operated according to an approved operational plan
designed to ensure compliance with environmental standards. 



• Applicants for site and operating permits for offshore aquaculture should be
required to develop and submit to NOAA an operational plan for any aquaculture
facility for which an operating permit is sought. The operational plan should
describe management practices, monitoring, reporting and other measures needed
to comply with environmental standards for offshore aquaculture.



• NOAA should develop, and periodically revise, guidance for preparation of oper-
ating plans for offshore aquaculture facilities and for compliance with environ-
mental standards for offshore aquaculture. 



• Guidance should include instructions for preparation, submission, and review
of operational plans and appeal of decisions related to the approval of such
plans.



• Prior to issuing an operating permit for offshore aquaculture, NOAA should
review the operational plan submitted by the permit applicant and determine if
operating the aquaculture facility according to the plan will result in negligible
harm to the marine environment. 



• If NOAA determines that permitted activities will result in negligible harm to the
marine environment if conducted in accordance with the proposed operating
plan, NOAA should approve the plan and require compliance with it as a condi-
tion of the operating permit.



• If NOAA finds deficiencies in a submitted operating plan, it should promptly
inform the permit applicant of such deficiencies and suggest changes in the
operating plan required for compliance with environmental standards for off-
shore aquaculture.



5. Congress should include provisions in marine aquaculture legislation to ensure
mitigation of damage to marine resources resulting from the private use of ocean
space and ecosystem services.



5.1. Permittees should be required to post bond to cover the cost of any unpaid fees and
for removal of aquaculture facilities at the end of their use for permitted activities.











5.2. Congress should ensure that permittees are liable for mitigating environmental damage
resulting from aquaculture facilities or operations. The legislation should: 



• Establish liability of permit holders for the costs of mitigating environmental
damage, including the reasonable costs of assessing damages; and



• Ensure that recovered funds are used first for the restoration of the damaged
resources. If any funds remain after all practicable efforts to restore damaged
resources, such funds should be dedicated to other marine conservation activities
in the region.



6. Congress should provide incentives for activities and projects that protect the
marine environment and promote sustainable marine aquaculture. To support this
goal, Congress should direct NOAA to:



6.1. Develop criteria for sustainable marine aquaculture, including development of 
sustainable aquaculture feeds;



6.2. Provide technical and financial support for research, development, and demonstra-
tion projects meeting these criteria;



6.3. Give preference in permitting for projects meeting these criteria



• Preferences might include preapproved siting and/or expedited operating permit-
ting for projects demonstrating new technologies, culture methods, and species
showing promise for sustainable aquaculture; and



6.4. Establish a sliding scale of application or permit fees to encourage such projects. 



7. In the long term, Congress needs to address the growing need for a comprehensive
management regime for U.S. marine waters in which marine aquaculture and other
uses can be managed in a way that protects the health, integrity, and productivity
of marine ecosystems. Both the Pew Oceans Commission and the U.S. Commission
on Ocean Policy called for comprehensive management of U.S. ocean waters on an
ecosystem basis. Even a well-planned approach to offshore aquaculture cannot provide
rational planning and management of the variety of new and existing ocean uses, nor
deal with the cumulative and secondary impacts of all these issues. Aquaculture both
relies on marine environmental quality and has impacts on it. To restore and maintain
the health of marine ecosystems, there is a need for an integrated, comprehensive off-
shore management regime.
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Ecological Effects of 
Aquaculture Escapes 



Introduction



The introduction of nonnative species is a
global concern with ecological impacts that
are frequently severe, though often unpre-
dictable. Risks associated with nonnative
species introductions include degradation of
the host environment, disruption of the host
community, genetic degradation of the host
stock, introduction of diseases, and socio-
economic effects (Welcome 1988). The 
global trade and transport of living aquatic
organisms, of which marine aquaculture is
just one player, have led to the introduction
and establishment of many nonnative aquat-
ic species. Recent reports have identified the
growing threat to coastal resources and have
documented impacts on assemblages of
native species from introduced species of
aquatic organisms (Carlton 2001; Pimentel
et al. 2000; Simberloff et al. 2005). New
species arrive in U.S. waters on a regular
basis, with potentially devastating effects on
ecosystems and economics. There are many
pathways for new species to be introduced 
to coastal waters, including through ballast
water, hull fouling, fisheries activities, 
aquaculture, and other human activities
(Table 4-1). 



Species have been introduced by aquacul-
ture through purposeful introductions and
accidental releases, or escapes. Many docu-
mented negative effects are from introduc-
tions attributed to aquaculture that occured
prior to science making us aware of the 
harmful consequences. Laws and regulations
have subsequently improved which ensure
intentional introductions undergo far more
thorough review than in years past. Finfish
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… aquaculture has been
an important route for



the introduction of 
nonnative species and



the introduction of 
nonnative genetic 



strains.



aquaculture systems sited in marine waters
are comprised of net pens or cages, which are
prone to damage from storms, predators,
human error, or other causes. Once damage
has been done, whether it is a small hole torn
in a cage by a shark looking for an easy meal
or damage caused by a collision with a boat,
the organisms inside these cages are capable
of escaping into the environment. These
escapes can be costly for the farmer as well as
the environment and it is generally consid-
ered in the farmer’s best interest to protect, 
as much as possible, against escapes. Another
type of “escape” is one in which viable
gametes are released into the environment.
This type of release can be associated with
net pen and cage systems when marine
species are farmed, as well as other systems 
in which there is no solid enclosure, for
example shellfish farms where water flows
freely between the farm and the surrounding
environment. 



As a result of both of these types of
escapes, aquaculture has been an important
route for the introduction of nonnative
species and the introduction of
nonnative genetic strains,
most often



An Atlantic salmon farm
in British Columbia.



Substantial numbers of
Atlantic salmon, which is



not a species native to 
the Pacific Northwest,



have escaped from farms
in Washington and
British Columbia.



Photo: ©Natalie Forbes /Corbis
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Impacts from
Introduction and
Translocation of
Aquatic Species



SPECIES AND NATIVE OR MODE OF DOCUMENTED AND SUSPECTED IMPACTS



REGION OF NONNATIVE INTRODUCTION



INTRODUCTION OR



TRANSLOCATION



ATLANTIC SALMON NATIVE AQUACULTURE LOSS OF PRODUCTIVITY, REDUCED GENETIC DIVERSITY



IN THE NORTH (ALSO AS A RESULT OF GENETIC INTROGRESSION, RESOURCE



ATLANTIC OCEAN HATCHERIES) COMPETITION, DISPLACEMENT OF WILD OFFSPRING, 
AND REDUCED FITNESS IN WILD POPULATION



(FLEMING ET AL. 2000; MCGINNITY 2003).



ATLANTIC SALMON NONNATIVE AQUACULTURE REPRODUCING IN THE WILD WITH POTENTIAL



IN THE PACIFIC (HISTORICALLY COMPETITIVE INTERACTIONS WITH NATIVE SPECIES



OCEAN HATCHERIES (VOLPE ET AL. 2000; VOLPE ET AL. 2001)
AS WELL)



PACIFIC SALMON NATIVE HATCHERIES GENETIC CHANGES AND REDUCED FITNESS IN NATIVE



IN THE PACIFIC POPULATIONS (REISENBICHLER AND RUBIN 1999).
OCEAN



ZEBRA MUSSELS IN NONNATIVE BALLAST WATER ECOSYSTEM IMPACTS, COMPETITION WITH NATIVE



NORTH AMERICA SPECIES, IMPACTS ON NATIVE PLANT AND ANIMAL



COMMUNITIES. CONSIDERED A NUISANCE SPECIES, 
ESPECIALLY BECAUSE OF BIOFOULING, CAN CAUSE



SIGNIFICANT ECONOMIC IMPACTS (BENSON AND



RAIKOW 2005).



TROUT (SEVERAL NONNATIVE STOCKING FOR COMPETITION, DISPLACEMENT, AND GENETIC



SPECIES) IN MANY RECREATIONAL INTROGRESSION WITH NATIVE SPECIES AND



AREAS OF NORTH FISHING INTRODUCTION OF DISEASE (BEHNKE 2002).
AMERICA



CARP IN NORTH NONNATIVE INTENTIONAL CONSIDERED NUISANCE SPECIES, ALTERS HABITAT



AMERICA STOCKING AND AND CAN COMPETE WITH AND NEGATIVELY IMPACT



AQUACULTURE NATIVE SPECIES (NICO AND MAYNARD 2005).



OYSTERS NONNATIVE OYSTER INTRODUCTION OF OYSTER DISEASES AND PESTS



(WORLDWIDE) AQUACULTURE, CAUSING EXTENSIVE MORTALITIES IN WILD OYSTER



INTRODUCTIONS, POPULATIONS AND IMPACTS ON AQUACULTURE



AND TRANSFERS INDUSTRY (FARLEY 1992).



HERPESVIRUS NONNATIVE AQUACULTURE MASS MORTALITIES IN NATIVE PILCHARDS



(PATHOGEN) OF FEEDS (GAUGHAN 2002).
PILCHARD IN (PROBABLE



AUSTRALIA CAUSE)



SABELLID WORM NONNATIVE AQUACULTURE INFESTATION OF WILD ABALONE AND SNAILS AND



ALONG PACIFIC NEGATIVE IMPACTS ON THE COMMERCIAL



COAST (ABALONE AQUACULTURE INDUSTRY (THE PARASITE APPARENTLY



PARASITE) HAS BEEN ERADICATED IN RECENT YEARS) (COHEN



2002).
(continued)











nonlocal genetic strains and/or semidomesti-
cated genetic strains of native species that are
capable of interbreeding with native wild
populations. In some ways the introduction
of foreign genetic material may have more
insidious impacts on wild populations
because of the potential for these genes to
spread within the native population and
weaken its genetic structure. This is especial-
ly true when the wild populations are already
depressed for a variety of other reasons and
when the level of farm escapes is high relative
to the wild population size.



Careful planning and management to 
prevent introductions of nonnative species
and strains, including contributions from
escapes and release of gametes from marine
aquaculture facilities, are more effective than
attempting to fix problems after those species
have become established or after foreign
genetic material has been introduced. While
prevention of introductions via aquaculture
is of the utmost importance, escapes will
inevitably occur in any in situ culture situa-
tion. This is particularly true of inherently
“leaky” net pens or cages and in situations
where cultured organisms release viable



gametes into the environment. Therefore,
any rational policy for addressing escapes
must focus first on prevention, but follow up
with strong management measures to elimi-
nate, or at least minimize, ecological damage
once escapes occur. These measures must be
cost effective, but the benefits of protecting
ecosystem integrity should be accounted for
as well. 



Introduction of Nonnative Species for
Aquaculture



Aquaculture has played a role in the 
introduction of nonnative species through
escapes of organisms and the release of viable
gametes from facilities. In fact, it was noted
in 1988 that since the 1970s aquaculture was
the leading cause of introduction of aquatic
species in inland waters worldwide, with well
over half of all introductions made for aqua-
culture purposes (Welcome 1988). Many
nonnative species introductions, intentional
and unintentional, by way of aquaculture
have taken place in freshwater. For example
tilapia and carp have been introduced in
many areas outside their native ranges.
Aquaculture also has played a significant role
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Impacts from
Introduction and
Translocation of
Aquatic Species



(continued)



SPECIES AND NATIVE OR MODE OF DOCUMENTED AND SUSPECTED IMPACTS



REGION OF NONNATIVE INTRODUCTION



INTRODUCTION OR



TRANSLOCATION



SHRIMP DISEASES NATIVE AND AQUACULTURE SIGNIFICANT LOSSES (HUNDREDS OF MILLIONS OF



(SEVERAL NONNATIVE AND SEAFOOD DOLLARS) TO THE AQUACULTURE INDUSTRY, 
WORLDWIDE) TRADE UNKNOWN IMPACT ON WILD POPULATIONS



(LIGHTNER ET AL. 1992) 



GREEN CRAB NONNATIVE BALLAST AND PREDATION ON AND COMPETITION WITH NATIVE



ALONG ATLANTIC LIVE TRANSPORT SPECIES (PERRY 2005).
AND PACIFIC IN SEAFOOD



COASTS PACKING



MATERIALS



TILAPIA (MANY NONNATIVE AQUACULTURE COMPETITION WITH NATIVE SPECIES AND HABITAT



AREAS WORLDWIDE) AND ALTERATION (NICO 2005).
INTENTIONAL



STOCKING











in species introductions in marine waters,
though there are relatively few scientific
studies documenting the impacts from these
introductions (Carlton 2001; Carlton 1992). 



Some segments of the marine aquaculture
industry are based on the use of exotic
species. For example, salmon farming in the
Pacific Northwest has used almost exclusively
Atlantic salmon and there are exotic species
of oysters, clams, and mussels that are
farmed in a variety of places outside their
native ranges. Of note, however, is the appar-
ent lack of interest in farming marine species
of finfish—other than salmon—outside of
their native range. Thus far, demonstration
projects and small commercial operations in
U.S. marine waters have been using locally
native species.



Risks Associated with Aquaculture’s Use 
of Native Species



Even when native species are used in aqua-
culture there are potential environmental
risks with escapes. To improve production,



aquaculturists may use selectively bred and/or
nonlocal genetic strains of native species
resulting in farm organisms that, while still
of the native species, are not as ecologically
fit as the local wild populations. Evidence
suggests that when these types of organisms
escape from farms, they can interbreed with
and reduce the genetic integrity of the native
population. Much of what is known in this
respect comes from Atlantic salmon farming
where the escape of organisms that have been
selectively bred or developed from nonlocal
genetic strains poses a significant risk to the
genetic integrity of river-specific populations
of wild Atlantic salmon. Because much of the
expansion of marine aquaculture is likely to
occur in the culture of exclusively marine
fish, the salmon example provides a caution-
ary tale. While most marine fish do not
appear to show the degree of genetic
endemism that salmon do, there is evidence
of genetic differentiation among subpopula-
tions of some species. At this stage of their
culture, marine species will likely be very
close genetically to their wild counterparts,



S U S T A I N A B L E  M A R I N E  A Q U A C U L T U R E 48



B o x  4 - 1 .



State policies on
species introductions.



There is a lack of clear federal policy regarding introduced species. Current state policies regarding
introduced species are primarily based on a “dirty list” approach. The dirty list approach places the
burden on the government to prove an introduced species will cause harm, not on the importing
industry to prove the species is safe. Under this approach, species proposed for importation or intro-
duction are assumed to be “innocent until proven guilty.” Regulators are required to identify species
known to be harmful and prohibit their importation (Van Driesche and Van Driesche, 2001; Simberloff,
2005). The fundamental problem with a dirty list approach is that it fails to fully account for the risk 
that a species not previously released will cause harm. It allows for importation of organisms for which
there is very little scientific understanding of invasion potential, and has thus been of limited utility in
preventing the introduction of invasive species (Van Driesche and Van Driesche 2001). Often by the
time governments have enough information to place a species on a list to prevent its introduction, the
organism has been introduced and damage has already been done. There has been little success at
eradicating invasive species once they become established.



A more risk adverse approach is to use a “clean list,” in which only species known to carry a very low
risk of invasion are allowed for importation or introduction. This approach has been adopted by other
countries, including Australia and New Zealand, and some states, for example Massachusetts.
Individuals wishing to cultivate fish in Massachusetts may only do so if the species is on a special
exemption list, which is created with environmental safeguards in mind, including a provision that the
accidental release of the organism will not result in an adverse effect on the ecology of the common-
wealth (Mass. G.L. Ch. 131 s. 23). Other states have developed a hybrid approach that combines the
use of both prohibited and allowed lists (Simberloff et al. 2005). In Minnesota, for example, any unlisted
species proposed for introduction must be evaluated and the risks must be fully assessed prior to 
introduction. The results of the risk assessment lead to the placement of the species on one of the 
lists at which time a decision regarding the fate of the proposed activity is made.



… any rational policy 
for addressing escapes



must focus first on 
prevention, but follow up
with strong management



measures to eliminate, 
or at least minimize, 
ecological damage
once escapes occur.











but this could change quickly with commer-
cialization and under the intentional and
unintentional selective pressures. 



Risks from Aquaculture Escapes
The environmental risks associated with



aquaculture escapes can vary with the type of
aquaculture system used, the species farmed,
the scale and intensity of the operation, and
the management practices employed (Myrick
2002). The science of many aspects of intro-
duced species is incomplete and introduc-
tions via aquaculture are no exception. Many
unknowns remain, especially when it comes
to species recently brought into culture and
new production systems. Most reports 
conclude that there are significant risks to
ecosystems through escapes from aquaculture
and that management measures should be
taken to eliminate or minimize those risks.
The risks associated with escapes of Atlantic
salmon in the Pacific Northwest have, how-
ever, been disputed by some researchers. 



Ecological Interactions
The escape of farmed organisms into the



ecosystem can result in ecological interac-
tions, such as competition for food and space
and predation on native species by escaped
fish. These interactions can create an added
stress on wild populations, especially those
already affected by a variety of other distur-
bances, such as fishing and habitat alteration. 



Gross (1998) reviewed the potential inter-
actions between escaped farmed salmon and
wild salmon, and made several important
findings, including: farmed salmon can out-
compete wild salmon for food and habitat
and displace wild salmon; farmed salmon
grow faster than wild salmon leading to
competitive advantages over wild fish; and
farmed salmon enter rivers and spawn later
than wild salmon, which can result in
farmed salmon digging up the eggs of wild
salmon and replacing them with their own.
Other research has identified the potential
for escaped Atlantic salmon to establish pop-



ulations on the west coast of North America
and to compete for food and habitat with
native salmonids. Successful reproduction 
by small numbers of escaped farmed Atlantic
salmon on the Pacific coast of North
America has been documented (Volpe et al.
2000), raising concerns about possible 
establishment of the nonnative species. 



It is believed that the numbers of escapes
from aquaculture have been reduced signifi-
cantly in recent years, though there are 
continued questions about chronic “leakage”
from cages and there are concerns that many
escapes go unreported (Naylor 2005).
Though large-scale escapes are relatively 
rare, they occur from storm damage, human
error, or other mishaps. In Puget Sound,
Washington, escapes of over 100,000
Atlantic salmon in 1996 and over 360,000
in 1997 have been documented (Gross
1998). Additionally, escaped Atlantic salmon
have been caught in commercial fisheries in
Alaska since the early 1990s, including as far
north as the Bering Sea (Brodeur and Busby
1998), showing that escapees are capable of
surviving for long periods in the wild and
migrating long distances after their escape
from aquaculture facilities in British
Columbia or Washington. Risks of escapes
are likely greatest when the local wild popu-
lation is most vulnerable, for example threat-
ened or endangered, and harmful effects on
wild populations likely rise as the number 
of escapes increases relative to the size of the
wild population. 



The ability of escaped fish to disperse
from and survive outside of the farm setting
has been disputed by some researchers. One
study observed that experimentally released
farmed steelhead trout are likely to remain in
the general area of the farm (Bridger et al.
2001). In the study, 75 percent of released
farmed fish stayed within 500 meters of the
farm for 32 days. Additionally, observations
that escaped farm salmon often have empty
stomachs when caught may indicate that
farmed fish lack knowledge required for 
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foraging, and therefore surviving in the 
wild (McKinnell and Thomson 1997).



In a literature review assessing the risk of
interactions between Atlantic salmon and
populations of native salmon in Puget
Sound, Washington, Waknitz et al. (2003)
described many possible effects of aquacul-
ture escapes. The authors argue that Atlantic
salmon escapes from commercial aquaculture
facilities likely have a very low risk of
impacting the ecosystem, especially when
compared to the many other species intro-
ductions, including deliberate introductions
of nonnative species and the stocking of
hatchery-reared Pacific salmon. The authors
note that over the last century governments
in the Pacific Northwest have led programs
to introduce Atlantic salmon to the area with
no success (Waknitz et al. 2003). Other
researchers, however, question whether the
historical introductions are an appropriate
model for the present. A far different ecolog-
ical landscape now exists in Pacific
Northwest rivers, with many populations of
Pacific salmon at all time lows, possibly free-
ing up habitats for Atlantic salmon to invade
(Volpe et al. 2001). 



Genetic Interactions
The introduction of nonnative genetic



strains of aquatic organisms from aquacul-
ture has been a concern for some time
(Hutchings 1991), but relatively little
research has been completed on the topic.
What has been completed is primarily inves-
tigations into the impact of escapes from
salmon farms in areas with native Atlantic
salmon. This research shows that there is
considerable risk to wild stocks from salmon
farm escapes. Farm-raised salmon, while not
completely domesticated, have undergone
selection for traits that are preferred in the
farm setting and the basis for farmed salmon
stocks often includes nonlocal genetic strains.
For example, Norwegian strains of Atlantic
salmon were formerly widely cultivated in
Maine. As a result, the farmed stocks differed



from local wild fish genetically. Scientific
studies and modeling have shown that when
the genes of farmed aquatic organisms enter
the wild population through interbreeding it 
can decrease the ability of the wild fish to
survive and adapt and may eventually lead 
to extinction of wild populations. 



Researchers have identified, and attempted
to measure, negative impacts from escaped
farmed Atlantic salmon within their native
range. For example, in a Norwegian study,
Fleming et al. (2000) found that escapes of
farmed salmon in their native range resulted
in risks, including loss of productivity, loss of
local adaptations, and reduced genetic diver-
sity. The authors found significant one-way
gene flow (from farm fish to wild fish) and 
it was noted that this type of genetic interac-
tion can eventually lead to a wild population
in which all individuals are descended from
farm escapes. Additionally, the authors
observed evidence of significant resource
competition between farmed and wild off-
spring, including considerable (82 percent)
diet overlap, larger size in farm offspring, 
and possible displacement of wild offspring.
Considering that earlier studies in Norway
observed that more than 80 percent of the
salmon in some Norwegian rivers are of 
farm origin (Fleming 2000), these types of
interactions threaten the continuity of wild
stocks. 



In another study designed to measure
genetic interactions between farmed and wild
salmon, McGinnity (2003) used an experi-
mental river segment to track multiple gener-
ations of farmed and wild salmon. This
experiment simulated repeated escapes from
salmon farms and their interaction with a
native population of salmon. The results
indicate that survival of farm salmon is lower
than wild salmon, with hybrids (crosses of
farm with wild) having intermediate survival.
This is important because in a natural setting
in which farmed salmon have invaded, they
are likely to create hybrids with wild salmon.
These hybrids, as well as offspring from
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future crosses of the hybrids with wild
salmon will have lower survival and will 
contribute to reduced fitness in the wild
population. The study provides empirical
support for predictions on the reduction of
fitness in wild populations following inva-
sion by nonnative genetic strains from
salmon farm escapes.



Genetic interactions with native wild 
populations are also a concern when farming
shellfish since viable gametes can be released
from farms, but as with finfish, little 
comprehensive research has been completed
on the topic. Where molluscan shellfish are
broadcast spawners with free-swimming lar-
val periods that last for weeks, wild popula-
tions tend to be homogeneous over broad
areas unlike salmon where individual river
systems have unique populations. 



In one clam farming area in Florida, 
however, genetic interactions have been doc-
umented and these interactions may have
harmed the genetic structure of a closely
related wild population of clams. In this case,
the clam species selected for farming in the
Cedar Key area can hybridize with the locally
abundant wild species. The composition of
the clam population in the area around the
farms has changed since the advent of the
clam farming industry with the farm species
and hybrids between the farm species and
the local species becoming much more 
abundant (Arnold et al. 2004). 



In general, little is known about the
potential genetic impacts on wild popula-
tions from the many other species that are in
culture or are under development for marine
aquaculture, including offshore aquaculture.
It is reasonable, however, to expect that when
farmed stocks are developed from nonlocal
genotypes or selected for traits that are 
preferred in the farm setting the result will
be genetic strains that differ from the local
wild populations. These differences could
result in deleterious ecological effects if the
farmed stocks escape and interbreed with
their wild counterparts.



Genetically Modified Organisms
In addition to effects of nonnative species



and strains of aquatic organisms, many 
questions remain about the use of transgenic,
or genetically modified organisms, in aqua-
culture (Hallerman 2000; Hedrick 2001;
NRC 2002). Genetically modified organisms
(GMOs), in which genes are inserted from
other organisms to improve characteristics
such as growth rate and tolerance to harsh
environments, are under development in
many parts of the world, including the U.S.
No transgenic species are currently used in
commercial aquaculture in the U.S., but
there is an application pending for approval
of a genetically modified salmon. Escapes of
GMOs from aquaculture facilities pose risks
from both genetic and ecological interactions
with wild populations, including a scenario
in which the interbreeding of escaped trans-
genic organisms with wild organisms could
lead to the collapse of the wild population
(Muir and Howard 1999). In the case of
aquaculture organisms that are genetically
modified to grow larger, scientists fear that
escapees from fish farms could have a mating
advantage due to their larger size and attrac-
tiveness to mates, but their offspring could
be less likely to survive to adulthood. Under
a worst-case scenario, known as the “Trojan
gene effect”, the population could become
extinct in just a few generations. 



Progress in Limiting the Impact of
Escapes



Without moving to fully closed systems,
escapes are inevitable in marine aquaculture.
Catastrophic events (e.g., hurricanes or other
storms), human error, and even vandalism
will remain potential paths for farmed fish to
escape into the wild. Advancements in tech-
nology are likely to continue to reduce the
frequency and severity of escape events but it
is unlikely that the ecological and economic
threat will ever disappear entirely. Submerged
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cage designs instead of surface net pens,
stronger cage and net material, and systems
for dealing with predators are all improve-
ments that the aquaculture industry has
begun to embrace as ways to reduce the 
level of escapes. Interestingly, much of the
research and development on improved sys-
tem design is taking place in the U.S. In
addition to gaining acceptance in some seg-
ments of the domestic industry, it also has
been exported to other areas of the world. 



Since technological fixes—with the excep-
tion of fully closed, land-based systems—
cannot completely eliminate escapes, regula-
tions and management practices are needed
to limit their impact. Regulations and man-
agement practices vary by state, and federal
waters are not covered by a comprehensive
framework in this regard. However, there are
several examples from the U.S. aquaculture
industry that may provide useful models for
addressing escapes as the industry expands. 



The Developing Marine Finfish
Aquaculture Industry



The nascent marine finfish aquaculture
industry, in particular for cobia in the
Caribbean off Puerto Rico and of moi 
(also known as Pacific threadfin) and kahala
(amberjack) off the coast of Hawaii, is based
on the use of native wild broodstock and
appears to be developing in a way that poses
a minimal risk to wild populations of fish
through escapes. In the Caribbean, escapes
have occurred as a result of sharks tearing
holes in nets as they attempt to gain access to
an easy meal. While culturing native species
may substantially reduce ecological risks, it
does nothing to reduce the economic risk 
to the producer from escapes. As a result,
predator management strategies and technol-
ogy, such as predator nets, solid barriers, 
electromagnetic fields, and repellants have
been employed or are under development
(Benetti et al. 2006). In the case of the 
moi farm in Hawaii, the fish used in the
commercial operation are obtained from the
same hatchery that produces fish for a stock



restoration program, meaning that escapes,
though costly for the farmer, could be viewed
as adding more fish to the restoration effort.
As the industry expands, however, brood-
stock management may become more of an
issue. The pressure to produce more finger-
lings may require substantial harvest of wild
fish for broodstock, and there may be eco-
nomic pressure to reduce turnover of brood-
stock in the hatcheries to improve volume
and efficiency of fingerling production. 



Shellfish Aquaculture in Alaska



Although Alaska has banned the farming
of finfish in its coastal waters, shellfish farm-
ing has developed into a significant industry
with stringent regulations designed to protect
the environment and wild fishery resources.
Regulations in Alaska limit the shellfish
aquaculture industry to the use of native
species, such as mussels, scallops, and clams,
and the seed stock must be captured from
wild populations (RaLonde 1993). The one
exception to this rule is that the culture of
Pacific oysters, a nonnative species, is allowed
as long as the young oysters are obtained
from a certified disease-free hatchery.
Although allowing the culture of Pacific 
oysters means that a nonnative species has
been introduced to Alaskan waters, the risk
of colonization and impacts on native species
is very low. Alaskan waters, though ideal for
growing Pacific oysters, are too cold for the
species to successfully reproduce. In addition
to the restrictions on nonnative species, 
there are other controls in place in Alaska to
prevent interactions between farmed and
wild organisms. One of these, the shellfish
transport permit, is required for individuals
wishing to transport or hold shellfish. Permit
review, completed by the Alaska Department
of Fish and Game, must assure that “the
shellfish are disease free, not genetically
harmful to the existing wild populations of
the same species, and that the intensity of
culture will not significantly effect biodiversi-
ty of the marine life in the area” (RaLonde
1993). 
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Salmon Farming in Maine



The decline of Atlantic salmon popula-
tions in coastal Maine, which culminated in
2000 with the listing of Atlantic salmon in
Maine as an endangered species, has raised
concerns about the farming of the species in
coastal net pens (NRC 2004). Atlantic
salmon farming began in Maine in the 1980s
and despite the efforts of producers to limit
the number of escapes, unintentional releases
are known to occur, sometimes resulting in
greater numbers of farm-origin fish than
wild fish migrating up rivers to spawn
(Baum 2001). Given the status of the wild
Atlantic salmon populations, it was especially
worrisome to managers and geneticists that
farms were using nonnative (European)
strains of Atlantic salmon. This posed a 
serious risk to the health of the native
Atlantic salmon populations. 



Significant changes have occurred in the
regulation of Maine’s salmon farms in the
past few years. First, a U.S. District Court
ruling in 2003 banned the use of European
strain salmon and forced the industry to
switch to North American strains (Firestone
and Barber 2003). In addition to the court
ruling, the adoption of a Pollutant Discharge
Elimination System General Permit for
Atlantic Salmon Aquaculture (general per-
mit) has changed the way the industry is
managed in terms of genetic strains that 
are allowed to be used and practices that
must be employed. As a result, it has likely
reduced the genetic risks associated with the
escape of salmon from farms. The general
permit prohibits the use of non-North
American strain Atlantic salmon in farms,
requires the marking of fish so they can be
identified to the farm from which they
escaped, and requires farms to take measures
to prevent the accidental or consequential
escape of fish to open water. The new gener-
al permit also bans the farming of genetically
modified salmon. 



Discussion and Conclusions 



The introduction of nonnative species is 
a global problem with potentially severe,
though often unpredictable, ecological
impacts. Along with other industries, such 
as shipping and the aquarium trade, marine
aquaculture has been an important route for
the introduction of nonnative species and
genetic strains. The environmental impacts
associated with escapes can vary with the
type of aquaculture system used, the species
farmed, the scale and intensity of the opera-
tion, and the management practices
employed. These impacts are generally 
classified as ecological interactions and genet-
ic interactions. Ecological interactions, such
as competition for food and habitat and 
predation on native wild species, can result
in declines in wild populations of aquatic
animals, especially those already affected by a
variety of other disturbances, such as fishing
and habitat alteration. Genetic interactions
occur when farm-raised aquatic organisms
escape and interbreed with the same species
or closely related species in the wild. Many
species used in aquaculture have undergone
some domestication and selection for traits
that are preferred in the farm setting. In
some cases nonlocal genetic strains are used
on farms, meaning that farmed organisms
differ genetically from local wild organisms
of the same species. These traits, while desir-
able in the farm setting, can be harmful to
the wild population and when farmed 
organisms escape and interbreed with wild
populations it may reduce the ability of the
wild population to survive and adapt. It is
clear that with the expected growth of
marine aquaculture in the future, steps must
be taken to prevent introduction of invasive
species and to prevent damage to the
health—ecological and genetic—of wild
populations of marine organisms.
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Summary of Recommendations



• Limit marine aquaculture to native species
of the local wild genotype unless it can be
demonstrated that the risk of harm to the
marine environment from culturing other
species is negligible. 



• Culture native species in a manner that
ensures escapes will not harm the genetics
of local wild populations. 



• Use siting criteria and require management
measures to minimize risks to marine
ecosystems from escapes of aquatic animals
or release of viable gametes from aquacul-
ture facilities.



• Support and coordinate research to 
reduce the risk of harm to the marine 
environment from escapes from marine
aquaculture.
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Detailed Recommendations



8. Permits for marine aquaculture should be limited to native species of the genotype
native to the geographic region, unless NOAA or the lead state permitting agency
determines that scientific information and analysis demonstrates that the risk of
harm to the marine environment from the permitted activity is negligible.7 Since
escapes from marine aquaculture are inevitable, marine culture of a nonnative species
must be considered an intentional introduction. Animals that are capable of flourishing
in culture in situ already possess significant characteristics, such as temperature and
water chemistry tolerance, contributing to survival in the wild. Despite the problems
caused by invasive species, we still have little capability to predict whether a given non-
native species will become invasive if introduced into a new marine environment. 



8.1. Federal enabling legislation for marine aquaculture should prohibit NOAA
from issuing a permit for aquaculture in federal waters of a species not native
to a geographic region and not previously cultured in the proposed region
unless: 



• The agency conducts a public hearing on the permit; and



• The agency determines that scientific information and analysis demonstrate
that the risk of harm to the marine environment from such culture is 
negligible.



8.2. NOAA should, in coordination with the states, develop and apply a risk
assessment protocol to determine the potential for harm to marine ecosys-
tems from the culture of nonnative species. In developing such a protocol, the
ICES Code of Practice on the Introductions and Transfers of Marine Organisms 2004
is a useful point of departure.



8.3. In addition to requirements specified in the recommendations on gover-
nance, risk assessments for marine aquaculture of nonnative species and
genetic strains should include consideration of risks to marine ecosystems
from:



• Establishment of feral populations;



• Competition with other species for space, prey, and other resources;



• Hybridization and loss of genetic diversity; and 



• Pathogen and parasite transmission. 



8.4. The spawning, incubation or culture of genetically modified organisms
(GMOs) should be prohibited in net pens, cages or any other systems open
to marine waters of the United States unless the permitting agency: 



• Conducts a public hearing on the proposed activity; and 



• Determines that scientific information and analysis demonstrates that the
risk of harm to marine fish and wildlife from the proposed activity is 
negligible.
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9. Culture native species in a manner that ensures that escapes will not significantly
alter the genetic profile of local wild stocks. The culture of the local wild genotype
(not more than two generations removed from the wild) of native species is preferable
from an environmental standpoint to the culture of nonlocal and nonwild genotypes
and nonnative species. When culturing the local wild genotype of species within their
native range, steps should be taken to ensure that the genetic profile of farmed stocks
does not diverge from that of local wild stocks. 



9.1. The marine aquaculture permittee should, as a condition of the permit, be
required to provide access to farmed stocks by the responsible government
agencies as needed to monitor the genetic profile of the farmed stock.



9.2. Hatcheries producing juveniles for aquaculture should be required to replen-
ish broodstock frequently from the wild. This should be done consistent with 
management and restoration plans for the wild stock.



10. Create a management framework to evaluate and minimize risks to marine life and
ecosystems from escapes of mobile aquatic animals and the release of viable
gametes from marine aquaculture facilities into marine waters. Escapes of farmed
species or the release of their gametes may expose marine wildlife and ecosystems to col-
onization by invasive species, introgression of genes not found in local wild populations,
and disease. In addition, escape of farmed aquatic animals can potentially harm the
long-term economic viability of commercial marine aquaculture operations. However,
escapes cannot realistically be eliminated if net pen or sea cage systems are used.
Therefore, the goal of escapes policy should be to eliminate or minimize the risk of 
harm to marine ecosystems. 



10.1.For marine waters under their respective jurisdictions, clear responsibility
and authority should be vested in NOAA and one state agency (for each state
having jurisdiction over marine waters) to require aquaculture facilities to
control escapes and to eliminate or minimize the risk from escapes. Both
native and nonnative species may pose risks to marine wildlife and ecosystems
when they escape from culture. Risks should be evaluated based on ecosystem and
site characteristics, culture methods used, and the species to be raised. To be effec-
tive, control methods, including management practices and control technologies,
should be designed based on these specific risks. NOAA and the lead state aqua-
culture permitting agencies should have clear authority to require these practices
and technologies and a mandate to use this authority to protect marine ecosys-
tems. 



10.2.Consistent with risk assessment guidelines called for in the governance rec-
ommendations, NOAA or the lead state permitting agency should be required
to ensure that the risks posed by escapes are evaluated before it issues site 
and operating permits. Risks that should be assessed include: the viability of the
cultured organism in the surrounding ecosystem, such as its ability to colonize
habitat, establish a feral population, and compete with wild stocks; the likelihood
of transmission of disease or parasites to wild stocks; and, through hybridization
with wild individuals, the reduction in fitness of wild populations. These risks
should be evaluated in cooperation with other federal and state agencies with
management responsibility for fish and wildlife. 
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• Risk assessments may be streamlined or waived for facilities that will contain
only populations of native species of the genotype native to the geographic
region that are not more than two generations removed from the wild.



• Risk assessments should not be waived if the species proposed to be cultured is
endangered or threatened in the geographic region where culture will occur.



10.3.In consultation with other federal and state agencies, the aquaculture 
industry, scientists, engineers, and the public, NOAA or the lead state 
permitting agency, for their respective jurisdictions, should develop siting 
criteria and guidelines for best management practices (BMPs) to minimize
the number and frequency of escapes and the ecological risks resulting from
any escapes that occur. 



• Siting criteria might include separating farms from habitat suitable for coloniza-
tion to reduce the likelihood of colonization, excluding farms from marine 
protected areas and sensitive habitats, excluding areas critical to the survival of
species of management concern, particularly threatened or endangered species,
and locating facilities likely to discharge mature gametes of cultured organisms
so that genetic and ecological risks to native species are negligible. 



• BMPs for finfish might require use of predator-resistant cage materials, stocking
of sterile fish or single sex stocks, and accurate methods for counting fish
stocked in and harvested from net pens.



• BMPs for shellfish might require the use of sterile animals.



10.4.NOAA and the lead state permitting agency should be required to ensure
implementation of measures at the farm level to eliminate or minimize risks
associated with escapes. Such measures should be required as a condition of
site and/or operating permits and be consistent with the level of risk. Some
or all of these measures may be waived by the lead permitting agency if the
facility in question will contain, as a condition of its operating permit, only
populations of species of the wild genotype native to the region that are not
more than two generations removed from the wild. At a minimum, NOAA or
the lead state permitting agency should be required to take the following precau-
tions to eliminate or reduce risks associated with escapes:



• Require farms culturing finfish or other mobile aquatic animals to include, in
operating plans required for operating permits, measures to prevent, reduce 
and mitigate the impact of escapes. Such measures may include BMPs to be 
followed, containment technologies to be deployed and contingency plans to 
mitigate harm from escapes. 



• In issuing operating permits for marine aquaculture facilities, make use of siting
criteria whenever possible to eliminate or reduce the likelihood and ecological
impact of escapes. 



• Require monitoring for and reporting of escapes so that the permitting agency
can verify compliance with the operating plan. 
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• Specify meaningful penalties for violation of permit conditions, including the
possibility of permit revocation, and provide for liability for ecological and eco-
nomic damage resulting from escapes using natural resource damage assessment
methodologies where appropriate. 



• Require farms containing finfish or other mobile aquatic animals to take mea-
sures so that animals from a farm can be identified should they escape.



• Such measures may include marking or tagging, and should, at a minimum,
include collection and retention of genetic material sufficient for identifica-
tion to the farm level of escapes. Collection and retention of genetic material
is not necessary if the farmed fish have been demonstrated, to the satisfaction
of NOAA or the lead state permitting agency, to be genetically indistinguish-
able from local wild stocks. 



11. Provide federal leadership in supporting and coordinating research to reduce the
risk of harm to marine ecosystems from escapes. Research on the genetics of wild
populations of species under development for aquaculture is essential to understanding
the risks from hybridization between wild and farmed populations. If escapes cannot
survive or reproduce in the wild, they pose far less of a threat to marine ecosystems.
Advancing such traits is desirable from the standpoint of environmental protection, but
it may be difficult to determine at what point the “domesticated” varieties no longer
pose substantial risk. In the interim, they should subject to all measures necessary to
mitigate escapes.



11.1.NOAA should coordinate and support research on: 



• The genetic structure of wild populations under consideration for 
aquaculture; 



• Genetic, behavioral, and reproductive traits (e.g. triploidy) that would
reduce the risk to marine ecosystems from escapes; and 



• Identification of gaps in knowledge of and information on the factors
affecting the likelihood of colonization by an introduced species. 
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C H A P T E R  5



Aquaculture Disease Interactions 
with the Ecosystem



Introduction



Farmers have long been concerned about
the spread of disease, parasites, and pests
among farm animals and from wild animals
to livestock. Only recently, however, has
attention been paid to the role that farm 
animals play in the introduction and spread
of diseases to wildlife. Scientists have increas-
ingly found evidence of disease “spillover”
from agriculture into the ecosystem and the
associated impacts on wild organisms (Power
and Mitchell 2004). Several important 
examples have been found that highlight 
the role of terrestrial agriculture practices in
the introduction of new diseases or the
amplification of existing diseases and their
transmission and retransmission to wild
organisms, including some threatened and
endangered species. 



Marine aquaculture, as a relative newcom-
er to the world of agriculture has not been
studied as extensively in terms of its role in
disease spread, but one would expect that the
same mechanisms for disease amplification
and transmission exist, especially given the
open nature of many aquaculture systems.
Disease has been a problem with some forms
of freshwater aquaculture. For example
whirling disease has spread from fish culture
operations and stocking efforts to popula-
tions of trout throughout North America
(Nickum 1999). There are indications of dis-
ease transfer problems in marine aquaculture,
including diseases of shrimp, oysters, and
most recently evidence that salmon farms can
act as reservoirs for parasitic sea lice, which
can infect wild fish that migrate past farms. 



In a recent study of the increase in diseases
in ocean organisms, Harvell et al. (2004)
suggest that aquaculture is likely a source of



new pathogens entering wild populations in
the ocean. Assessing the role of aquaculture
and other modes of introduction of
pathogens in the ocean is difficult, however,
because of the paucity of information on the
presence and distribution of pathogens in
aquatic ecosystems. For example, very little 
is known about the distribution and role of
pathogens in wild populations of fish (Blazer
and LaPatra 2002). In contrast to aquacul-
ture systems, where diseased fish are easily
observed and diagnosed, sick fish in the wild
are rarely observed. Additionally, since so 
little is known about diseases in wild popula-
tions it is often difficult to determine
whether diseases have been introduced, by
aquaculture or other means, to wild popula-
tions of organisms. 



The transmission of disease between wild
animals and farm animals is unequivocally
known. Although it is a more recent phe-
nomenon, the transfer of disease between
wild aquatic organisms and farmed aquatic
organisms is also known. While there has
been little research into the mechanisms of
transfer, the severity of impacts, or even the
nature and prevalence of pathogens in the
marine environment, there are several exam-
ples of transmission of pathogens from
farmed aquatic organisms to marine wildlife.
As marine aquaculture expands in terms of
both volume and location, a risk-averse
approach is to implement management and
regulatory strategies to avoid problems before
they become crises. These preventative 
measures are more effective in the long term
in protecting the environment and the 
economic interests of the industry. 
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Ecological Risks from Aquaculture
Diseases



According to Blazer and LaPatra (2002),
“intensive fish culture, particularly of 
nonnative species, can and has been involved
in the introduction and/or amplification of
pathogens and disease in wild populations.”
The environmental effects associated with
disease interactions between farmed and wild
aquatic organisms can vary with the type of
aquaculture system used, the species farmed,
the scale and intensity of the operation, 
and the management practices employed.
Generally, three types of disease interaction
have been identified (Blazer and LaPatra
2002). These include: 



• Introduction of novel pathogens to an 
area through the importation of exotic
organisms for culture; 



• Transfer of pathogens between areas
through the movement of cultured aquatic
organisms; and 



• Amplification of pathogens that already
exist in an area and their transmission from
cultured to wild populations. 



Disease and Parasite Interactions between
Aquaculture and Wild Organisms



Over the past several years, the role of
commercial salmon farms in transferring 
parasitic sea lice to wild salmon has become
a research focus in both North America and
Europe. A recent study (Krkosek et al. 2005)
examined the impact of a single salmon farm
along the migratory route of wild salmon in
British Columbia and assessed the extent of
parasite transfer between the farm and wild
fish. The study examined sea lice infestations
on wild juvenile salmon as they migrated
past a salmon farm and mathematical models
were used to estimate infection pressure on
wild salmon from parasites emitted from the
farm. Based on the model calculations, the
authors concluded that the infection pressure
near the farm was approximately 70 times
greater than natural background levels.



Additionally, as the salmon continued mov-
ing downstream, the infection levels exceeded
background levels for 30 km past the farm
along the migration route. Other researchers
have found correlations between levels of sea
lice in wild populations of fish and proximity
to salmon farms in both the Atlantic and
Pacific oceans (Penston et al. 2004; Butler
2002; Morton et al. 2004). 



The introduction or transfer of disease has
also occurred in shellfish aquaculture. There
is evidence that disease introduction from
bivalve mollusk transfers has been a problem
in the past, though there are few recent
reports, possibly because of improved man-
agement practices. Farley (1992) provides an
overview of bivalve mollusk disease introduc-
tions resulting from geographic transfers, and
concludes that diseases can and have been
introduced by geographic transfer of mol-
lusks, mostly oysters, resulting in mass mor-
talities in wild populations. For example, the
parasite that causes the oyster disease MSX
was inadvertently introduced to the East
Coast of the United States from Asia through
small-scale introductions of the Pacific oyster
(NRC 2004b). The parasite, which is lethal
to the native Eastern oyster and is now wide-
spread along the entire East Coast, began
causing mortalities in oysters in the Delaware
and Chesapeake bays in the 1950s. The
introduced parasite contributed to severe
declines in populations of native oysters, with
devastating impacts on the oyster industry. 



Cohen (2002) reviewed the introduction
by the abalone aquaculture industry of a
nonnative parasitic worm to the coast of
California in the early 1980s. The worm was
accidentally introduced with imported South
African abalone and quickly spread to and
harmed native populations of abalone by
weakening and deforming their shells, leav-
ing them vulnerable to predation and leading
to reduced growth and reproductive rates.
After several years of monitoring and careful
management, scientists are hopeful that the
parasite has been eradicated. 
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Sea lice attached to 
a pink salmon. 
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Shrimp aquaculture has had many prob-
lems with diseases, which spread from one
shrimp farming area to the next as the indus-
try developed. The diseases have been devas-
tating to the farmed shrimp stocks and at
times have severely affected the industry in
various parts of the world. Little is known,
however, about the effect of these diseases on
wild populations of shrimp in areas where
they may have been introduced. 



The feeds provided to some farmed fish
have been implicated as another possible
route of disease introduction. A study by
Gaughan (2002) suggests that aquaculture
may be responsible for a disease outbreak
among sardines in waters off Australia in the
late 1990s. The disease outbreaks in wild 
sardines occurred in the area of tuna feedlots,
which used imported sardines as feed for the
tuna. The imported fish are believed to have
been the source of the exotic pathogen that
rapidly spread through the population of
wild sardines causing mass mortalities. The
study extends concerns about the transloca-
tion of aquatic organisms to those used as
unprocessed food products, and the biosecu-
rity of aquaculture facilities, especially open
systems such as cages and net pens.



Aquaculture Disease and Animal
Health Management



Problems with diseases cause significant
economic losses in aquaculture (Lee 2003).
Diseases caused by viruses, bacteria, and
fungi, as well as parasitic infections are 
common in farmed aquatic organisms and
management measures are of the utmost
importance in keeping them under control.
As with other forms of animal health man-
agement, preventative measures are the most
effective, cost efficient, and long lasting
(Meyer 1991). The following have been 
suggested by Meyer (1991) as important 
preventative measures: preventing the intro-
duction of pathogens, maintenance of good
water quality, avoidance or reduction of envi-



ronmental stressors, adequate nutrition,
immunization, and isolation of cultured 
animals from feral stocks. Isolating cultured
animals from wild populations is only possi-
ble with closed systems. This can not be
accomplished with the use of marine aqua-
culture systems in which water flows freely
between the farm and the surrounding 
environment. Proper siting of these types of
systems, however, may provide a means of
geographically limiting the interactions
between farmed and wild stocks. 



Biosecurity
The tools for the prevention, control, and



eradication of infectious disease and the
preservation of human, animal, and environ-
mental health are referred to as biosecurity
(O’Bryen and Lee 2003, cited in Lee 2003).
Biosecurity is an important part of day-to-
day operations as well as national and
regional planning and regulation. This con-
cept has become common in many sectors 
of the agriculture industry and is gaining
acceptance in aquaculture. A variety of man-
agement strategies are employed to ensure
biosecurity at aquaculture facilities. For
example, finfish farmers generally use strate-
gies such as cleaning and disinfecting, health
inspections to ensure pathogen-free stock,
and immunizations (Lee 2003). While the
primary focus of biosecurity is on prevention
of disease introduction, it is also important
to have plans in place for control and man-
agement of diseases. 



The Pacific Shellfish Institute
(PSI) in 1996 developed a
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health manual for the Pacific coast shellfish
industry which is being implemented by
hatcheries in particular. Most states and for-
eign countries require import permits docu-
menting health status 
of animals crossing their borders. Shellfish
hatchery and nursery facilities that ship
interstate and/or internationally follow PSI
High Health and Office International des
Epizooties (OIE) protocols for routine 
disease screening and reporting.



Aquaculture Drugs
The lack of disease treatments available for



aquaculture has been suggested as a possible
constraint on the industry (Duff et al. 2003;
NRC 1992). Though there is great interest
in increasing the number of available drugs,
currently only a limited number of aquacul-
ture drugs are available for use in the U.S.
Aquaculturists are primarily limited to 10
drugs that are approved by the U.S. Food
and Drug Administration (FDA) for use in
food-producing aquatic species (JSA 2004).
Each of these drugs is approved for specific
species, for specific disease conditions, and 
at specific dosages. The Minor Use Minor
Species Act, enacted in 2004, created new
mechanisms to facilitate the availability of
drugs for “minor species” such as fish. One
drug, the antibiotic florfenicol, has been
approved for use in catfish under this law.
Also available are investigational new animal
drugs, which can be used in studies to collect
efficacy and safety data, as well as other ani-
mal or human drugs that can be prescribed
by a veterinarian for “extra-label” purposes.
Aquaculturists may also use a variety of com-
mon substances, such as ice, salt, and carbon
dioxide, which are considered unapproved
new animal drugs of low regulatory priority.



Meyer (1991) suggested that the use of
drugs or other chemicals to treat diseases in
aquaculture should be considered an emer-
gency or last resort measure. It is clear that
there are environmental risks associated with
the use of drugs in the aquaculture setting,
especially in open systems. For example,



Cabello (2006) provides a review of the
human health, animal health, and environ-
mental problems created by the use of antibi-
otics in aquaculture. According to the review,
the use of large amounts of antibiotics in
aquaculture, often in a prophylactic manner,
“has resulted in the emergence of antibiotic-
resistant bacteria in aquaculture environ-
ments, in the increase of antibiotic resistance
in fish pathogens, in the transfer of these
resistance determinants to bacteria of land
animals and to human pathogens, and in
alterations of the bacterial flora both in sedi-
ments and in the water column” (Cabello
2006). These problems are likely greatest in
developing countries where antibiotic use
often goes unchecked. In addition to antibi-
otics, the drugs used to treat parasites, such
as sea lice, in marine aquaculture can cause
ecological problems when they are released
into the environment. Depending on the
compound, parasite treatments can be added
to food or used as a bath, but in either case
there can be toxic effects on organisms in the
surrounding environment. For a thorough
review of the effects of chemical use in
marine aquaculture see Chapter 6. 



International Guidelines for Aquatic
Animal Health



The Office International des Epizooties
(OIE), also known as the World Animal
Health Organization, was created in 1924 to
promote awareness of disease problems asso-
ciated with international trade in live animals
and assist in their control and prevention.
The OIE recommends processes and proce-
dures by which animal health is managed
and coordinated throughout the world. This
includes the OIE Aquatic Animal Health
Code, which provides recommendations to
member countries, including the U.S., for
measures to control the introduction and
proliferation of aquatic animal diseases.
Member countries agree to abide by the
international standards established by the
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OIE to reduce the risks of spreading aquatic
animal diseases through trade. These mea-
sures include:



• Assessment of the health of aquatic animals
in a production site, based upon inspec-
tions and standardized sampling procedures
followed by laboratory examinations con-
ducted in accordance with OIE guidelines; 



• Restocking of open waters and farming
facilities with animals of a health status
equal to or greater than those in the area
concerned; 



• Eradication of diseases of socio-economic
importance whenever possible; and



• Notification by every member country of
additional national requirements, in addi-
tion to those provided by the Aquatic
Code, for the importation of aquatic 
animals and aquatic animal products 
(OIE 2001).



National Aquatic Animal Health
Plan



The National Aquaculture Development
Plan created by the Joint Subcommittee on
Aquaculture (JSA) identified several chal-
lenges related to aquatic animal health. The
plan identified the need to protect the health
of farmed and wild aquatic animals from 
the introduction of foreign animal diseases,
reduce the proliferation and impact of 
diseases already existing in the U.S., and be
proactive in developing and implementing
programs of preventative medicine.
Recognizing these needs and the fact that
there is no coordinated management plan 
for federal waters, the JSA commissioned a
national task force to develop a health plan
for aquatic animals. Some coastal states do
have aquatic animal health programs in place
for state regulated waters, but a national 
plan could coordinate them in addition to
providing protection for federal waters. 



The National Aquatic Animal Health Task
Force (NAAHTF) first met in 2001 and is
led by the three federal agencies with prima-



ry responsibility for aquatic animal health:
the Department of Agriculture, the
Department of Commerce, and the
Department of the Interior. The mission of
the NAAHTF is to develop and implement 
a national aquatic animal health plan
(NAAHP) for aquaculture in partnership
and in cooperation with industry; regional
organizations; state, local, and tribal govern-
ments; and other stakeholders. The goals of
the NAAHP are to:



• Facilitate the legal movement of all aquatic
animals, their eggs, and products in inter-
state and international commerce;



• Protect the health, and thereby improve the
quality and productivity of, farmed and
wild aquatic animals;



• Ensure the availability of diagnostic,
inspection, and certification services; and



• Minimize the impacts of diseases when
they occur in farmed or wild aquatic 
animals.



It is expected that the NAAHP will be
completed by June 2007. Anticipated recom-
mendations center on import protocols,
indemnity, and control/management pro-
grams. The NAAHP, however, is a guidance
document and any programs and regulations
that are recommended must go through the
federal rulemaking process before being
implemented.



Effect of Marine Aquaculture
Disease and Parasites on Wild
Populations: Status and Progress.



As with any intensive animal husbandry,
disease outbreaks in aquaculture are a con-
stant threat that can affect the economic 
viability of the industry and create potential
risks in the surrounding environment. The
use of open systems in marine aquaculture,
in which farmed organisms are in close 
contact with wild organisms, creates paths
for disease transmission from farms to wild
organisms and vice versa. It is unlikely that
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these risks will ever be completely eliminat-
ed. Proper management and technological
innovations, however, may decrease the level
of risk. The following examples illustrate our
current level of understanding of these phe-
nomena and where progress has been made
in addressing them.



State Disease Management Programs 
As previously noted, a National Aquatic



Animal Health Plan is being developed to
manage aquaculture diseases and risks posed
to wild aquatic organisms through aquacul-
ture diseases. This plan could be especially
important in developing policies and regula-
tions if aquaculture operations move to 
federal waters and also in coordinating plans
already in place for managing these problems
in state waters. All states along the Atlantic
coast, for example, have in place shellfish 
disease management policies, which are
intended to reduce the risk of importing 
diseases and prevent the spread of diseases to
cultured and wild shellfish (Anderson 2002).
At present, however, there is a lack of coordi-
nation of these policies among states. 



In the state of Maine, the outbreak of
infectious salmon anemia (ISA) in 2001 in
salmon farms that were in close proximity to
endangered populations of Atlantic salmon
created the risk of transferring this conta-
gious and often fatal disease to the wild fish
(NMFS 2005). As a precaution, the Maine
Department of Marine Resources (DMR)
implemented new fish health regulations.
The new regulations included: mandatory
surveillance and reporting of tests for ISA at
salmon culture facilities; remedial actions 
for sites with confirmed ISA presence;
restrictions on movements of vessels and
equipment; husbandry standards, such as a
prohibition on the mixing of different year-
class stocks and minimum fallowing periods
between production cycles; as well as regular
third party biosecurity audits (NMFS 2005).
Despite these improved measures, ISA virus
was detected at salmon farms in Maine in
2003 and 2004. Thus far ISA has not been
detected in wild salmon in the U.S.



Aquatic Animal Vaccines 
Vaccines, though certainly not a substitute



for management practices and biosecurity
protocols at aquaculture facilities, offer a 
way for the aquaculture industry to prevent
disease in aquatic animals without the use 
of chemicals that ultimately end up in the
marine environment. Vaccines show the most
promise for finfish—as opposed to crus-
taceans or mollusks—and are used to provide
long-term protection against specific
pathogens. A limited number are currently
available for aquatic species (JSA 2004), but
research and development are proceeding on
additional vaccines (Haskell et al. 2004) and
on more effective methods to administer
them. In addition to their role in preventing
disease outbreaks at farms, and therefore the
potential spread of diseases, the use of vac-
cines in aquaculture could lead to reduced
use of therapeutic chemicals. For example,
the salmon farming industry in Norway has
greatly decreased its use of antibiotics, from 
a high of nearly 50 metric tons in 1987 to
current levels of less than one metric ton per
year (Norwegian Directorate of Fisheries
2001). Much of this improvement has been
attributed to the increased availability and
use of vaccines combined with better hus-
bandry practices.



Integrated Pest Management 
Historically, strategies to deal with sea lice



on salmon farms involved treatment with
chemicals when infections became a prob-
lem. In recent years, the industry has begun
testing other techniques, including integrated
pest management, which involves preventa-
tive management strategies, monitoring, and
treatment when necessary. 



While the preventative strategies may 
vary based on species, location, and other
variables, there are several that appear to be
especially effective in salmon aquaculture 
and may provide a useful model for other
segments of the industry. For example, it is
important to site facilities in areas where
oceanographic conditions make infections
less likely as well as avoiding areas, such as 
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at the mouths of salmon spawning rivers or
along migratory routes of salmon, where
transmission to and from wild salmon is 
likely. Other important strategies include:
year-class separation, in which new fish are
not added to a facility holding older fish
because diseases or parasites could be passed
on from one generation to the next; fallow-
ing, in which facilities are left empty for sev-
eral weeks to months in order to break the
life cycle of pathogens or parasites; and other
management strategies, such as maintenance
of proper fish densities (Health Canada
2003). Integrated pest management, with its
increased reliance on preventative measures
and decreased dependence on chemical treat-
ments, may provide a more economically
and environmentally sustainable way of 
controlling diseases in marine aquaculture.



Probiotics
Propbiotics refers to the use of microor-



ganisms in a positive way to benefit health.
Probiotics have been used in fish farming to
prevent bacteria that cause disease from
attacking stocks. The Pacific Shellfish
Institute has supported research investigating
the use of probiotics to increase the efficien-
cy and production of seed shellfish (oysters,
clams, and other bivalves) in U.S. hatcheries
by preventing bacterial diseases. Disease pre-
vention is accomplished by the replacement
of disease-causing bacteria by safe and bene-
ficial (priobiotic) bacteria.



Discussion and Conclusions



Although there currently is very little
information regarding the distribution of
pathogens and parasites in wild populations
of marine fish, there are significant risks to
wild populations of fish through the intro-
duction and amplification of diseases from
aquaculture. Based on the experience in
aquaculture and agriculture to date, diseases
can and have been introduced to new areas
by farming activities and in some cases these



diseases have had dramatic impacts on wild
populations. The “spillover” effect of aqua-
culture diseases, in which farms can amplify
a disease and spread it to the surrounding
environment, has recently been identified as
a threat to wild populations of aquatic
organisms. Additionally, wild populations
may act as reservoirs for disease and 
continuously reinfect farm stocks, creating a
dangerous cycle where the ecosystem and
aquaculture stocks, and consequently the
economic viability of farms, are put at risk. 



As the marine aquaculture industry
expands in volume and location, it is reason-
able to assume that there will be disease
interactions with the ecosystem. A risk-
adverse approach is to implement manage-
ment and regulatory strategies to avoid prob-
lems before they become crises. Experience
indicates that preventative measures are more
effective in the long term in protecting the
environment and the industry. Careful 
management and monitoring are needed to
address disease interactions between aquacul-
ture and the ecosystem. Additional research
is needed to better understand the nature
and pathways of disease transmission in the
marine environment and to better assess the
risks to marine ecosystems from pathogens
mediated by aquaculture. 



Summary of Recommendations



• Establish and maintain a database on dis-
ease and parasite distribution in marine
waters to inform permitting decisions.



• Use siting whenever possible to eliminate
or reduce the likelihood and ecological
impact of diseases and parasites.



• Establish management practices for the
prevention and treatment of diseases in
farmed aquatic organisms to minimize
impacts on the marine ecosystem.



• Support research and development of
aquatic animal husbandry and disease man-
agement strategies that will reduce the risk
of harm to marine ecosystems. 
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Detailed Recommendations



12. Establish and maintain a database on diseases and parasites in marine waters.
Baseline information should be collected to identify pathogens and parasites that infect
the species to be cultivated in areas that are targeted for aquaculture production. The
Fish and Wildlife Service conducts a National Wild Fish Health Survey to collect infor-
mation on the distribution of pathogens and parasites in freshwater and—to a lesser
extent—estuaries, but little focus has been placed on marine waters. 



12.1. The National Wild Fish Health Survey should be expanded (or a similar program
established) to develop diagnostics and proactively identify the presence and 
distribution of pathogens in areas and species targeted for marine aquaculture.



12.2. NOAA or the lead state permitting agency should use information from the 
database to inform permitting decisions, especially in regards to species and site
selection.



13. Use siting whenever possible to eliminate or reduce the likelihood and ecological
impact of diseases and parasites.



13.1.NOAA or the lead state permitting agency should develop siting criteria to
eliminate or reduce the likelihood and ecological impact of diseases and 
parasites. Criteria should include:



• Avoiding areas with dense populations or seasonal aggregations of wild fish or
other marine wildlife that may be susceptible to diseases or parasites that may be
found in aquaculture facilities. For example, farms sited along migratory paths
of wild fish populations may make the wild populations vulnerable to diseases or
parasites transferred from the farm or vice versa.



• Avoiding habitat for endangered or threatened species that may be vulnerable to
diseases or parasites that may be found in aquaculture facilities.



14. Establish management practices for diseases and parasites that minimize the 
occurrence of outbreaks and that minimize the use of drugs. NOAA, in coordina-
tion with USDA APHIS and other federal and state agencies should develop guidelines
for the prevention and treatment of diseases in farmed aquatic organisms to minimize
impacts on the marine ecosystem. The National Aquatic Animal Health Plan, which
was commissioned by the Joint Subcommittee on Aquaculture and is expected to be
completed in 2007, may provide useful guidance to agencies in formulating regulations
in this regard. 



14.1. Guidelines, which will vary based on species, production system, site variables,
and the disease, parasite, or pest of concern, should include:



• Measures to be taken to minimize the risk of disease outbreaks on farms, 
including husbandry practices, stocking density, water quality, and other living
conditions. 



• Measures to ensure biosecurity and prevent the spread of diseases, parasites, and
pests between neighboring farms or between stocks or year classes on the same
farm. Measures to achieve this might include stocking farms with certified 
disease-free animals and the use of single year class stocks.
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• Restrictions on the use of products or materials from outside the geographic
region of the farm that may carry diseases, parasites, or pests.



• The use of unprocessed feeds (including raw fish or fish parts, either fresh or
frozen) obtained from outside the geographic area of the farm should be pro-
hibited. 



• Measures for the safe and efficient use of drugs, vaccines, and other products
used to prevent and treat disease and parasites, including—



• In cases where vaccines have been developed, they should be used to main-
tain fish health and prevent outbreaks of disease.



• When needed to treat disease, drugs should be used under the supervision of
a veterinarian. Drugs should not be used in the absence of a clinical sign of
disease. 



• The impacts of drugs on the marine ecosystem should be evaluated before
their use and drugs with the least impacts selected. 



• Extra-label use of drugs for aquatic animals in net pens or similar structures
should be prohibited, unless the drug was specifically approved for use in
fish grown in a similar ocean environment.



14.2. Compliance with the guidelines should be a condition of any permit issued.
Eligibility for government assistance, including indemnification, should be 
contingent on adherence to the guidelines. 



15. Support research and development of aquatic animal husbandry and disease 
management strategies that will reduce the risk of harm to marine ecosystems. 



15.1.NOAA should coordinate and support research on:



• Vaccines and diagnostics,



• Disease prevention measures, and



• Biosecurity protocols.
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Water Pollution



Introduction



The dramatic expansion of salmon and
shrimp farming in recent decades has height-
ened concerns about pollution from marine
aquaculture. As with any concentrated ani-
mal rearing operations, aquaculture facilities
produce a variety of wastes that are potential-
ly harmful to the environment. Unlike 
terrestrial livestock operations, however,
marine aquaculture facilities discharge their
untreated wastes directly into coastal and
ocean waters. In the United States, aquacul-
ture discharges are currently small compared
to other sources of water pollution, but little
is known about the assimilative capacity of
the marine environment for these pollutants.
Additionally, marine aquaculture operations
tend to cluster geographically, raising the
potential for cumulative impacts. Wastes
from marine aquaculture generally include
dissolved (inorganic) nutrients, particulate
(organic) wastes (feces, uneaten food and
animal carcasses), and chemicals. 



The extent to which the environment is
affected by pollution from aquaculture
depends on a variety of factors, including the
species being cultured, the culture method
and practices, and oceanographic characteris-
tics of the culture site. The farming of finfish
in cages or net pens, for example, requires
large inputs of food and can result in the 
discharge of substantial amounts of wastes.
Farming of filter-feeding mollusks, on the
other hand, in which no feed is added to the
system, promotes the recycling of nutrients
within the coastal ecosystem. 



Numerous studies and reports (NRC
2000, Howarth et al. 2000, Boesch et al.



2001, U.S. Commission on Ocean Policy
2004) have documented the harmful effects
of nutrient pollution in estuarine and coastal
waters. Aquaculture discharges of inorganic
nutrients are currently small relative to other
waste loads, such as terrestrial agriculture 
and sanitary sewerage, but because marine
aquaculture wastes are discharged untreated
into coastal and ocean waters, they can be
significant contributors of nutrients in 
relatively pristine or poorly flushed sites. 
The effect of organic enrichment of the 
sediments beneath net pens and sea cages 
has been extensively documented, although
these effects also appear currently to be local
and temporary.



If U.S. marine aquaculture expands 
dramatically, as called for by the Department
of Commerce and others, pollution from a
greatly expanded industry could have signifi-
cant effects locally and regionally. On the
other hand, increased culture of filter-feeding
mollusks—for commercial purposes and for
wild stock restoration programs—has been
proposed as a way to mitigate the harmful
effects of eutrophication (NRC 2004). 



Although net pen or sea cage aquaculture
facilities are point sources of pollution that
are relatively easy to monitor, there is a wide
variety of interpretations regarding the severi-
ty of environmental impacts, both locally
and regionally. One perspective is that the
effects of the aquaculture industry, even if
greatly expanded, would be small, especially
when one considers that aquaculture wastes
make up a small fraction of the pollutants
entering coastal waters. Others have argued
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that on a local scale, pollution from aquacul-
ture can be significant and does in fact pose
a serious threat to marine ecosystems. 



Considering that clean marine waters are 
a prerequisite for economic success for the
aquaculture industry and are highly valued
by the public, it is in the interest of the
industry as well as society at large to mini-
mize pollution from aquaculture facilities. 
If the U.S. industry expands considerably,
the choices made regarding the species and
methods of culture, as well as the location
and concentration of facilities, will determine
whether pollution effects from marine 
aquaculture will be substantial or minor.
Below we examine studies on pollution from
marine aquaculture and its effects on the
marine environment. Through this review, 
as well as through the Task Force’s extensive
discussion with marine scientists, aquacultur-
ists, government regulators, and interested
members of the public, we attempt to reach
some conclusions regarding the nature and
severity of such pollution, and the best
approaches to control it.



Waste Discharges and their Effects
on the Marine Environment



A number of reports have attempted to
quantify the nutrient outputs from marine
fish farming. Unfortunately the various
reports do not use a common measure. Some
authors estimate discharges per ton of fish
produced, others estimate discharges per day
at various size farms, and others attempt to
compare discharges from fish farms to
human waste equivalents. Where possible,
these figures have been converted to kg
nutrient per ton of fish produced and are
summarized in Table 6-1. 



An early review by Folke et al. (1994)
examined the issue of eutrophication from
salmon farming in Nordic countries and
concluded that salmon farms produced 
and released large amounts of nitrogen and
phosphorus. Using estimates current at that



time of nutrient discharge of 78 kg of 
nitrogen and 9.5 kg of phosphorus per 
metric ton of fish produced (Ackefors and
Enell 1994), it was estimated that a salmon
farm producing 100 tons of salmon in 
cages releases the equivalent nitrogen and
phosphorus of a settlement of 1,950 and 
850 people, respectively. Folke et al. (1994)
concluded that if the human equivalent 
discharges of nitrogen and phosphorus are
extrapolated to account for the entire salmon
farming industry in the Scandinavia, then a
substantial amount of nutrients are released,
possibly as much as large cities or even small
countries.



Using calculations based on production
figures, feed inputs, and feed conversions,
Enell (1995) found that large amounts of
nitrogen (13,750 tons) and phosphorus
(1,200 tons) were discharged from large-scale
salmon farming operations into the Baltic
Sea. Enell (1995) determined that in 1994
about 55 kg of nitrogen and 4.8 kg of phos-
phorus were discharged for every ton of fish
produced, and noted this is considerably less
than per ton discharges in the early days of
the industry. Nonetheless, the total amount
of nutrients discharged increased dramatically
because of a large expansion of the industry.
The author concluded that nutrient loads
from fish farms can have an impact on 
specific areas and should be considered in
environmental assessments. The overall 
pollution load from fish farming compared
to other sources in the region, however, was
deemed insignificant.



In another review, Wu (1995) suggested
that about 85 percent of phosphorus, 80 to
88 percent of carbon, and 52 to 95 percent
of nitrogen input into marine fish farming
systems may be lost to the environment
through feed wastage, fish excretion, feces,
and respiration. Wu (1995) suggested that 
a large amount of the pollution accumulates
in the bottom sediments under farms.
Impacts of wastes on the benthos include
high sediment oxygen demand, anoxic 
sediments, production of toxic gases, and a
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decrease in benthic biodiversity, though 
significant impacts are believed to be limited
to the general vicinity of the farm. Water 
column impacts around farms generally
include decreased oxygen content, increased
biological oxygen demand, and increased
nutrients. The amount of pollution and
wastes and their impact, however, was
dependant on species, farming practices, 
and site variables. For example, Wu reported
extensive water column and benthic effects
from Asian fish farms feeding “trash fish” to
the cultured species. This was likely due to
increased wastage of food and poor feed 
conversion efficiency when using relatively
unprocessed fish as feed.



Hardy (2000) calculated the amount of
wastes produced by a single average salmon
farm and compared it with the dissolved
nutrients in human waste. It was estimated
that a salmon farm producing 200,000 five
kg fish discharges about 396 kg of nitrogen
per day, or the equivalent of about 20,000
people; 40kg of phosphorus per day, or the
equivalent of about 27,000; and 2,500 kg 
of fecal solids, or the equivalent of about
62,500 people. 



Islam (2005) provides a review of the
issues associated with effluent discharge 
from coastal aquaculture facilities in Asia 
and estimates the total discharge into the
environment of nitrogen and phosphorus
from marine aquaculture. Islam (2005) 
concludes that the nutrient impact from fish
farming is a function of feed conversion and
wastage, feed composition, and metabolic
processes in the fish. Based on one set of
model calculations, the author estimates that
for each ton of marine fish produced, about
132.5 kg of nitrogen and 25 kg of phospho-
rus are discharged into coastal waters. Using
another model, the author estimates these
figures could be as high as 462.5 kg of nitro-
gen and 80 kg of phosphorus discharged for
each ton of fish produced. These calculations
are significantly higher than the figures 
produced by Enell (1995). However, Enell
(1995) only considered the highly developed
salmon farming industry, in which there 
has been considerable effort to refine diet
formulations and improve feed conversions.
The calculations by Islam (2005) are very
general in nature and are meant to include
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T a b l e  6 - 1 .  



Estimates of nitrogen
and phosphorus 
(kg per metric ton 
of fish produced)
released from various
types of cage 
aquaculture. 
(Adapted from Islam
2005)



NITROGEN PHOSPHORUS SPECIES CULTURED FEED TYPE SOURCE



78 9.5 ATLANTIC SALMON PELLET ACKEFORS AND ENELL 1994
55 4.8 ATLANTIC SALMON PELLET ENELL 1995
35 7.0 ATLANTIC SALMON PELLET ICES 1996



104 18 GILTHEAD SEABREAM PELLET LUPATSCH AND KISSIL 1998
321 —- AREOLATED GROUPER “TRASH FISH” LEUNG ET AL. 1999



47-71 8-15 RAINBOW TROUT VARIOUS PELLETS BUREAU ET AL. 2003
20-30 6.7 ATLANTIC SALMON PELLET BROOKS AND MAHNKEN



2003
76 8 BARRAMUNDI SNAPPER PELLET DEPT. OF FISHERIES, WESTERN



AUSTRALIA 2003*
160 35 MANDARIN, BREAM, FORAGE FISH GUO AND LI 2003



& CHANNEL CATFISH & FORMULATED



DIET



133-463 25-80 VARIOUS MARINE SPP. VARIOUS ISLAM 2005**



*CITED BY ISLAM 2005
**BASED ON THE RESULTS OF TWO MODELS MEANT TO REPRESENT THE BREADTH OF SPECIES AND



METHODS OF CULTIVATION IN SEA CAGE CULTURE WORLDWIDE.











the global cage aquaculture industry, which
includes a wide variety of technologies and
species at various stages of aquaculture 
development.



Goldburg and Naylor (2005), in a review
of issues associated with the development of
marine aquaculture, provide some estimates
for the amount of nutrient pollution that
could be released by an expanded industry.
Using estimates from Brooks and Mahnken
(2003) for the amount of nitrogen released
per kilogram of farmed salmon produced,
they estimate the amount of nitrogen
released by the salmon farming industry in
British Columbia. Extrapolating from the
known economic value of the British
Columbia salmon farming industry and 
their estimate of nitrogen production 
by that industry, the authors then estimate
nitrogen output from a $5 billion U.S.
marine aquaculture industry if it had similar
rates of nitrogen production as salmon 
farming. They conclude that nitrogen 
discharges from a marine aquaculture indus-
try of this size could amount to 108,000 to
158,000 mt per year. The authors note that
this is equivalent to the nitrogen in the
untreated sewage from about 17.1 million
people or in wastes from the North Carolina
hog industry. According to the authors, the
impacts from aquaculture wastes, though
likely small in relation to other sources such 
as biological nitrogen fixation, are of 
greatest concern when facilities are clustered
geographically and when sited in moderately
flushed areas. 



Several recent studies have observed dam-
age to the benthos as a result of fish farming
activities. Loya et al. (2004) reported on the
effect of sea cage aquaculture on corals in the
Red Sea. Coral reproduction was impaired at
a site close to cage fish farms compared to a
reference site farther away. High levels of
nutrients released from the fish cages were
believed to cause eutrophication that reduced
the ability of the corals to successfully pro-
duce larvae, thus contributing to the degra-
dation of reefs. Corals at the eutrophic site



also had lower lipid levels during the 
reproductive season, possibly signaling poor
nutrition. 



Boyra et al. (2004) studied the effect of
cage farms on benthic communities in the
Canary Islands by comparing the composi-
tion and coverage of the macrobenthic
assemblages near two sea cage farms with
control locations. They found that pollution
from the farms impacted benthic communi-
ties in terms of species composition and cov-
erage. At two sites near fish farms examined
in the study, the presence of pollution 
tolerant species and filter-feeding species was
observed and appeared to indicate an impact
caused by wastes from fish farming activities. 



Several studies correlated the presence of
seabass and seabream cage farming opera-
tions in the Mediterranean Sea with the
decline of seagrass meadows around the fish
farms (Pergent et al. 1999, Ruiz et al. 2001).
Impacts on seagrass meadows are of concern
because of their importance in the structure
and functioning of coastal ecosystems. In 
the areas around the fish farms, the authors
observed an increase in turbidity in the water
column and enrichment of the sediments
with organic matter and nutrients. In some
cases, directly below farms there was com-
plete loss of seagrass and in nearby areas
there were declines in shoot biomass and 
leaf growth. The authors concluded that the
declines in seagrass observed in the studies
could be explained by the discharges from
the nearby fish farms. 



Another study reported on the long-term
effects of fish farming on seagrass meadows
in the Mediterranean and showed that even
after cessation of fish farming, environmental
impacts can continue and the environment
can be slow to recover. Delgado et al. (1999)
examined a range of sites, from a disturbed
area close to a former fish farm site to undis-
turbed areas. Although the fish farm had
stopped operating several years earlier, effects
on seagrass were still observed. Water quality
had recovered so the authors proposed that
the persistent impact on the seagrass—
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including reduced shoot density, biomass,
and photosynthetic capacity—was a result 
of the persistence in the sediment of excess
organic matter discharged by the fish farm. 



Brooks and Mahnken (2003) review the
effects caused by the release of wastes from
salmon farming into the water column and
onto the benthos in the Pacific Northwest.
The authors reach several conclusions about
the environmental impact of salmon farms.
First, based on monitoring of both poorly
and well-flushed sites, they find little poten-
tial for significant enhancement of phyto-
plankton populations and little risk from
reduced concentrations of dissolved oxygen
associated with salmon farming in the
region. Second, biodeposits from salmon
farms can affect sediment chemistry and
macrobenthic communities. The effects of
such changes can be correlated with the
depth and current speed at each farm site.
Finally, chemical and biological remediation
of the benthos occurs naturally when salmon
farming is stopped. Remediation can occur
very quickly or can take several years,
depending on the site’s oceanographic char-
acteristics. Natural remediation occurs in a
series of successional stages in which oppor-
tunistic and pollution tolerant species are
gradually replaced by fauna increasingly
indicative of conditions prior to the onset 
of fish farming. 



Experimental aquaculture operations in
the U.S. and the Bahamas have produced
insights on the nature and fates of discharges
from sea cages in oceanic or near-oceanic
conditions. Alston et al. (2005), in an
unpublished project report, provided results
from the culture of mutton snapper and
cobia at relatively low densities ( approxi-
mately 1.3 and 4 fish/m3, respectively) in sea
cages moored 1⁄2 mile off Puerto Rico where
ocean depth averaged 28 meters and current
averaged 8.4 cm/second. These authors



report no significant difference between the
experimental and control sites in dissolved
phosphate and nitrogen, organic matter in
sediments, and organic nitrogen in sedi-
ments. They also found no evidence of
anaerobic sediments beneath the sea cages.
There was a significant increase in benthic
macroinvertebrates beneath the cages. The
lack of a significant increase in dissolved 
and organic nutrient concentrations near the
sea cages was attributed to the tremendous
dilution effect of the currents continuously
“flushing” the sea cages. 



The effect of one 3000 m3 sea cage
moored off Eleuthra Bahamas was reported
by Benetti et al. (2005) in an unpublished
project report. The cage was stocked with
14,000 cobia fingerlings, which grew to over
3 kg in less than one year, for an estimated
economic feed conversion ratio of 2:1.8 This
ratio is greater than that currently reported
for most commercial salmon operations, but
is considerably less than that reported for
some other marine species. The authors note
that increased microalgal biomass is likely to
be a better indicator of eutrophication than
increased dissolved nutrient concentration in
subtropical marine ecosystems. This is based
on the assumption that ambient nutrient
concentration would only be expected to
increase significantly in such nutrient-starved
ecosystems if the assimilative capacity of the
phytoplankton for nutrients had been
exhausted. Accordingly, clean fouling plates
were placed up- and down-current from the
sea cage. Over the one-year period of moni-
toring, no significant increase in microalgal
biomass was observed, nor were significant
increases in dissolved oxygen, total nitrogen,
and total phosphorus found. 



Results from a demonstration project 1⁄2
mile off the Isles of Shoals, New Hampshire,
show similar results. Atlantic halibut, had-
dock and cod have been cultured at various
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8 The feed conversion ratio is the weight of feed used to live farmed fish harvested. It provides a relative measure
of the economic efficiency of aquaculture species and practices. Details of the computation and interpretation of
feed conversion ratios is discussed in chapter 7.











times at low densities in up to four sea cages
at a site with 55 meters water depth. The
largest number of fish raised in the facility 
is 30,000 cod, which were stocked as 3 g 
fingerlings in 2003 and kept at the site for
nearly two years. In an unpublished environ-
mental monitoring report for the project
(Ward et al. 2005), researchers found no 
significant change in sediment organic 
matter content and grain size. The benthic
fauna showed no significant trends in 
density, biomass or diversity. Pollution 
intolerant taxa were in the majority at 
experimental and control sites. Monthly
water quality monitoring showed no 
significant trends in total suspended solids,
particulate organic content, chlorophyll 
and dissolved oxygen among sampling sites
up-current, down-current and adjacent to
the fish pens. Water samples were not tested
for inorganic nutrient content.



In contrast to other studies done on 
pilot-scale operations, a study of the benthic
effects of sea cage fish culture offshore Oahu,
Hawaii, at a commercial scale showed signifi-
cant impacts (Lee et al. 2006). During the
study period, Cates International operated
three 3000 m3 sea cages 2 km offshore 
Ewa Beach, Oahu. The water depth averages
30 meters but the cages were submerged
approximately 10 meters off the bottom. 
Up to 130,000 Pacific threadfin, known
locally as moi, could be enclosed in each
cage.9 Although previous unpublished 
benthic and water quality monitoring data
indicated no significant effects, the benthic
fauna showed considerable changes during
the course of this study, indicating the effects
of organic enrichment of the sediments
under and near the sea cages. Replicate 
benthic core samples were taken on 12 
sampling dates spanning three years. 



These authors found anaerobic conditions
under the sea cages and reduced redox poten-
tial at a site 80 meters away from the cages,
indicating hypoxic conditions in the sedi-
ments there. The benthic fauna showed
decreased diversity and predominance of
opportunistic species under and near the
cages relative to up-current and down-
current control sites. Further, benthic 
diversity at the impacted sites decreased over
the course of the study, with the sampling
site 80 meters from the sea cages initially
more closely matching control sites, but later
more closely resembling the site under the
cages in terms of species abundance and
diversity. One species that typified control
sites disappeared altogether from the impact-
ed sites 11⁄2 years into the study. The authors
conclude that the changes in benthic infauna
over the course of the study follows a typical
pattern for organic enrichment of sediments,
as the site under the sea cages evolved into a
highly polluted site and the site 80 meters
down-current followed, indicating that the
benthic effects had spread well beyond the
physical footprint of the sea cages. In this
case, notwithstanding the “open water” 
location of sea cages and robust longshore
current, substantial alteration of the benthic
environment resulted from commercial
marine aquaculture operations.



Chemicals
Concerns about chemical pollution from



fish farming center around medications or
other treatments used to keep farmed fish
disease and parasite free. One of the largest
concerns is with pesticides used to control
parasites—technically known as parasiti-
cides—because these substances are directly
discharged into the marine environment,
either through in situ bath treatments or
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9 Cates International reports harvesting moi at 3⁄4-1 lb. If we assume that the average weight of fish over the course
of growout is 1⁄2 lb. and no mortality, that translates into a potential average stock density in the cages of about 10
kg/m3. For comparative purposes, commercial salmon farms report stock densities in the range of 15-40 kg/m3 and
organic standards for net pen culture of fish adopted by the Organic Food Federation require maintaining a densi-
ty of 10 kg/m3 or less for salmon and 15 kg/m3 for cod.
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Farmed oysters in Puget
Sound, Washington.



Bivalve mollusks feed 
by filtering plankton out



of surrounding waters. 
As a result, shellfish



farming can help to clean
coastal waters with 
excessive plankton 



production caused by
nutrient pollution.



Photo: Bill Dewey



after passing through fish when they are
administered in feeds. Though some chemi-
cals appear to be very effective treatments,
there is very little known about the lethal
and sublethal effects of the chemicals on
nontarget marine organisms. Some studies
have found pesticides to be toxic to marine
organisms in laboratory settings or under
particular conditions. Others have hypothe-
sized that in the natural environment, cur-
rents and dilution limit the extent to which
the chemicals can cause toxic effects. 



The most studied parasite treatments are
those used to control sea lice on farmed
salmon. Sea lice are parasitic copepods that
can increase mortality in juvenile fish and
substantially reduce growth of farmed fish 
if not treated. Several scientific studies from
the mid- to late 1990s focused on a particu-
lar chemical, ivermectin, which was begin-
ning to be used in the industry. Ivermectin
acts as a neurotoxin on sea lice and is deliv-
ered to fish in feed, but it is poorly absorbed
by the fish so a large percentage of the
dosage is excreted in feces (Davies and
Rodger 2000). Several studies have shown
that ivermectin is toxic to marine life. In 
laboratory experiments, Thain et al. (1997)
demonstrated that ivermectin is toxic to the
lugworm, even at low concentrations in the
sediment. Additionally, sublethal effects on
feeding activity were observed. In another
laboratory experiment, Collier and Pinn
(1998) studied the effect of ivermectin on
benthic communities. The researchers con-
cluded that ivermectin may pose a significant
risk to benthic fauna, but that the level of
contamination and the duration of exposure
are important variables in determining the
extent of any impact. Davies et al. (1998)
cautioned that there may be significant risks
to polychaetes in sediments below and
around salmon farms when ivermectin is
used. Davies et al. (1998) also observed that
the half-life of ivermectin is greater than 100
days in marine sediments. 



More recent studies of other neurotoxins
used to control sea lice in salmon farming



have resulted in mixed conclusions. Ernst et
al. (2001) studied the potential impact on
coastal ecosystems from two pesticides, 
azamethipos and cypermethrin. Of the 
two, the authors conclude that azamethipos
posed a much lower risk, while cypermethrin
was found to be highly toxic to marine
organisms. These authors also studied the
dispersion of the pesticides into the marine
environment after their use as sea lice treat-
ments. Pesticide treatments were simulated,
with a dye added to the pesticide treatment
so that dispersion could be monitored. The
dispersion experiment took place in the Bay
of Fundy, a salmon farming area with high
tidal flows. After studying the dispersion of
the pesticides it was concluded that treat-
ment with cypermethrin creates the potential
for “lethal plumes,” which can cover up to a
square kilometer from the treatment of a 
single cage. The dye was detected up to 3000
meters away from the release point at the
farm and is believed to be closely correlated
to the dispersion of the pesticide. Another
important observation of the research was
that the dye, and therefore the pesticide, was
found to move into the intertidal zone—an
area rich in benthic organisms that could be
harmed by the chemicals. 



Other studies have focused on the poten-
tial effect of pesticides on lobsters, a species
of great commercial importance in areas of
coastal Maine and maritime Canada with
extensive salmon farming. Burridge et al.
(2000a) examined the effects of cyperme-
thrin on the American lobster.
Cypermethrin has been
used by
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salmon farmers in Maine to control sea lice.
The study found that cypermethrin is lethal
to larval stages of lobsters and that the lethal
concentrations of the pesticide are much
lower (1.2 to 3.6 percent) than the recom-
mended sea lice treatment concentration.
Using mathematical modeling, however, the
authors determined that in an operational
setting, organisms such as lobsters may not
be exposed to lethal concentrations for
enough time to experience adverse effects. 
In an attempt to more accurately model a
real world situation in which pesticides are
used and released to the environment,
Burridge et al. (2000b) conducted a labora-
tory experiment in which lobsters were 
intermittently exposed to sea lice treatments.
The researchers found that although stage IV
larval lobsters were not affected by the sea
lice treatments, repeated exposure to high
concentrations of the pesticides azamethipos
and cypermethrin harmed adult lobsters. In
another study, Waddy et al. (2002) report on
the effects of emamectin benzoate, another
sea lice treatment, on the molting behavior
of the American lobster. This laboratory
study demonstrated that emamectin ben-
zoate disrupts the endocrine system in lob-
sters. The authors found that the chemical
interferes with a molting hormone, leading
to premature shedding of the shell. 



Antibiotics are another class of drugs used
in aquaculture that may have substantial
environmental effects. Antibiotic use in net
pen or sea cage culture is a concern because
the treatments are discharged to the environ-
ment through fish feces or through uneaten
food, where they can contribute to the devel-
opment of resistant strains of bacteria. Very
little is known about the effects of antibiotic
use on the marine environment, or for that
matter, the extent of antibiotic use in aqua-
culture. However, there are indications that
antibiotic use is relatively high when new
segments of the industry develop, but as
advancements are made—such as vaccines,
breeding for disease resistance, and improved
understanding of culture practices—the



dependence on antibiotics in the industry
sector lessens. For example, annual antibiotic
use by salmon farmers in Norway declined
from a high of nearly 50 tons in the late
1980s to current levels below 1 ton
(Norwegian Directorate of Fisheries 2001).



Several researchers have reported on the
environmental effects of antibiotic use at fish
farms. Ervik et al. (1994) examined the level
of antibiotic resistant bacteria living in blue
mussels and in the guts of wild fish, as well
as antibiotic residues in the muscle tissue of
wild fish living near Norwegian salmon
farms at a time when antibiotic use was 
relatively high. They found large increases 
in both resistant bacteria in mussels and wild
fish, and in antibiotic residues in wild fish
after the antibiotics oxytetracycline and
oxolinic acid were administered on the farms. 



Capone et al. (1996) conducted field sam-
pling for antibiotics in sediments and aquatic
organisms under and around salmon farms
in Puget Sound, Washington. Detection of
antibiotic residues in sediments at the farms
varied widely and was generally limited to
the area under the farm. Antibacterial
residues were not present in oysters and only
trace residues were present in Dungeness
crabs collected from the area around the
farms. However, high levels of antibacterial
residues were found in the edible meat from
red rock crabs collected from around the
farm. In fact, residual antibiotic concentra-
tions were well above the U.S. Food and
Drug Administration limits and they persist-
ed in red rock crabs for at least two weeks. 



Chelossi et al. (2003) sampled areas
around a Mediterranean fish farm for levels
of bacteria, types of bacteria, and their resis-
tance to antibiotics. Observations were made
in the area of the farm as well as at a control
location 200 meters away. The researchers
found high levels of bacteria in sediments
under the fish farm and they reported that
many of the bacteria (96 percent) in the farm
and control locations were resistant to antibi-
otics, suggesting widespread antibiotic resis-
tance in areas surrounding fish farms. A high
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number of antibiotic resistant gram-negative
bacteria were isolated from sediments under
the fish farm, which the authors attribute to
adaptation in the bacterial community as a
result of common use of ampicillin by the
fish farm. In another recent study from the
Mediterranean region, Rigos et al. (2004)
estimated the release of two antibiotics,
oxolinic acid and oxytetracycline, into the
environment from Greek sea bream farming
operations. Rigos et al. (2004) collected data
on antibiotic absorption and fecal excretion
in sea bream held in a laboratory then, 
using data on sea bream production and
antibiotic use in Greece, they estimated the
annual release of antibiotics from fish farms.
The absorption data indicated that 60 to 
73 percent of the oxytetracycline and 8 to 
12 percent of the oxolinic acid administered
to sea bream is lost in feces. Results from the
calculations of annual antibiotic discharges
indicate that more than 1,900 kg of 
oxytetracycline and 50 kg of oxolinic acid 
are released from Greek sea bream farming 
to the environment.



The Regulatory Environment for
Marine Water Quality



Background
The Clean Water Act (33 U.S.C. 1251 



et seq.) is one of the major federal statutes
regulating marine aquaculture in the United
States. Enacted by Congress in 1972 as the
Federal Water Pollution Control Act, and
subsequently amended to its current form,
the Clean Water Act (CWA) is the funda-
mental federal law controlling pollution of
fresh and marine waters. Although the pur-
pose of the Clean Water Act is to reduce or
eliminate pollution as an outcome, as a prac-
tical matter the Act controls the discharge of
pollutants as an action. The CWA’s primary
mechanism of operation is its requirement
that anyone discharging pollutants from a
point source into the waters of the United
States may only do so in compliance with



the terms of a permit under the National
Pollutant Discharge Elimination System
(NPDES). 



NPDES permits form the backbone of
Clean Water Act pollution control. The
CWA allows the Environmental Protection
Agency (EPA) to delegate federal authority
to control water pollution to any state that
applies to manage its own program, and
demonstrates to the satisfaction of EPA that
the state program is at least as stringent as
the federal program and that the state has
sufficient legal authority to carry out the
program. Most states now manage their own
NPDES permit programs, but EPA still
administers a few programs in state waters—
Massachusetts and New Hampshire, for
example. EPA nonetheless retains the right to
enforce the Clean Water Act in state waters,
although it generally gives considerable 
deference to the state government. 



EPA retains permitting authority for 
federal marine waters (generally beginning
three nautical miles offshore). In addition to
obtaining and complying with an NPDES
permit, facilities—such as an oil and gas rig
or ocean outfall sewage pipe—discharging
directly into ocean waters must satisfy special
ocean discharge criteria designed to protect
against unreasonable degradation of the
marine environment.



Marine Aquaculture and the Clean Water
Act 



Salmon farming along the coast of Maine
began in earnest in the 1980s, and growth
was rapid in the 1990s. By the end of the
decade there were over 40 finfish aquaculture
leases in coastal waters. Although the EPA
indicated as early as 1988 that net pen 
aquaculture facilities might require NPDES
permits, it did not issue permits for any such
facility (Firestone and Barber 2003). 



In July 2000, the U.S. Public Interest
Research Group (USPIRG) and other 
citizens’ groups filed suit under the Clean
Water Act against three Maine finfish aqua-
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culture operators10, alleging violations of the
Act for operating without an NPDES permit
(DEP 2002). In early 2002, the District
Court of Maine found for the plaintiffs in 
all three cases. In these cases, the court found
that the net pen salmon farms operated by
the defendants were, in fact, point sources of
pollution that had added various pollutants
to the navigable waters of the United States
(Firestone and Barber 2003). 



Interestingly, the court determined that
escaped fish of nonnative strains of Atlantic
salmon raised in these farms were pollutants
within the meaning of the Clean Water Act,
in addition to the more conventional pollu-
tants such as feces, fish excretions, uneaten
food, and drugs and therapeutic chemicals
used to control disease and parasites. In a
settlement of one of the cases lodged in July
2002, the court required, among other 
remedies, that the salmon farm operator 
culture only “North American” strains of
Atlantic salmon and take measures to ensure
cultured fish do not escape. 



In early 2002, EPA issued an NPDES 
permit to Acadia Aquaculture to discharge
pollutants from a salmon net pen facility in
Blue Hill Bay, Maine (EPA 2002a). Clearly
influenced by the ongoing litigation, the 
permit:



• Limited total annual feed use for the facili-
ty;



• Imposed minimum dissolved oxygen con-
centration thresholds for waters in and near
the pens;



• Prohibited the culture of transgenic or
non-North American strains of salmon;



• Required marking of cultured fish so that
escapes could be identified; 



• Established indicators and thresholds for
anoxia in sediments underlying and adja-
cent to the pens; 



• Restricted the use of drugs and pesticides;
and



• Required extensive benthic and water col-
umn monitoring. 



Although the permittee never constructed
the salmon farm for which the Blue Hill 
permit was issued, this permit formed the
basis for the State of Maine’s general permit
for marine finfish aquaculture when Maine
took over NPDES permitting for such facili-
ties in late 2002. Although Maine’s general
permit included many features from the Blue
Hill permit, it removed the restriction on
total feed use, and relaxed restrictions on
drug and chemical use and other require-
ments.



A case decided in 2002 in Washington
state provides a counterpoint to the USPIRG
cases. Taylor Resources, Inc., grows mussels
on lines suspended from rafts in Puget
Sound. The mussels are not actively fed—
they live off plankton filtered from the sur-
rounding water. Taylor does not treat the
mussels with drugs or therapeutic chemicals.
Although the species of mussels cultured—
Mytilus galloprovincialis—is not native, there
are now self-sustaining wild populations in
Puget Sound. Taylor applied to the State of
Washington for an NPDES permit for these
operations, but was told the state would not
even accept its application, much less issue
the permit. The Association to Protect
Hammersley, Eld & Totten Inlets (APHETI)
subsequently filed a CWA citizen suit against
Taylor for discharging pollutants into Puget
Sound without a permit. 



Although the court in APHETI (as in the
USPIRG cases) held that the failure of the
competent agency to issue a permit was not a
defense against a violation of the CWA, the
District Court nonetheless granted summary
judgment to Taylor. The court found that
Taylor’s rafts were not point sources under
EPA’s regulatory definition. Further, because
Taylor neither fed its shellfish nor put chemi-
cals or drugs in the water to treat them, the
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court found that Taylor did not “discharge a
pollutant.” In affirming the decision of the
lower court, the Ninth Circuit Court of
Appeals reasoned that “biological materials”
released into the water should not be consid-
ered pollutants unless they are the product of
a “human or industrial process.” The court
appeared to reason that because the same
species of mussels are producing the same
kinds of waste products in the wild nearby,
the cultured mussels, while certainly intro-
duced by human hands, do not pass a
threshold test of substantial human transfor-
mation for generic biological materials to
qualify as pollutants. 



By contrast, in National Wildlife
Federation v. Consumers Power Company (862
F. 2d 580, 583 (6th Cir. 1988)), native fish
killed by power turbines were found to be
pollutants because these “biological materi-
als” would not have been discharged in the
form and quantity they were but for the
operation of a dam. Citing this and other
precedents, the Ninth Circuit opined in
APHETI that substantial transformation of
natural materials—for example wastes from
processing these same shellfish—could result
in their being considered pollutants. 



A second key question considered in
APHETI was whether Taylor’s rafts were
“point sources” within the meaning of the
CWA. The NPDES system requires permits
only for point sources. Notwithstanding the
environmental effects of alleged discharges 
of pollutants, if Taylor’s fixtures were not
determined to be point sources, there was 
no requirement for a permit. In deciding 
this question, the court relied on technical
reasoning related to the specific language of
EPA regulations defining a “concentrated
aquatic animal production facility” (CAAPF)
as a type of point source. The court found
that Taylor’s rafts met the structural require-
ments to be a CAAPF as well as meeting the
production threshold (20,000 pounds per
year for “cold water species”). However,
EPA’s regulations exclude facilities that “feed
less than [approximately 5,000 pounds] of



food during the calendar month of maxi-
mum feeding.” Because Taylor does not add
feed to these facilities at any point, the court
determined its facilities do not qualify as a
CAAPF, and hence are not considered a
point source. 



EPA’s Effluent Guidelines
The CWA requires EPA to develop tech-



nology-based effluent limitation guidelines
for different categories of pollution sources,
such as industrial, commercial and public
sources. Such guidelines provide minimum
pollution control technology to be deployed
by dischargers, and may also include numer-
ic and narrative limitations on discharges,
required best management practices, and
monitoring and reporting requirements (EPA
2004). Effluent guidelines are implemented
when they are incorporated into NPDES
permits by EPA or state water quality agency
permit writers.



To settle a lawsuit brought by the Natural
Resources Defense Council in the early
1990s, EPA agreed to develop effluent limi-
tation guidelines for, among other things,
aquaculture facilities. In June 2004, EPA
issued final effluent guidelines for CAAPFs
(EPA 2004). The effluent guidelines apply to
commercial and noncommercial operations
that produce or contain 100,000 pounds 
or more of aquatic animals per year and 
discharge at least 30 days per year. The rule
specifically excludes:



• Closed pond systems, which are assumed
only to discharge during brief periods of
excess runoff;



• Molluscan shellfish operations; and 
• Facilities rearing native species for periods



of no more than four months for purposes
of stock enhancement. 



Facilities meeting the criteria for exclusion
may still be required to implement manage-
ment measures if they are judged to be a
“significant contributor of pollution to the
waters of the United States.” Given the
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threshold and exclusions, facilities falling
under the rule are fairly large land-based
hatcheries and commercial production 
facilities using flow-through or recirculating
systems, as well as net pen finfish farming
operations. Although the rule would only
apply to about five percent of the more than
4,000 aquaculture facilities in the U.S., it
would likely apply to any commercial-scale
marine finfish cage culture operation. In jus-
tifying its choice of threshold, EPA explains
that one typical net pen contains 100,000
pounds of aquatic animals or more. 



Although its draft rule proposed numeric
limitations on only one pollutant, total sus-
pended solids (TSS), the final rule reduced
this control to “qualitative” limits on TSS
through a requirement to implement best
management practices (BMPs), including:



• Minimizing waste of feed;
• Proper storage of drugs, pesticides and



feed;
• Routine inspection and maintenance of the



production and wastewater treatment sys-
tems;



• Training of personnel; and 
• Appropriate recordkeeping.



EPA’s final rule also included narrative
limitations on spilled materials (drugs, pesti-
cides and feed), fish carcasses, viscera and
other waste, excess feed, feed bags, packaging
material, and netting. Compliance with the
rule must be documented in a BMP plan
describing how the facility is minimizing 
discharges. Development of specific BMPs
are the responsibility of the facility operator
and plans are not required to be submitted
to or approved by EPA. 



Because EPA found no available technolo-
gy to directly control effluents from net pen
systems in open water, it did not impose spe-
cific requirements to reduce concentrations
of pollutants in the “effluent” from net pens.
However, in the effluent guidelines EPA also
backed away from direct limits on total feed
use, such as it had imposed in the Blue Hill



permit, instead relying on feed management
and monitoring to reduce excess feed use. 



The exclusive reliance by EPA on process-
based controls (i.e., BMPs) instead of out-
come-based controls (e.g., numerical effluent
limitations) means that there is little possibil-
ity to measure either the contribution of
aquaculture operations to pollution of U.S.
waters or the success of management mea-
sures. In taking this tack on legally mandated
effluent guidelines, EPA appears to be judg-
ing that aquaculture facilities are a relatively
minor contribution to water pollution in the
U.S. There also appears to be little anticipa-
tion of future growth in aquaculture in the
U.S., since the nonquantitative approach
taken by EPA allows neither meaningful
assessment nor mitigation of cumulative
impacts from aquaculture operations. 



Given the substantial amount of litigation
that had occurred during the time these
guidelines were being developed and EPA’s
own acknowledgement of fish as potential
pollutants through its permit writing, it is
noteworthy that the final guidelines do not
include measures to reduce escapes of nonna-
tive species or genotypes. Draft guidelines
proposed in September 2002 would have
required operators of some net pen systems
to implement BMPs to minimize escape of
nonnative species (EPA 2002b). But the final
guidelines make no mention of cultured
species as potential pollutants, nor do they
propose any measures to minimize escapes. 



Water Quality Standards and Ocean
Discharge Criteria



As discussed above, NPDES permits are
the chief method that states and the federal
government use to implement effluent limi-
tations, and attain and maintain water quali-
ty standards. For many years after the Clean
Water Act was amended to its modern form
in 1972, the focus of the EPA and state
water quality agencies was on improving
water quality in lakes, streams and rivers.
More recently, attention has turned to
addressing growing problems with estuarine
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and coastal marine water quality, particularly
eutrophication and other problems associat-
ed with municipal stormwater, combined
sewer overflows, and non-point source 
pollution.



Because it both requires good water 
quality and can itself contribute to water 
pollution, marine aquaculture faces many
challenges in the coastal environment. As a
result, many experts are looking increasingly
to the offshore environment, where water
quality is relatively high and where pollu-
tants will presumably be quickly dissipated
and/or assimilated in the open ocean. With
growing interest in the ocean environment
for aquaculture and other uses, such as wind
energy production, there is concern that no
water quality standards exist for federal ocean
waters. While the assimilative capacity of the
ocean for pollution from marine aquaculture
and other sources is presumably great, little
research has been done to test that assump-
tion. Further, the current reliance on man-
agement practices (instead of numeric or
narrative limitations or standards) under
EPA’s effluent limitations guidelines does 
not address concerns about cumulative and
secondary impacts from pollution if the 
offshore aquaculture industry grows 
substantially, as proposed by the Department
of Commerce. 



In addition to effluent limitation guide-
lines and water quality standards, the Clean
Water Act offers another potentially powerful
tool for controlling marine pollution. Section
403 of the Clean Water Act prohibits EPA 
or a state from issuing an NPDES permit 
for a discharge into ocean waters unless the
discharge satisfies guidelines intended to 
prevent the degradation of those waters.
NPDES permit regulations require state 
and federal permits to comply with section
403 and prohibit issuance of a permit if
insufficient information exists to make a
“reasonable judgment” whether the discharge
complies with criteria for ocean environmen-
tal quality established under section 403 
(40 CFR 122.4). 



Section 403(c) requires EPA to develop
guidelines for determining degradation of
ocean waters, including effects of proposed
discharges on marine life, such as:



• The transfer, concentration and dispersal of
pollutants through biological, physical or
chemical processes;



• Changes in marine ecosystem diversity,
productivity and stability; and



• The persistence and permanence of the
effects of pollutants.



EPA last revised the regulations imple-
menting section 403 of the Clean Water 
Act in 1980 (45 FR 65942-65954). These
regulations require that an assessment of the
impact of proposed ocean discharges on the
biological community in and surrounding
the discharge be made prior to issuing 
an NPDES permit. The regulations also 
prohibit a permitted discharge from causing
“unreasonable degradation” of the marine
environment. Lastly, if there is insufficient
information to determine that no unreason-
able degradation will occur, no permit may
be issued unless the permit applicant satisfies
two conditions:



1. The proposed discharge will not result
in significant impacts that will not be
reversed or eliminated after cessation of
the discharge; and



2. There are no reasonable alternatives to
the onsite disposal of the pollutants
proposed to be discharged. 



Since 1980, EPA and the states have
gained considerable experience in protecting
water quality, including aquatic ecosystem
structure and function, with its regulatory
tools. To make better use of that experience
and those tools, in January 2001, EPA pro-
posed to revise the ocean discharge criteria
and to begin the process of establishing water
quality standards for ocean waters under fed-
eral jurisdiction. In its proposal (Fox 2006),
EPA suggested two ways of improving the
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implementation of section 403 of the Clean
Water Act. First, EPA would establish
numeric and narrative water quality stan-
dards for ocean waters under federal jurisdic-
tion. Second, EPA would establish a process
to delineate areas of the ocean having out-
standing ecological value, for which new or
significant expansion of existing discharges
would be prohibited. In this way, EPA was
attempting to establish a more objective and
comprehensive regime for protecting ocean
environmental quality than was possible
through the highly subjective tests under the
1980 ocean discharge guidelines. 



Although EPA’s proposed changes to the
ocean discharge guidelines were ready for
publication in the Federal Register, they 
were not published prior to President Bush’s
inauguration in 2001, and the current
administration has not submitted them for
publication. In light of current proposals to
significantly expand marine aquaculture, as
well as growing pressure on the oceans from
other industrial uses, revision of ocean dis-
charge criteria and establishment of ocean
water quality standards offer proactive means
of protecting marine water quality.



Progress in Addressing Water
Quality Issues



Norwegian Salmon Farming
For culture of aquatic species requiring



feeds, the feed is the ultimate source of
nutrients and biological oxygen demand that
can cause water quality problems. If aquacul-
ture is going to take place in net pens or 
sea cages immersed in and open to the sea,
treatment of “effluents” is not a viable
option. Reducing feed use becomes the only
practicable method of reducing discharges 
of dissolved nutrients, uneaten feed, and
chemical additives. Since feed is also the
largest single cost for such aquaculture 
operations, producers have a dual incentive
for reducing feed inputs—reducing environ-



mental impacts and improving profits. 
Norway is the largest producer of farmed



salmon, producing 577 million tons of
salmon and rainbow trout (nearly 40 percent
of the global total) valued at $1.39 billion in
2003. According to the Norwegian Bellona
Foundation, the Norwegian salmon farming
industry reduced discharges of nitrogen from
56.2 kg to 45.1 kg per ton of fish from 1992
to 1999 (Bellona 2003). Per ton discharges
of phosphorus decreased from 11.1 kg to 
9.8 kg per ton over the same period. These
improvements have resulted from better
understanding of salmonid nutritional
requirements, which in turn resulted in
increased efficiency of feed conversion into
salmon flesh (Gatlin and Hardy 2002). Also,
improved monitoring to reduce overfeeding
and other management measures have
reduced wastage.



These improvements have not been
enough to reduce total nutrient discharges
from salmon farming in Norway, however.
Per ton reductions in discharges have been
more than offset by growth in the industry.
Aquaculture is estimated to be responsible
for 60 percent of phosphorus discharges and
25 percent of nitrogen discharges in northern
Norway, according to the Norwegian
Institute for Water Resources. Bellona 
concludes that pollution impacts from fish
farming are largely local and reversible.
Sediments rendered anoxic due to deposition
of large quantities of organic matter from
salmon farms can recover to a nearly natural
state if left fallow for three to five years.
Nutrients in the water column go into the
Norwegian Sea and ultimately the Barents
Sea, where their contribution to the total
nitrogen load is insignificant.



Because water pollution effects have been
found to be largely localized, recent work 
in Norway has focused on establishing local
carrying capacity for nutrients and other 
pollutants, and maintaining cumulative
salmon farming in a region within these 
limits. The carrying capacity for dissolved
nutrients and particulate organic matter is
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dependent on depth, current speed, seafloor
conditions and policy decisions about
acceptable environmental impacts. A study
by Aure and Ervik (2002, cited in the
Bellona report but not listed in the bibliogra-
phy) concluded that standing stock in a fish
farm could be increased from 60 to 250 tons
if the water depth under the farm is
increased from 30 to 80 meters. Aure et al.
(2002) found that local carrying capacity for
farmed salmon increased from approximately
100 tons to 300 tons if freestanding cages
were used instead of a compact design with a
number of cages lined up on either side of a
central walkway. It is not known what metric
was used to establish carrying capacity in
that study. 



Integrated Aquaculture
Intensive net pen or sea cage aquaculture



systems rely on dilution to disperse pollu-
tants. Environmental effects resulting from
this approach may be acceptable on a small
scale with a widely dispersed industry, but
become increasingly problematic if the
industry expands. In Asia various forms of
polyculture—or integrated aquaculture,
wherein the wastes produced by one agricul-
tural activity are turned into the inputs for
another—have been practiced for centuries. 
In modern integrated aquaculture, the inor-
ganic and organic wastes from a fish farm
become primary inputs into co-culture of,
respectively, seaweeds and filter-feeding 
mollusks. Conceptually, changing what are
currently viewed in industrial aquaculture 
as wastes to be disposed of into valuable
commodities to be captured and channeled
into useful products may be a key to improv-
ing the sustainability of marine aquaculture. 



Chopin et al. (2001) review biological and
economic aspects of integrated aquaculture,
and analyze the potential for these practices
to be used to reduce pollution from intensive
“fed” marine aquaculture. They note that
developed countries tend to focus on “high
value and high production monoculture” in



both terrestrial agriculture and aquaculture.
As short-term economic success in a region
leads to a rush of new entrants, environmen-
tal degradation can result. This can harm the
industry itself because fish health is depen-
dent on good environmental quality and
because disease outbreaks are facilitated by
geographic clustering of fish farms. 



Cultivating nori (Porphyra spp.) in prox-
imity to a salmon farm resulted in improved
production and product quality (Chopin et
al. 1999) due to the constant supply of
nutrients to the algae. While complete 
utilization of nutrients from a fish farm may
be impractical because of light and space
requirements of macroalgae, early studies
suggest promising bioremediation results
from fish-algae co-culture and also offer an
opportunity for diversification of marine
aquaculture operations away from single-
species production.



Discussion and Conclusions



Clearly, discharges from aquaculture can
harm marine water quality. A substantial
body of research shows that conventional fed
aquaculture—culture operations, such as for
finfish, that require external inputs of food—
introduces tens of kilograms of dissolved
nitrogen, and several times that amount of
particulate organic matter, for every ton of
fish produced. Relying on dilution to address
nutrient discharges from fed aquaculture
operations only works for small, widely 
dispersed culture operations. Discharges of
pollutants to the marine environment are
unlikely to be benign if the U.S. industry
approaches $5 billion in annual production,
mostly through increases in marine finfish
production, as suggested by the Department
of Commerce. If such an expansion takes
place, a variety of measures—including 
proper siting, adherence to best management
practices, improved feed formulations and
integrated aquaculture—will be crucial to
ensure minimal impact to water quality. 
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Benthic impacts are well documented
under finfish net pens. Anoxia and signifi-
cant changes in the abundance and diversity
of benthic fauna have been demonstrated in
cage culture of salmon, sea bream, sea bass
and other species. Even some aquaculture in
more oceanic conditions has been shown to
have benthic impacts if the cages are moored
close to the bottom. Open water demonstra-
tion projects for marine species in the U.S.
have been quite small, of short duration, or
used relatively low stocking densities, making
their results of little value in predicting the
effects of commercial-scale operations. 



Research in Norway has shown that 
benthic effects decline rapidly with increas-
ing depth of water under salmon nets, but
situating farms as close to shore as possible
may be a prerequisite for economic viability
of the industry. Fallowing periods of several
years have been found necessary in Norway
to allow benthic recovery. Research on 
benthic impacts from salmon farms in the
Pacific Northwest indicates that benthic
recovery may be quicker under some 
conditions. We are not aware of any research
documenting benthic effects that may result
from repeated cycles of fish farming and 
fallowing. Some of the lessons learned
regarding appropriate siting of nearshore
salmon net pens may be applicable to deep
water facilities.



In the United States, most commercial-
scale net pen fish farms are considered point
sources of pollution under the Clean Water
Act. As such, they must operate under a 
permit specifying the amounts and types of
pollution they are allowed to discharge. In
addition, point source discharges into ocean
waters must also comply with special restric-
tions designed to protect marine waters from
degradation. But by their very nature, it is
difficult if not impossible for discharges from
net pens or sea cages to be “treated” in any
traditional water quality sense. Unless and
until integrated aquaculture systems are 
commercially proven, there is little possibility



of controlling what comes out of cages. As a
result, if marine aquaculture is going to be
allowed in cages immersed in marine waters,
controlling pollution will likely require 
controlling what is put into the pen. Such
controls could occur on a per-farm basis,
through limitations on stocking density and
feed and chemical inputs, or on a regional
basis by limiting the number of farms
allowed based on a determination of 
the environmental carrying capacity for 
pollutants. 



Perhaps viewing discharges from marine
aquaculture to be a minor source of pollu-
tants, the EPA has not required fed aquacul-
ture facilities to directly reduce discharges,
instead relying on management of inputs to
minimize pollution. If this course continues
to be followed, the only way to address the
cumulative impacts of marine aquaculture is
by ensuring that ambient water quality stan-
dards are established and maintained to pro-
tect the health of marine ecosystems. 



Currently there are no water quality stan-
dards for federal marine waters. Most states
have marine water quality standards, but it 
is not known whether these standards are
sufficient to protect marine environmental
health. Most water quality standards were 
at least initially designed with only human
health in mind and concern about coastal
environmental quality is a relatively recent
development. The Clean Water Act’s ocean
discharge criteria offer a related, but distinct,
tool for protecting marine water quality.
Much has been learned since these criteria
were last revised in 1980 about the relation-
ship of water quality to the health of aquatic
ecosystems. Again, if little can or will be
done to abate pollution from individual 
facilities, ensuring mechanisms are in place 
to protect ambient marine water quality
becomes all the more essential. Such mecha-
nisms should be in place before significant
expansion of the marine aquaculture industry
occurs.
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Summary of Recommendations 



• Existing effluent limitations for aquaculture
should be reviewed and revised if necessary
to ensure that concerns particular to the
proposed expansion of aquaculture into
federal marine waters are addressed.



• EPA should ensure that all coastal states
have water quality standards for marine
waters, and that those standards protect 
the health of marine ecosystems.



• EPA should establish water quality stan-
dards for federal marine waters or revise
guidelines for determining degradation of
ocean waters to achieve the same level of
protection.



• Regulations for implementing water quality
standards and ocean discharge criteria
should be clarified to ensure that pollution
discharge permits for marine aquaculture
facilities address, inter alia, cumulative and
secondary impacts at the local and regional
level from expansion of the industry.



• EPA and the states should coordinate with
NOAA so that management practices and
other measures required in pollution 
discharge permits are integrated, to the
extent possible, into operating plans for
marine aquaculture facilities called for in
the governance recommendations.
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Detailed Recommendations



16. Use existing authority under the Clean Water Act to ensure that development of
marine aquaculture does not degrade marine water quality or the health of marine
ecosystems. The Clean Water Act provides a variety of tools to ensure that marine envi-
ronmental quality is not degraded by discharges of pollutants, which may include live
organisms and their gametes, from marine aquaculture facilities. Mechanisms for regu-
lating discharges include effluent limitations guidelines, which specify limits on pollu-
tants in effluents (based on the performance of the best available technology and man-
agement practices designed to achieve such limitations), and water quality standards,
which specify narrative and numeric standards for water quality to maintain designated
uses (such as fishing and swimming) in receiving waters. In addition, discharges to
marine waters under both federal and state jurisdiction must comply with guidelines
designed to prevent degradation of the environmental quality of marine waters. These
ocean discharge criteria have not been revised since 1980, despite considerable progress
since that time in understanding the structure and function of marine ecosystems.



16.1. To ensure that water quality and the health of marine ecosystems are not
degraded by marine aquaculture, the Environmental Protection Agency
should: 



• Review effluent limitations guidelines (ELGs) for concentrated aquatic ani-
mal production facilities (CAAPFs) to ensure they address concerns related
to aquaculture in marine waters under federal jurisdiction;



• Ensure water quality standards are in place for marine waters under state
jurisdiction; and



• Promulgate water quality standards for marine waters under federal juris-
diction or revise guidelines for determining degradation of ocean waters
required by section 403(c) of the Clean Water Act.



17. EPA and the states should include enforceable conditions in new and revised
NPDES permits for CAAPFs to ensure compliance with ELGs, water quality stan-
dards and/or ocean discharge guidelines.



18. Regulations implementing water quality standards and guidelines for determining
degradation of ocean waters should specifically:



18.1. Authorize NPDES permit writers to limit discharges of uneaten feed, animal
wastes, drugs and chemicals by CAAPs if required to achieve water quality
standards and/or comply with ocean discharge criteria;



• Establish size thresholds for large CAAPFs above which the inclusion in
permits of such controls would be mandatory.
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18.2. Require CAAPFs, as a condition of their NPDES permits, to—



• Periodically report the number and species of aquatic animals held in the
permitted facility, and the amount and type of feeds, drugs and other
chemicals used at a CAAPF;



• Promptly report failures of nets, cages or other containment structures; and



• Submit plans detailing best management practices (BMPs) for approval by
the NPDES permitting authority and comply with those plans.



18.3. If legislation is enacted authorizing NOAA to issue site and operating per-
mits for offshore aquaculture, BMP plans required under the Clean Water
Act could be integrated into the broader operating plans we recommend
NOAA require as a condition of operating permits issued by that agency. 
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C H A P T E R  7



Aquaculture Feeds and Feeding 



Introduction



The U.S. Department of Commerce has
called for a fivefold increase in the value 
of domestic aquaculture. This growth is
anticipated to occur in the offshore area and
largely through raising marine finfish species,
which command a higher price at the 
market. Marine finfish also require a diet
rich in protein and energy. The main source
of the protein and energy in feeds for marine
fish is wild fish caught by reduction fisheries.



Aquaculture is the largest consumer of 
the global supply of fishmeal and fish oil. 
It currently uses nearly half of the fishmeal
produced and more than three quarters of
the fish oil produced worldwide. As aquacul-
ture of carnivorous species grows, so too 
will the need for protein- and energy-rich
aquafeeds. However, fishmeal and fish oil are
finite resources. These feed ingredients are
typically made from small pelagic fish such
as sardines and anchovies, which are caught
for this purpose.



Most of the reduction fisheries that pro-
duce fishmeal and fish oil have reached, or 
in some cases exceeded, sustainable harvest
levels. While global landings from reduction
fisheries have remained relatively stable over
the past few decades, an increased demand
for the product could result in fishing above
sustainable levels unless those fisheries are
carefully managed. Moreover, marine scien-
tists have begun to question whether current
guidelines for sustainable harvest levels are
indeed ecologically sustainable. While man-
agement policies for reduction fisheries aim
to sustain harvest over time, very few protect



the critical ecological role that these fish play
in marine ecosystems, often as important
food for marine predators. 



Aquaculture is seen as a supplement to
global seafood supplies as capture fisheries,
which are already fully exploited, plateau and
the world appetite for seafood increases.
However, aquaculture of carnivorous species,
such as salmon and cod, may increase 
pressure on wild fisheries if the energy and
protein demands of such species continue to
be met with fishmeal and oil. Scientific feed
formulation and high-tech feeding practices
have resulted in substantial improvements of
feeding practices on the farm. But efficient
fish farming methods may remain linked to
inefficient use of natural resources through
their dependency on wild fish for meal 
and oil.



A seemingly simple solution is the promo-
tion of aquaculture of herbivorous finfish or
shellfish species that do not require inputs 
of fishmeal and fish oil. Currently, the
American taste for seafood generally favors
carnivorous11 species. Market forces are 
driving the production of species high in
demand. However, public tastes can change
over time. Few people ate, or even knew
what calamari or tilapia were 20 years ago.
Promotional programs can introduce the
public to seafood products that are inherently
more sustainable. 



There is a growing realization that if aqua-
culture of carnivorous species is to expand,
alternative sources of protein, most likely
plant-based, are necessary. Alternative feed
ingredients are under various stages of 
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development and use, from the use of fishery
byproducts, terrestrial and marine plants, to
poultry and livestock processing byproducts.
As research in this area continues, it will be a
major challenge for the industry to continue
to grow while reducing its dependence on
wild fish for feeds. To do this, marine 
aquaculture in the United States must focus
on the development of feed alternatives that 
are economical and meet the dietary 
requirements of fish, as well as encouraging
the use of more sustainable feed ingredients.



As long as it is dependent on fishmeal 
and oil for feeds, marine aquaculture faces
challenges to its sustainability. Long-term
solutions to this problem lie in changes in
the management of reduction fisheries, the
development of sustainable alternative
aquafeed ingredients, and in changes in con-
sumer preference for aquaculture products.



The Use of Feeds in Aquaculture



Aquaculture is a form of agriculture. Just
as livestock depend on farmers to supply
food, most fish and crustaceans raised on
farms in the United States require feed. A
wide variety of aquatic species is currently
farmed in the U.S., and those species have
varying requirements for feed. On one end
of the spectrum are filter-feeding mollusks
such as oysters, clams, and mussels that do
not require any feed inputs. In the middle
are omnivorous species such as catfish and
tilapia that are typically given feed, but have
more flexibility in the specific ingredients
needed in their diet. On the other end of 
the spectrum are carnivorous species such 
as salmon and marine finfish that require a
high-energy, high-protein diet—needs that
are met with substantial quantities of fish-
meal and fish oil. 



Estimated global aquafeed production in
2003 was 19.5 million tons (Tacon 2005). 
It is not surprising at a global level that
carp—the largest volume aquaculture 
product—consume 45 percent of aquafeeds 
produced, while marine finfish (including



salmonids) and shrimp together account for
31 percent. While carp species require little
or no fishmeal and fish oil in their diet, the
sheer volume of their production combined
with the increasing use of commercially 
formulated feeds to achieve faster growth,
results in carp consuming the most aquafeed.



Global aquafeed production is small in
comparison to global industrial feed produc-
tion for agriculture. Feed for aquaculture
accounted for just 3 percent of the 620 
million tons of estimated feed production 
in 2004 for the major farmed animal species,
while poultry led with 38 percent, pigs at 32
percent and cattle at 24 percent (Gill 2005).



Dependency on Fishmeal and 
Fish Oil 



Despite being the smallest sector for major
farmed animal feeds, aquaculture is the
largest consumer of two common ingredients
in many animal feeds: fishmeal and fish oil.
They provide an excellent source of animal
protein, essential amino acids, omega-3 fatty
acids, vitamins and minerals, and energy
(Hertrampf & Piedad-Pascual 2000). Fish-
meal and oil have moved beyond feed 
supplements to become the major compo-
nents of feeds for these species.



The International Fishmeal and Fish Oil
Organization (IFFO) reports that aquacul-
ture was the largest consumer of fishmeal
and oil in 2002 (the most recent estimate),
using about 46 percent of the global fishmeal
supply and 81 percent of the global fish oil
supply (Figure 7-1). These percentages were
anticipated to increase in 2003 to 53 percent
and 87 percent, respectively (Tacon 2005).
The poultry and pork industries each used
nearly a quarter of the available fishmeal in
2002. Industrial uses and human consump-
tion accounted for nearly 20 percent of the
available fish oil in 2002 (Pike 2005).



The total amount of fishmeal and fish oil
used in aquaculture feeds has grown in the
last decade. Between 1994 and 2003, fish-
meal use in aquaculture feeds expanded from
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963,000 to 2,936,000 tons and fish oil use
expanded from 234,000 to 803,000 tons
(Tacon 2005). Some sectors saw very rapid
increases in fishmeal and oil consumption,
especially marine aquaculture sectors. For
example, marine finfish aquaculture’s use of
fishmeal and fish oil more than tripled, while
catfish remained stable (Figure 7-2).



Two related trends are driving the
increased use of fishmeal and fish oil. 
First, growth in the aquaculture industry
overall requires more feed and therefore
more fishmeal and fish oil as ingredients in
feed. Second, the amount of fishmeal and



fish oil included in aquafeeds, as a percent-
age by weight, have changed, especially for
carnivores.



Over the past two decades there have been
substantial changes in the level of fishmeal
and oil included in the feeds. This is espe-
cially true for farmed salmon, where fishmeal
usage tripled and fish oil usage increased by a
factor of six (Figure 7-2). These increases are
due to greater inclusion rates in feeds com-
bined with growth in production. Fishmeal
inclusion has been declining from an average
of about 60 percent in 1985 to 45 percent 
in 1995, to a current average of about 35
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Trends in aquaculture’s
use of the global sup-
ply of fishmeal and fish
oil, reported in percent
of total global supply.
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Trends in usage of fishmeal
and fish oil in aquafeeds
for several finfish groups
(Reported in Tacon 2005).
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percent. On the other hand, fish oil inclu-
sion has been increasing from about 10 
percent in 1985 to current levels that can
reach 35 percent, but average about 25 
percent (Tacon 2005). 



Carnivorous species have specific dietary
requirements for essential fatty acids, trace
minerals, and high level of protein. These
dietary requirements are readily available in
fishmeal and fish oil, leading to the apparent
higher dependency of aquaculture for carniv-
orous species on these ingredients (Hardy et
al. 2001). Marine species represent about 25
percent of global aquaculture production yet
they consume more than 75 percent of the
fishmeal and fish oil used in aquaculture.
Omnivorous and scavenging fish species,
such as catfish, are dependent on fishmeal
and fish oil to a lesser extent (Tacon 2004).
Although carnivorous fish have certain
requirements for protein, energy, fatty acids,
and micronutrients, as do all organisms, they
are not physiologically dependent on fish-
meal and oil in a farm situation. Dietary
requirements can be met by other sources.



The advances in feed formulation come
with some trade-offs. Increased oil content
has improved feed assimilation, resulting in
less discharge of pollutants per ton of fish
raised. But this comes at a cost of increased
use of fish oil, which requires more wild fish
to be rendered per unit weight than fishmeal.



Feed Conversion Ratios and
Converting Fish to Fish



When comparing the efficiency of differ-
ent aquaculture production practices and
species there are several useful indices. The
feed conversion ratio (FCR) expresses the
efficiency of feed use on the farm. The 
simplest way to express it is as the ratio of
the total amount of feed provided to farm
animals to the live wet weight of animals 
harvested. When calculated in this way it is
known as the economic or gross feed conver-
sion ratio. A typical catfish farm has an eco-



nomic FCR of 2.0 (Boyd et al. 2005). This
means that 2000 kg of feed are required to
produce 1000 kg of catfish (2000/1000=2.0).
Typical FCRs reported for salmon and
marine finfish farming are 1.3 and 2.2,
respectively (Tacon 2005, FIN 2006). This
ratio is important to farmers who want to
compare efficiency of different feeds, growing
conditions, or species. It is primarily an eco-
nomic index, although it plays a role in cal-
culating indices of ecological efficiency.



To measure ecological efficiency, analytical
techniques such as ecological footprint, life
cycle, and energy analysis have all been used
to provide important insights (Brown and
Herendeen 1996, Wackernagel and Rees
1996, Mattsson and Sonesson 2003). When
applied to aquaculture, or any agricultural or
industrial activity, these approaches attempt
to quantify the many biological and energetic
inputs and outputs to gauge performance
with ecologically relevant parameters. The
results of these analyses can identify areas
where improvements in ecological efficiency
(and thus sustainability) can be made. 



A less exhaustive metric, called feed con-
version efficiency or fish conversion efficien-
cy (FCE), is also useful. FCE, sometimes
referred to as the “wild fish to farmed fish
ratio”, estimates the amount of wild fish
needed as feed input to produce a unit of
farm-raised fish. Unlike FCR, FCE accounts
for the fact that fishmeal and fish oil are
often included in different amounts in the
feeds that are the staring point for FCR. It
therefore can be used to describe the quantity
of wild fish required to produce a given mass
of farmed fish. Determining this ratio is a
multistep yet relatively straightforward calcu-
lation (See Box 7-1 for an explanation). FCE
essentially shows the degree to which a par-
ticular aquaculture system (growing a partic-
ular species) depends on wild fish for feed
ingredients. A large number indicates a high
level of dependence, while a low number
indicates less dependence. An FCE of less
than one indicates that more fish is produced
than is consumed in a particular production
system for farmed species. 
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Calculating the 
“Wild Fish to Farmed
Fish Ratio” or FCE One thousand kg of wild fish yields about 240



kg of fishmeal and 50 kg of fish oil, based on
global average yield rates of 24% and 5% for
fishmeal and fish oil, respectively.



At typical inclusion rates of these ingredients in
catfish feed, salmon feed, and marine finfish
feed, the amount of feed shown at left can
be produced for each taxon.* Since meal and
oil are produced in different amounts, one
ingredient (meal or oil) will limit production of
feed for a particular taxon depending on the
inclusion rates in the feed. The limiting nutrient
and the amount yielded for each taxon are
shown in bold.



The weight of feed used is divided by the
weight of fish harvested under real world
growing conditions to get the gross or eco-
nomic feed conversion ratio (FCR). This ratio is
a measure of the efficiency with which a par-
ticular aquaculture system (species raised plus
culture conditions) converts compound feed
into fish. Using typical FCR values reported for
our three example industry sectors*, the yield
of farmed fish resulting from the feed derived
from 1000 kg of wild fish is calculated by divid-
ing the amount of feed for each aquaculture
system by the FCR. The yield of farmed fish
resulting from 1000 kg of wild fish is shown in
bold at left.



Once the yield of farmed fish is known, calcu-
lating the FCE is straightforward.



Calculating FCE separately for meal and oil
usage and taking the larger of the two pro-
vides an ecologically conservative estimate of
the dependence of aquaculture on wild fish
stocks because it measures the amount of wild
fish that must be processed to supply the
scarcer ingredient in the feed used. Because
the figures for FCRs, fishmeal and oil yield
rates, and fishmeal and oil inclusion rates in
feeds are global averages, the resulting FCEs
are indicative of broad trends and do not
necessarily reflect results achieved at a 
particular farm.



1000 kg wild fish



YIELDS
240 kg fish meal and 50 kg fish oil



MAKES
Catfish feed



8000 kg (when 3% fishmeal is used) 
5000 kg (when 1% fish oil is used)



Salmon feed
686 kg (35% fishmeal)
200 kg (25% fish oil)



Marine fish feed
480 kg feed (50% fishmeal)
333 kg feed (15% fish oil)



5000 kg feed 200 kg feed 333 kg feed



YIELDS
2500 kg catfish 154 kg salmon 151 kg marine fish



(FCR 2.0) (FCR 1.3) (FCR 2.2)



FCE = input of wild fish/output of farmed fish



Catfish = 1000/2500 = 0.4 kg of wild fish used for
each kg of catfish produced



Salmon = 1000/154 = 6.5 kg of wild fish used for
each kg of salmon produced



Marine fish = 1000/151 = 6.6 kg of wild fish are used
for each kg of marine fish produced



*The calculations above assume: catfish FCR=2.0 (Boyd et al. 2005), fish meal inclusion in feed=3% and fish oil 
inclusion=1% (Robinson et al. 2001); salmon FCR=1.3. fishmeal inclusion in feed=35% and fish oil inclusion=25%
(Tacon 2005); marine fish FCR=2.2, fishmeal inclusion in feed=50% and fish oil inclusion=15% (FIN 2006). Additionally,
the calculations assume global average yield rates from reduction fisheries of 24% for fishmeal and 5% for fish oil
(FAO 1986, Hardy and Tacon 2002, Pike 2005, IFFO 2006).











Trophic transfer efficiency, which is often
assumed to be about 10 percent in most
aquatic ecosystems (Pauly and Cristensen
1998), represents the efficiency of energy
transfer between trophic (or feeding) levels in
an ecosystem. The feed conversion efficiency
of aquaculture systems has sometimes been
compared to the trophic transfer efficiency 
of marine ecosystems. However, such com-
parisons neglect the large amounts of energy
used to produce fish for human consump-
tion through farming and fishing. In the case
of FCE, this ratio does not account for the
large industrial energy inputs required to
harvest and process reduction fisheries, to
produce compound feeds, and to manufac-
ture and supply aquaculture systems. In
addition, fish harvested for meal and oil are
not necessarily of the same species or trophic
level as organisms eaten by the wild cousins
of farmed fish, further complicating direct
comparisons of energy transfer. 



Using a different method than that
described in Box 7-1, Tacon (2005) calculat-
ed FCEs for a variety of farmed aquatic
species (Figure 7-3).12 Assuming a substantial
reduction in inclusion rates of fishmeal and
fish oil in aquafeeds through the use of



nutritionally equivalent substitutes, Tacon
(2004) estimated that by 2010, FCEs could
be in the range of 1.2-1.5 for salmon and
1.5-1.9 for marine fish.



Currently, freshwater fish such as catfish,
tilapia and carp require less than one unit of
wild fish for every unit of farmed fish pro-
duction. And shellfish require no feed inputs
from the farmer, instead they filter plankton
from the surrounding water. In other words,
the farming of these fish and shellfish pro-
duces more animal protein than it consumes
in production.



Dietary Requirements of Farmed
Fish 



Farmed fish have a dietary requirement for
about 40 essential nutrients. They do not
have a dietary requirement specifically for
fishmeal and fish oil. Fishmeal and fish oil
tend to be the most accessible, most cost-
effective, and most easily digestible mecha-
nism to deliver essential nutrients. Finding
substitutes that meet the dietary require-
ments of farmed species will be critical in
reducing aquaculture’s dependency on fish-
meal and fish oil.
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Total estimated 
fishmeal and fish oil 
use and species 
production in 2003,
based on FAO data.
Values given in
thousands of tons.
(from Tacon 2005). 



SPECIES FISHMEAL FISH OIL FM+FO PRODUCTION FCE1



SALMON 573.0 409.0 982.0 1,259.0 3.1-3.9
MARINE SHRIMP 670.0 58.3 728.3 1,805.0 1.6-2.0
MARINE FISH 590.0 110.6 700.6 1,101.0 2.5-3.2
FEEDING CARP 438.0 43.8 481.8 10,179.0 0.19-0.24
TROUT 216.0 126.0 342.0 554.0 2.5-3.1
MARINE EELS 171.0 11.4 182.4 232.0 3.1-3.9
FW. CRUSTACEANS 139.0 13.9 152.9 688.0 0.9-1.1
TILAPIA 79.0 15.8 94.8 1,678.0 0.23-0.28
MILKFISH 36.0 5.2 41.2 552.0 0.30-0.37
CATFISH 24.0 8.0 32.0 569.0 0.22-0.28



FCE1—PELAGIC EQUIVALENT INPUTS (WET WEIGHT BASIS) PER UNIT OF FARMED FISH OUTPUT



12 This method adds the amount of fish meal and fish oil in the feed used to produce a given amount of farmed
fish, multiplies the combined total by a “fish live-weight conversion factor”, and then divides the result by the
weight of farmed fish produced. The live-weight conversion factor ranges from 4 to 5—equivalent to fish yielding
25-20% of meal plus oil after reduction, the remainder (75-80%) being water. This method provides a good 
estimate of FCE when the meal and fish oil in a specific feed are derived from similar amounts of whole fish.



The feed conversion 
efficiency of aquaculture



systems has sometimes
been compared to the



trophic transfer efficiency
of marine ecosystems.



However, such 
comparisons neglect 



the large amounts 
of energy used to 



produce fish for human
consumption through
farming and fishing.











Small pelagic fish, 
from which fishmeal 



and fish oil are derived,
are key food species for



nonhuman consumers in
marine ecosystems.



Ecosystem-based 
management of reduction



fisheries, combined 
with increased use of



alternatives to wild 
ingredients in feeds, will



improve the sustainability
of aquaculture.
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Plant-based substitutes are able to provide
the required nutrients. Ingredients to replace
fishmeal and oil in aquafeed that are at 
various stages of research, development, 
and use include: canola meal, pea protein
concentrate, soybean meal, canola (rapeseed)
oil, corn gluten meal, wheat gluten meal,
soybean protein concentrate, poultry by-
product meal, and poultry oil. A high degree
of variation exists in the amount and types 
of materials that are substituted for fishmeal
and oil, depending on the protein, energy,
and nutrient requirements of the species.
Successful substitution will require that the
resulting products contain essential nutrients,
plus they must taste good to the fish and 
not contain “antinutrients.” These are com-
pounds that reduce the nutritional quality 
of a diet (Halver and Hardy 2002). For
example, there are compounds that bind up
minerals making them unavailable to the
animal. 



In searching for alternative feed ingredi-
ents, researchers must consider factors such
as palatability, quality, digestibility, availabili-
ty and cost (Hardy 1996). Researchers have
had success identifying substitutes that can
completely replace fishmeal in aquafeeds.
However, there are currently no commercial
alternatives to completely replace fish oil,
which is a highly digestible source of energy
for the fish and an important factor in the
nutritional value of the final product (Tacon
2005). The main challenge in replacing fish
oil is finding alternative sources of the long
chain omega-3 fatty acids, DHA and EPA.
Algal sources of these fatty acids are already
being produced for human consumption.
For example, the company Martek supplies
algal supplement for infant formula
approved by FDA. If production of algal
fatty acids is scaled up and prices reduced,
they may become economically viable for 
use in aquaculture feeds.



Reduction Fisheries: Main Source of
Fishmeal and Fish Oil



Few people might guess that only two of
the five largest capture fisheries produce
seafood destined for your dinner plate13



(FAO 2004). The other three produce fish-
meal and fish oil for agricultural feeds and
other uses. 



The reduction fisheries—those that har-
vest wild fish to produce fishmeal and fish
oil—target small pelagic species, such as
anchovy, herring, mackerel, and menhaden.
While most of the species targeted by reduc-
tion fisheries are eaten to varying degrees by
human beings, the vast majority of these fish
are harvested for reduction, a process in
which boats haul the fish back to a process-
ing plant where they are cooked, then the oil
is pressed out and the rest is dried to make
fishmeal. 



Between 1950 and 2003, the amount of
fish and shellfish landed by capture fisheries
destined for reduction into meals, oils, and
other nonfood purposes increased from 3
million tons to 21.4 million tons. In 1950
reduction fisheries made up 16 percent of
total capture fishery landings, while reduc-
tion fisheries accounted for about 23 percent
of total worldwide capture fishery landings
in 2003. Reduction fisheries landings have
fluctuated between 20 and 30 million 
metric tons annually over the last 30 years
(Figure 7-2).



The largest reduction fisheries 
are in South America 
(37 percent of global 
landings), with the Far
East (27 percent)
and Southeast
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13 The top five species in 2002 are: anchoveta, Alaskan pollock, skipjack tuna, capelin, and Atlantic herring. 
Of these, only Alaskan pollock and skipjack tuna are processed substantially for human consumption. 



Between 1950 and 
2003, the amount of 



fish and shellfish landed
by capture fisheries 



destined for reduction
into meals, oils 



and other nonfood 
purposes increased 
from 3 million tons to 



21.4 million tons.











Asia (12 percent) also supporting major fish-
eries (Huntington et al. 2004). FAO reports
that most reduction fisheries are currently
fully exploited and some are considered 
overexploited. In fisheries management 
parlance, fully exploited fisheries are already
producing catches at or near the maximum
sustainable level, and overexploited fisheries
risk depletion of stocks if catches are not
reduced. 



In the United States, the largest reduction
fishery—menhaden—ranks second in total
pounds landed nationwide (NMFS 2006). A
recent decision by the Atlantic States Marine
Fisheries Commission to cap menhaden 
harvest in Chesapeake Bay highlights the
growing concern about reduction fisheries.
While the Atlantic menhaden fishery is 
considered healthy on a coast-wide basis,
most of the harvest occurs in Chesapeake
Bay. Because menhaden play a unique and
vital role in coastal ecosystems as both a filter
feeder and forage species, managers imple-
mented a precautionary cap to protect the
stock. At the same time, additional research
is being conducted to evaluate the ecological



role menhaden play and to consider manage-
ment strategies that will protect menhaden’s
ecological role (ASMFC 2005). 



The menhaden fishery is not unique in
raising ecosystem considerations for reduc-
tion fisheries. Most other reduction fisheries
target forage fish that play important roles in
marine ecosystems. Fishery managers tradi-
tionally manage catch on a species-by-species
basis to ensure the population of the target
species is maintained within agreed biological
limits. However, these policies typically do
not consider the broader ecosystem impacts
of the fishery, such as predator-prey relation-
ships, unintended bycatch, and habitat dis-
turbance (Huntington et al. 2004). These are
critical considerations to ensure the ecologi-
cal sustainability of reduction fisheries and
their products: fishmeal and fish oil.



A related issue to the sustainability of fish-
meal and fish oil production is the ability to
track the origin of those products. Currently,
no system is in place that allows feed buyers
to identify the species of fish used to make
fishmeal and oil, nor the region or country
from which the fish are harvested. According
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Total finfish and 
shellfish production
from aquaculture 
and capture fisheries. 
(From Tacon 2005). 
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to FAO, 82 percent of total global fishmeal
and 55 percent of fish oil production is not
reported at the single species level (Tacon
2005). A key mechanism to evaluate the 
sustainability of fishmeal and fish oil is to
identify the source of the product. If the
sources of fishmeal and fish oil are known,
then information can be gathered on the
health of the fishery, compliance with regula-
tions, and the health of the surrounding
ecosystem. This information will help buyers
determine the sustainability of fishmeal and
fish oil, as well as fish produced from it. 
A traceability system would greatly enhance
the domestic and international tracking of
fishmeal and fish oil.



In addition to traditional reduction fish-
eries, alternative sources of fishmeal and fish
oil are increasing in the supply chain. These
sources do not depend on directed harvest of
small pelagic fish for the purpose of reduc-
tion, but rather utilize wasted fish products
from other fisheries. Seafood processing pro-
duces a large volume of “waste”—including
heads, offal and scraps—that can be
processed into fishmeal and fish oil. For
example, Canada prohibits the harvesting 
of fish for the sole purpose of reduction.
Therefore all fishmeal and fish oil produced
in Canada come from processing waste. It is
often cheaper for fish processing facilities to
sell or give their fish waste away to a reduc-
tion facility rather than pay for the disposal
of the waste. Therefore, economics provides
the incentive to transform processing waste
into fishmeal and fish oil (Tyedmers 2006).



Unavoidable bycatch is another source of
fishmeal and fish oil. Bycatch is the acciden-
tal capture or mortality of sea life as a result
of a direct encounter with fishing gear.
Although the methodology to calculate
worldwide bycatch and the estimates pro-
duced vary widely, scientists agree that a sig-
nificant portion of global catch is unutilized
(Alverson 1998, Kelleher 2005). This fishery
by-product could be reduced into fishmeal
and fish oil. However, minimizing bycatch
has been a national and international priority



over the last decade and remains a central
challenge to fishery management. Use of
bycatch for aquafeeds should be structured
so as not to interfere with efforts to reduce
bycatch. 



Cost of Aquafeeds



Aquafeed is usually the highest cost of
operating a fish farm that feeds its stock. For
example, salmon feeds and feeding represent
60 to 70 percent of total farm production
costs. Since fishmeal and fish oil can make
up 50 to 75 percent of feed, any increases in
the price of these finite commodities will
lead to increased cost to the farm and there-
fore decreased profitability (Tacon 2005).



Fishmeal and fish oil are commodities
traded on a global market. The cost of this
product depends on the quality and quantity
of the product as well as the cost and avail-
ability of similar products, such as soybean
meal and plant-based oils (Tacon 2005). If
low-cost and nutritionally equivalent substi-
tutes for fishmeal and fish oil are found, 
economics will drive the aquaculture 
industry toward alternative feeds.



On the other hand, reducing aquaculture’s
demand for fishmeal and fish oil would not
necessarily result in a reduction in forage fish
catch. As a globally traded commodity, the
fishmeal and fish oil prices might drop
and/or the products would go to other uses.
However, if the goal is to improve the sus-
tainability of aquaculture itself, then reduc-
ing fishmeal and oil use is still desirable.



Human health issues



Recent studies have shown farm-raised
salmon have higher contaminant levels than
wild salmon (Hites et al. 2004, Huang et al.
2005). The greatest concern for contaminant
accumulation in farmed fish is with persis-
tent organic pollutants, such as polychlori-
nated biphenyls (PCBs), dioxin, flame 
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retardants, and pesticides. These contami-
nants are fat soluble and accumulate in the
fatty tissues of animals, including the pelagic
fish used for reduction to fishmeal and oil.
Also, fishmeal and fish oil made from fish
processing waste may also contain higher
concentrations of contaminants, as processing
waste often includes organs and fatty tissue.



Evidence points to some regional variation
in the levels of contaminants, with fish from
the South Pacific Ocean having the lowest
levels and fish from the more industrialized
northeast Atlantic region having the highest
levels. Potential solutions to the problem of
contaminants in feeds include sourcing
ingredients from the least contaminated
areas, stripping contaminants from fishmeal
and oil, and replacing potentially contami-
nated ingredients with alternative ingredi-
ents. As new sources of fishmeal and fish oil
become more prominent, care must be taken
to monitor for contaminants and prevent use
of products with harmful levels. 



These studies raise serious health concerns.
Their conclusions have been challenged by
some in the seafood industry and others 
who believe benefits from eating seafood
outweigh the risks. Although human health
considerations are outside the scope of the
Task Force’s work, it must be recognized that
perceptions about the health benefits and
risks of eating seafood play a major role in
consumer purchasing decisions. 



The Regulatory Environment



In the United States, animal feeds—
including aquafeeds—are primarily regulated
at the point of distribution by the states.
Regulation of feeds covers areas such as best
management practices, labeling requirements,
and ingredient definitions. There are current-
ly no regulations on the use of fishmeal or
fish oil in animal feeds.



States look to the American Association of
Feed Control Officials (AAFCO) for guid-
ance on model feed legislation. AAFCO is a



nonprofit organization made up of state and
federal feed control officials who develop
model laws and regulations, feed ingredient
definitions, and feed-labeling requirements.
AAFCO works to promulgate consistent 
feed regulations across states. For example,
AAFCO developed model regulations for
organic standards for pet foods.



At the federal level, FDA’s Center for
Veterinary Medicine (CVM) has regulatory
authority for both animal feed and animal
drugs under the Federal Food, Drug, and
Cosmetic Act (21 U.S.C. 301 et seq.). In
addition to research and approval of the use
of drugs in aquaculture, CVM has regulatory
authority over nondrug feed additives and
conducts biological and chemical research to
support the food safety of new animal feeds.



Progress on Feeds



Advances in feed formulation, feed manu-
facturing technology, and feed management
at the farm level have led to increased fish
growth, reduced production costs, and
reduced feed conversion ratios. For example,
FCR for salmon farming decreased from over
2.0 to 1.3 from the early 1980s to today
(Tacon 2005).



Research is underway to develop alterna-
tive feed ingredients for fishmeal and fish oil.
While progress has been made in identifying
substitutes for fishmeal, there is no commer-
cially available product that can completely
substitute for fish oil. Canada and Norway
lead the way on dietary substitutes for fish-
meal at 55 percent and fish oil at 50 percent
(Tacon 2005). An independent group of
researchers, including scientists from academ-
ic institutions and federal agencies as well as
industry, is working to advance plant-based
feeds with a particular focus on enhancing
their use in the culture of carnivorous marine
species (Bellis 2006). Great potential exists in
research and development of feed alternatives
to reduce aquaculture’s dependency on fish-
meal and fish oil.
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The ecosystem effects of reduction fish-
eries are beginning to receive more attention.
Although it is only a first step, the recent
decision by the Atlantic States Marine
Fisheries Commission to set the first 
catch limits on Atlantic menhaden is 
encouraging in this regard (ASMFC 2005).
Improvements to the sustainability of reduc-
tion fisheries will improve the sustainability
of aquaculture practices that rely on fishmeal
and fish oil.



Discussion and Conclusions



As aquaculture, and particularly carnivo-
rous marine finfish culture, continues to
grow, so too will the need for aquafeeds.
Fishmeal and fish oil are a core ingredient in
aquafeeds because of their protein, energetic
and nutrient content. However, fishmeal 
and fish oil are finite resources derived from
marine fisheries that have reached and in
some cases exceeded sustainable harvest 
levels. Aquaculture currently consumes half
of the fishmeal produced globally and three
quarters of the fish oil. 



If aquaculture is truly to increase global
seafood supplies, then it must produce more
animal protein than it consumes. To do this,
the industry must reduce its use of fishmeal
and, especially, fish oil derived from capture



fisheries. Alternatives for fishmeal and fish
oil are necessary to meet the demands of a
growing aquaculture industry and to con-
tribute to a net increase in seafood supplies.
In addition to regulation, research and devel-
opment, a certification program can provide
market-based incentives to encourage the use
of sustainable aquafeeds. Market-based
approaches will be discussed in detail in
Chapter 8.



Summary of Recommendations



• Support research and development for
alternative feed ingredients.



• Substitute sustainable feed ingredients for
unsustainable ingredients.



• Adopt ecosystem-based management
approaches for reduction fisheries.



• Develop a traceability system for fishmeal
and fish oil.



• Promote sustainable aquafeeds internation-
ally.
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Country of Origin
Labeling: A Model for
Tracing Fishmeal and
Fish Oil 



Pelagic fish used to produce fishmeal and oil play important roles in marine ecosystems as consumers
of plankton and prey for larger fish and other marine life. As a result, the use of fishmeal and fish oil in
compound aquafeeds is a key factor affecting the sustainability of aquaculture. A hurdle to determin-
ing the sustainability of fishmeal and fish oil is identifying the source of these products. The United States
recently adopted labeling requirements for seafood, which provides a model to encourage the pro-
duction and use of sustainable aquafeeds. 



The Farm Security and Rural Investment Act of 2002, also known as the 2002 Farm Bill, requires country
of origin (COOL) labeling for all fish and shellfish products, as well as method of production (e.g., wild
caught or farm raised). USDA implemented a labeling program for seafood to carry out the legislation
in 2005. The labeling is required at the point of sale, or retail level, in supermarkets, however the food
service industry is specifically exempted. While this program does not cover aquafeeds, similar labeling
requirements for aquafeeds and their ingredients would identify the origin of fishmeal and fish oil.
Combined with information on the management of reduction fisheries and feed production practices,
such labeling could assist aquaculturists and certifying entities in determining the sustainability of feeds.



If aquaculture is truly 
to increase global
seafood supplies, 



then it must produce
more animal protein 



than it consumes. 
To do this, the industry
must reduce its use of



fishmeal and, especially,
fish oil derived from 



capture fisheries.











Detailed Recommendations



19. Substitute sustainable feed ingredients for unsustainable feed ingredients. Fishmeal
and fish oil, which make up the bulk of the ingredients in diets for farmed carnivorous
fish, are obtained from finite sources that are fully exploited or in some cases overfished.
Recommendation 20 will help ensure that the supply from these sources becomes more
sustainable. However, the finite nature of the resources highlights the need for feed alter-
natives and greater efficiency. 



19.1. Congress should direct NOAA, in collaboration with the Department of
Agriculture, to expand current activities or develop new activities that reduce
the dependency of marine aquaculture on reduction fisheries for feeds. Acting
through the Joint Subcommittee on Aquaculture, activities should be carried out
in collaboration with industry, research institutions, and other stakeholders,
including:



• Research and development on alternative, sustainable, and cost-effective feed
ingredients consistent with sustainability standards called for in the governance
recommendations; and



• Development of guidance and best management practices to maximize the 
substitution of alternative feed ingredients for fish meal and oil derived from
directed reduction fisheries, including—



• Seafood processing wastes and unavoidable fisheries bycatch,



• Cultured marine algae and other microbial sources of omega-3 fatty acids,



• Crop plants and other terrestrial protein sources, and



• Other products produced in an environmentally sustainable manner.



19.2. As alternative and cost-effective ingredients for aquaculture feed become
available, NOAA should require the use of the most sustainable ingredients
by establishing milestones and a process for transition. Even as sustainable,
ecosystem-based management of reduction fisheries is promoted, as called for in
recommendation 20, there is a need to reduce the dependency of marine finfish
aquaculture on finite supplies of fish meal and oil. As research and development
produce viable alternative feed ingredients and more sustainable feeds, NOAA
should establish goals and a process for transitioning to these new products. 



• NOAA should establish a process for transition to alternative, sustainable feeds
and create milestones for the use of such feeds within two years of the com-
mencement of an enhanced research program. A mechanism to implement this
transition could include specifying minimum levels of the most sustainable
ingredients available in feeds with provisions for progressively increasing the
minimum required levels to 100 percent as new sources, information, and tech-
nologies become available. The plan should be adaptive as new research and
technology become available.



• NOAA should ensure that the milestones for feed are reflected in operating per-
mits for marine aquaculture within five years of the commencement of an
enhanced research program called for in recommendation 19.1. The type of feed
used by an aquaculture facility must be consistent with the lead agency’s mile-
stones for aquafeeds as a condition of the permit. 
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• During the transition to alternative and sustainable feed ingredients, provide
incentives for the use of more sustainable feeds. Incentives may include prefer-
ence in permitting or economic incentives such as reduced fees. 



20. Source feed ingredients from capture fisheries (reduction fisheries) that are healthy
and employ ecosystem-based fishery management.14 Most of the reduction fisheries
around the world are fully exploited. Current management of marine reduction fisheries
is geared toward sustaining fish harvests, however it does not consider or protect against
the impacts the fishery is having on the ecosystem. Therefore, sustainability from a tra-
ditional fishery management perspective is at best a crude indicator of ecosystem health.
An ecosystem-based approach to fishery management can address impacts on the ecosys-
tem. Sustainable aquaculture of carnivorous fish requires that feed ingredients come
from ecologically sustainable sources. For fishmeal and fish oil, this means that fisheries
which they are derived from are neither overfished nor is overfishing occurring on those
stocks, and the definition of overfishing used in their management protects both the fish
stock and ecosystem structure and function.



20.1. Ensure capture fisheries that supply fishmeal and fish oil to the U.S. marine
aquaculture industry (and other industries) are managed in an ecologically
sustainable manner. This should include both domestic and international
sources of fishmeal and fish oil.



• Congress should direct NOAA, in cooperation with the states, to develop
standards for ecologically sustainable reduction fisheries and adopt a new
definition of overfishing based on the standards. NOAA should ensure that
domestic reduction fisheries are managed in an ecologically sustainable manner.
The largest reduction fishery in the United States is the menhaden fishery along
the Atlantic coast and Gulf of Mexico. It is managed in a traditional, single
species approach, with the goal of sustaining the fishery over time. However 
this management approach does not ensure that the fishery is sustainable from
an ecosystem perspective. NOAA, working with the states, should build on cur-
rent initiatives to pursue ecosystem-based fishery management, by developing
standards and new overfishing definitions for ecologically sustainable reduction
fisheries.



21. Develop and implement a traceability system for distinguishing, identifying, and
sourcing fishmeal and fish oil so that ecologically sustainable feeds are available
and distinguishable to fish farmers. Currently, there is no way to track the source of
fishmeal and fish oil, including the country where the fish were harvested or the species
used to make the products. These are critical pieces of information that must be tracked
to ensure the use of sustainable products in aquaculture, and to facilitate identification
of any possible contaminants in the fishmeal and fish oil. 
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14 Sustainable feeds include both alternative feed ingredients that meet a sustainability standard as well as feeds
produced with fishmeal and fish oil derived from fisheries managed for ecological sustainability.











21.1 In the United States, the U.S. Department of Agriculture should develop
chain of custody procedures through which feed producers and fish farmers
can verify the source and content of feed ingredients. 



• Require country of origin labeling for aquafeed ingredients as well as aquafeed
products. 



• To the extent practicable, require additional labeling to help determine products
are consistent with a sustainability standard. For example, include information
on the species used to produce fishmeal and oil, the region15 of the fishery, and
whether the products are from bycatch or a directed fishery. 



22. Provide leadership in the international arena to promote sustainable aquaculture
and sustainable aquafeed production. To promote this agenda, the United States
should: 



22.1. Urge FAO to adopt a protocol to the Code of Conduct for Responsible Fisheries
elaborating the need for, and ways to achieve, net seafood production from
marine aquaculture;



22.2. Work to ensure that international fisheries agreements recognize the importance
of forage fish in marine ecosystem dynamics and fishery management that main-
tains the structure and function of marine food webs;



22.3 Use its bilateral economic and scientific relationships to encourage countries to
manage their domestic stocks of forage fish on an ecosystem basis; and



22.4 Lead an international effort for the development of a traceability system for 
distinguishing, identifying, and sourcing fishmeal and fish oil so that ecologically
sustainable feeds are available and distinguishable to fish farmers. All elements of
recommendation 21 should also apply to any international traceability system.
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15 Fishery management actions that conserve the structure and function of marine ecosystems, in addition to con-
serving the fishery resource. 











C H A P T E R  8



Working within the Marketplace:
Private Sector Initiatives, Certification, 
and Eco-Labeling



One need not look further than the 
emergence of organic products to understand
the power of consumer choice. The growth
of the organic food sector in the U.S. has
quickly outpaced other agriculture sectors,
growing in the U.S. at a rate of 20 percent
per year in recent years, to become an 
$11 billion market (NOAWG 2005). The
organic label conveys information to the
consumer about the method and practices by
which the food was produced. The result has
been the adoption of organic production
practices by a growing number of farms.



Most of this report focuses on legal and
regulatory ways to improve the sustainability
of marine aquaculture. Demand-side 
programs, employing certification systems,
corporate purchasing policies, and similar
tools use market-based approaches to achieve
the same goal. These programs generally
establish standards for production practices
that address environmental, social, or health
considerations. This chapter will explore a
variety of private sector initiatives, certifica-
tion, and labeling programs to provide
insight on how new market incentives for
environmentally preferable aquaculture 
systems might be established.



Product Choices 



On a typical trip to the supermarket or
hardware store, consumers face a variety of
labels. These may be the result of govern-
ment regulation, such as the dolphin-safe
label on canned tuna, or country of origin
labeling at supermarket seafood counters.
They may also be the result of an indepen-
dent, third-party organization such as the



Forest Stewardship Council, which certifies
the sustainability of wood and paper prod-
ucts based on social and environmental 
standards. Many examples of labeling 
programs exist and some of their features
may be adapted for an eco-labeling program
for sustainable aquaculture.



Although individuals have an important
and well-recognized marketplace role, corpo-
rate purchasers and other business buyers are
the gatekeepers for many food selections.
Company buyers choose the sources of food
sold or served at restaurants, food service
outlets, supermarkets, and other retailers.
Individual consumers may then have an
opportunity to choose among these foods. 



Eco-labels are seals of approval given to
products that are deemed to have fewer
impacts on the environment than other 
similar products (Wessells et al. 2001). The
rationale for labeling is to connect products
in the marketplace with production practices.
Public outcry about the killing of dolphins
by some tuna fishing pratices led to the
development of a dolphin-safe definition and
label for canned tuna. The label provides
additional information to consumers about
their choices in the marketplace.



Consumers are increasingly looking to
product labels to assist them in making more
informed purchases based on environmental
and social concerns. A survey of 1,640 U.S.
residents found that 70 percent preferred to
purchase seafood that was labeled to indicate
the fish came from sustainable sources
(Wessells et al. 1999). 



As the information age progresses, con-
sumers are becoming better educated and
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more discriminating. Many want to know
where their food comes from, how it was
raised, and what additives or contaminants 
it may contain. Retailers and suppliers are
getting smarter too, tapping into this trend
by supplying products tailored to consumer
preferences. Both individual consumers and
businesses can thus create powerful incen-
tives through the marketplace for more 
sustainable production practices. In the case
of seafood, businesses play an especially
dominant role. More than half of U.S.
seafood sales (wholesale value) are at 
restaurants and food service outlets (Packard
Foundation 2001). Consumers typically have
less information about product sources at
these outlets than they do at supermarkets
and other retail markets, and thus to a large
degree businesses choose the sources of
seafood for consumers. 



Both retailers and food-service companies
are now making environmentally preferable
seafood choices. In February 2006, Wal-Mart
announced plans to only purchase wild-
caught seafood that is certified by the Marine
Stewardship Council (Wal-Mart 2006).
Wegmans Food Markets and Bon Appétit, 
a food service company, adopted a new 
purchasing policy in 2006 for farm-raised
salmon based on health and environmental
standards (Bon Appétit and Wegmans 2006).
Compass Group USA, the U.S. division of
the world’s largest food service company,
announced it would no longer purchase
Atlantic cod and species they determine to
be unsustainably produced (Compass Group
2006). The New England Aquarium is work-
ing with supermarket owner Ahold USA on
a program to help Ahold make environmen-
tally preferable purchases of farmed and wild
seafood (Ahold 2006).



Labeling and other private sector programs
can complement or strengthen conventional
regulatory programs to achieve desired 
conservation and management outcomes. 
An eco-label conveys information that may
give a product a market advantage over other
similar products, providing a financial



reward for industrial and business practices
that benefit the environment. The availability
of credible eco-labeling is thus an incentive
to producers to comply with or even exceed
strong environmental standards, and perhaps
seek even stronger regulations than currently
in place. 



Private sector initiatives increasingly 
provide a public relations advantage, which
may create market advantage but is also 
related to “goodwill”—an intangible asset
valued by business independent of financial
rewards.  Some companies, such as Ahold,
choose not to directly label environmentally
preferable products, but discuss their 
programs through websites, pamphlets, 
and other media.



Corporate purchasing policies and certifi-
cation are becoming valuable tools for pro-
moting sustainable fisheries and protecting
healthy marine ecosystems. In this chapter,
we first evaluate efforts to develop organic
standards for seafood, then review a sustain-
ability certification program for wild-caught
fish. Finally, we review similar product 
differentiation efforts that are underway for
marine aquaculture. Although it is not yet
possible to evaluate the efficacy of such 
programs for aquaculture products, results
from capture fisheries are encouraging.
Common features of a workable, widely
accepted, and environmentally beneficial 
certification methodology for aquaculture
begin to emerge from this analysis.



Organic Standards for Seafood



Organic farming aims to improve the
healthfulness of food products, reduce the
environmental impact of agriculture, and
maintain farm animals under hygienic and
humane conditions. As a result, it operates
under principles that support efforts to
improve the ecological sustainability of agri-
culture. If organic standards are developed
for aquaculture, they could bring the same
benefits to this sector. Major tenets of organ-
ic farming include recycling nutrients within
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Feeding time at a 
salmon farm in



Washington. Private 
sector initiatives, such as



purchasing agreements 
and environmental 



certification, can 
harness the power of 



the marketplace to 
improve feed production
and utilization practices



and other environmental
aspects of aquaculture.
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the farm, eliminating or minimizing the use
of drugs and pesticides, and in general reduc-
ing environmental externalities from farm
operations. 



Formal standards have been established by
the USDA that terrestrial crops and livestock
must meet before they can be labeled “organ-
ic” in the United States. Aquaculture, howev-
er, does not fit neatly into the regime for
organic agriculture established for terrestrial
farms. Organic standards for aquaculture are
under consideration by the USDA’s National
Organic Standards Board. Draft aquaculture
standards were made available in early 2006
for public comment by an aquaculture 
working group appointed by USDA (NOSB
2006). This draft is currently undergoing
consideration and revision. 



In Europe, a number of private certifiers
have established their own organic standards
for farmed seafood, and seafood meeting
these standards is now in the marketplace.
However, these standards are not necessarily
consistent with U.S. requirements for 
organic agriculture. In 2005, the State of
California banned the sale of seafood labeled
“organic” in California to ensure consumers
were not confused by organic seafood label-
ing in the absence of U.S. requirements.



A significant challenge for net pen and sea
cage aquaculture is to implement the princi-
ple of organic agriculture requiring nutrient
recycling. Fish wastes in the effluents from
closed or contained flow-through aquacul-
ture systems can be removed and recycled,
but it is impractical to try to contain wastes
from net pens or sea cages immersed in a
water body. As discussed in Chapter 6, 
integrated aquaculture has been proposed as
a way to use wastes from finfish production
to produce seaweeds and/or bivalve mollusks
while also reducing nutrient and organic 
pollution loading to the surrounding system.
The USDA aquaculture working group’s
draft standards “encourage” integrated 
aquaculture or other ways of reducing
wastes, but only require such measures for
net pens. 



Feeds for aquatic animals have also posed 
a substantial challenge for those seeking
organic certification for aquaculture prod-
ucts. Not surprisingly, feeds for organic 
livestock must also be organically produced.
The USDA standards for terrestrial livestock
reflect this principle, although they do allow
nonorganic additives and supplements to
make up a small percentage of the feed. 
For herbivorous or omnivorous fish such as
tilapia, carp, and even catfish it is possible to
obtain feeds made from organic plant ingre-
dients, such as soy. For culture of carnivorous
fish, however, meal and oil from wild-caught
fish currently make up the bulk of com-
pound feeds. In principle, wild fish cannot
be organic in the agricultural sense because
the provenance of wild-sourced ingredients
precludes the control over inputs and 
growing conditions that would make such
certification possible (USDA Aquatic Animal
Task Force 2001). 



However, a 2003 amendment to the
(U.S.) Organic Food Production Act of 1990
allows wild seafood to be certified as organic
if regulations are developed after public
notice and comment. Although clearly
intended to convey the benefits of the 
organic label on wild seafood, this 
legislation alarmed many in the organic food
community because bending the rules to 
satisfy one political constituency or another
risks damaging the credibility of the organic
label in the view of the public. Given the
value of the market, it is not surprising
that the industry would fiercely
defend its market share and
its “brand”
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integrity. The practical difficulty in establish-
ing criteria and processes for certifying wild
seafood as organic, combined with deep
skepticism of the whole concept within the
organic farming community, has stalled the
development of rules in this area.



The aquaculture working group acknowl-
edged the dilemma of wild-sourced ingredi-
ents by including two options for feeds in its
draft organic standards for aquaculture prod-
ucts. One option would allow the use of wild
fish ingredients in feeds if they come from
fisheries certified to be sustainably managed
under internationally recognized certification
organizations, are used in aquaculture 
systems that maintain no more than a 
one-to-one ratio of wild fish input to 
aquaculture animals cultured, and meet
other criteria. The second option would
require that aquatic animal ingredients in
aquafeeds come from organically raised 
animals, except for small amounts as 
additives or supplements. 



Shellfish farming has its own set of chal-
lenges for organic certification. In theory,
bivalve mollusks and other aquatic grazers
could be certified organic in much the same
way that natural grass-fed beef can be organ-
ic. Although such livestock eat wild grasses,
rangeland is typically managed and the 
fodder is thought to be sufficiently “natural”
and free from additives to justify the organic
label. A significant issue to be resolved is
how to monitor for, and protect against,
environmental contaminants that might
enter the shellfish through the wild food
chain. Shellfish growers have expressed 
concern that the draft proposed organic
aquaculture standards did not create a 
pathway for organic certification of shellfish.
Because of the unique nature of shellfish
farming, such standards may have to be 
pursued on a separate track. 



Given these challenges, the question is
which forms of aquaculture can be accom-
modated under the rules for organic certifi-
cation while maintaining the integrity of 



the organic label? For herbivorous species,
including shellfish, it would seem possible to
develop a set of organic standards—including
for feeds—that adhere closely to organic
principles. For marine carnivores, however,
the dominance of wild feed ingredients and
the lack of control over effluents are major
deviations from organic farming principles
that will have to be addressed. These con-
cerns should be addressed in a way that
maintains public confidence in the organic
label. Ultimately, some segments of the aqua-
culture industry may find it more expedient
and beneficial to pursue labeling for sustain-
ability instead of organic status. 



Sustainability Certification for Wild-
Caught Seafood



The most prominent seafood certification
program is the Marine Stewardship Council
(MSC). MSC was founded jointly by
Unilever, the world’s largest buyer of seafood,
and World Wildlife Fund, an international
conservation organization, in 1997. Since
1999 it has operated independently. The
MSC website clearly states its purpose: “In 
a bid to reverse the continued decline in 
the world’s fisheries, the MSC is seeking to
harness consumer purchasing power to gen-
erate change and promote environmentally
responsible stewardship of the world’s most
important renewable food source” (MSC
2006).



MSC is a global, nonprofit organization. 
It has developed environmental principles
and criteria for sustainable and well-managed
fisheries to guide its certification process. 
A fishery must adhere to these principles in
order to receive the MSC certification. The
three principles are:



• Maintenance and re-establishment of
healthy populations of targeted species;



• Maintenance of the integrity of ecosystems;
and
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• Development and maintenance of effective
fisheries management systems, and compli-
ance with relevant local and national laws
and standards.



The certification program is voluntary.
Any capture fishery may apply for certifica-
tion, but they do not currently certify 
aquaculture products. MSC approves or
accredits independent certifiers to carry out
an assessment of how the fishery performs
compared to the standards. During the
process, a peer review of the assessment is
conducted and stakeholder comment is
accepted. If the fishery passes the assessment,
it will be certified. Finally, a formal objec-
tions procedure is in place (MSC 2005). 



To date, 19 fisheries have been certified by
MSC and over 300 products carry the MSC
label. Wal-Mart announced in early 2006 a
commitment to purchase all of it wild-
caught fresh and frozen seafood from MSC-
certified fisheries (Wal-Mart 2006). Wal-
Mart will begin buying MSC-labeled seafood
in 2006 and transition over the next three to
five years so that all of its wild-caught
seafood products will eventually carry the
MSC label. Forty-six percent of Unilever’s
seafood products sold in 2005 were certified
by the MSC (Unilever 2006). Whole Foods,
Trader Joe’s, Shaw’s, and Legal Seafoods have
pledged to buy MSC-certified products and
Royal Caribbean Cruise Lines has expressed
interest in serving MSC-labeled products on
its cruise ships. Clearly, the MSC label has
gained a great deal of momentum in the
marketplace.



However, the MSC process is not perfect.
MSC has been criticized by conservation
organizations for a number of reasons: the
use of consultants who usually work for the
industry to conduct the certification; the lack
of adherence to its standards during the
assessment and certification process; the key
principle regarding the protection of marine



ecosystems is routinely not met by fisheries
receiving certification; and fisheries not in
compliance with national laws have been cer-
tified (Highleyman et al. 2004). At the same
time, most major conservation organizations
continue to support market-based initiatives,
and many have provided comments and rec-
ommendations to improve the MSC process.



Another model to consider is the FAO
Guidelines for the Eco-Labeling of Fish and
Fishery Products from Marine Capture
Fisheries (FAO 2005). The guidelines are
based on existing international agreements
regarding fisheries.16 They contain three sub-
stantive requirements (or standards) that
FAO recommends be included, at a mini-
mum, in the development of any eco-label-
ing system: 



• The fishery is conducted under a manage-
ment system that is based on good prac-
tices and operates in compliance with the
local, national, and international laws and
regulations.



• The stock under consideration is not over-
fished and is maintained at a level that pro-
motes the objective of optimal utilization
and maintains its availability for present
and future generations.



• Adverse impacts of the fishery on the
ecosystem should be appropriately assessed
and effectively addressed.



In addition, the guidelines cover procedur-
al and institutional matters that an eco-label-
ing program should encompass. This part of
the guidelines draws heavily on guidelines
developed by the International Standards
Organization (ISO). There are three stages
that must be considered: setting standards
for sustainable fisheries, accreditation of 
certifiers, and certification of fisheries.
Setting the standards is among the most 
critical tasks of an eco-labeling program, 
as it defines quantitative and qualitative 
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measures by which the sustainability of a
fishery will be assessed. Accreditation assures
certification bodies are competent to con-
duct assessments of a fishery’s adherence to
standards and chain of custody requirements.
Finally, certification provides the necessary
assurances, by a third party, that a fishery
conforms to the relevant standards. 



At each of these stages, the guidelines 
provide minimum requirements. In setting
the standards, there are requirements for
transparency, participation by interested 
parties, notification, keeping of records, and
review and revision of standards. The guide-
lines note that it is important not to impose
excessive burdens on participating producers,
which can create incentives for noncompli-
ance. The accreditation process has require-
ments for nondiscrimination, independence,
impartiality, transparency, accountability, and
resolution of complaints. The certification
process contains some of the requirements
already mentioned for the other stages, as
well as requirements for maintaining certifi-
cation, renewal of certification, and main-
taining chain of custody information. To be
effective, the criteria for certification must be
“practicable, viable and verifiable.” Finally, a
resolution of complaints and appeals process
should be clearly stated and available.



There is a great deal of overlap between
the MSC example and the FAO guidelines.
It is clear that certain elements of an eco-
labeling program are critical to its success,
based on the experience of existing programs
and the thorough evaluation by FAO for the
development of its guidelines. This includes
clear articulation of standards that ensure
sustainability of a product, and establishing 
a credible and accountable process for
accreditation and certification. In addition,
good standards alone are not sufficient; pro-
cedural and institutional aspects play a vital
role in public acceptance and confidence in 
a certification program.



Current Initiatives for
Differentiation and Certification 
of Aquaculture Products



A well-recognized, widely accepted certifi-
cation system does not yet exist for marine
aquaculture products. This is a concern
shared by both producers and environmen-
talists as aquaculture’s share of the market
grows. As individual and corporate buyers
become accustomed to environmental certifi-
cation for wild-caught seafood products, they
are starting to seek aquaculture products with
comparable attributes. While this is a positive
development, with no comparable programs
yet available except for shrimp, aquaculture
producers are concerned they may be exclud-
ed from markets. However, along with
organic certification, several certification or
related demand-side efforts underway in the
United States may lead to more sustainable
aquaculture practices and their recognition 
in the marketplace. Five such programs are
reviewed briefly below. 



Several U.S. conservation organizations
have created websites and wallet-sized cards
which provide guidance to consumers on
choosing environmentally preferable seafood.
The Monterey Bay Aquarium’s Seafood
Watch Program, which uses ecological crite-
ria to rate various farmed and wild fish as
green, yellow, or red (corresponding to best,
intermediate, and worst) choices, is perhaps
best known. About eight million “Seafood
Watch Pocket Guides” have been distributed
by the Monterey Bay Aquarium and other
zoos and aquaria. Environmental Defense’s
Oceans Alive Program has a similar “Seafood
Selector” card and website. The Monterey
Bay Aquarium uses Environmental Defense’s
information concerning seafood contami-
nants in its Pocket Guides. The Blue Ocean
Institute also has a well-regarded “Guide to
Ocean-Friendly Seafood.”



Wegmans Food Markets, a food retailer,
and Bon Appétit Management Company, a
food service company, adopted in March
2006 a purchasing policy that includes a
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number of production standards. These 
standards, developed in consultation with
Environmental Defense, define strong envi-
ronmental and health criteria that suppliers
must meet in order to have Wegmans and
Bon Appétit purchase their farm-raised
salmon. The purchasing policy sets numeri-
cal limits for contaminants such as PCBs,
and requires salmon producers to take steps
to reduce impacts on wild fish populations
and the marine environment. The criteria
include: limiting the use of fishmeal and fish
oil in feed; implementing measures to pre-
vent escapes; minimizing or eliminating drug
use; reducing incidents of disease and para-
sites; reducing water pollution; monitoring
and reducing the impacts on the sea floor;
and prohibiting the killing or harassment of
marine wildlife. The types of standards out-
lined in this purchasing policy could also be
used as the basis for standards in a certifica-
tion program for production of farm-raised
salmon or other species.



Compass Group USA, which owns about
ten food service companies (including Bon
Appétit), announced in February 2006 that
it was adopting a new policy based largely 
on the Monterey Bay Aquarium’s Seafood
Watch Program (Compass 2006). The
Seafood Watch Program classifies seafood
into three categories, from “best choices” 
to “avoid,” based on ecological criteria.
Compass Group pledged to decrease its use
of farmed shrimp and salmon, which are on
the Aquarium’s “avoid” list, unless they are
farmed in a more sustainable manner. The
company also said it would stop selling all
other “avoid” species and increase its use of
“best choices.” 



In 2001, Ahold USA, which owns Giant,
Stop and Shop, and four other grocery
chains along the East Coast, enlisted the
New England Aquarium to help audit
sources of both farmed and wild seafood 
for their environmental impact (Seafood
Choices Alliance 2005, Ahold 2006). This
initiative, called “Eco-Sound,” led Ahold
USA to incorporate environmental sustain-



ability into its purchasing criteria for
seafood. The company has now stopped 
selling Chilean sea bass and has reduced its
sales of orange roughy by 75 percent. Both
are long-lived wild fish that are highly 
vulnerable to depletion.



The World Wildlife Fund (WWF) began a
new initiative in 2004 to develop a sustain-
able aquaculture certification program. The
initiative is organized around “aquaculture
dialogues” for five species groups: salmon,
mollusks, tilapia, catfish, and shrimp. Each
dialogue has engaged a multistakeholder
working group to review impacts of aquacul-
ture and identify issues that require addition-
al research. The results of these dialogues,
while likely a few years off, could inform the
development of best management practices
or the development of standards for a certifi-
cation system. 



Finally, the Global Aquaculture Alliance
(GAA) is an industry trade association 
dedicated to promoting aquaculture. GAA
established best aquaculture practices (BAPs)
for shrimp farming that form the basis for 
a certification program through the
Aquaculture Certification Council (ACC).
Certification is available to shrimp process-
ing plants, farms, and hatcheries. The certifi-
cation targets wholesale buyers, with the BAP
label applied to cartons of shrimp sold to
seafood wholesalers, not on retail packages. 



The BAPs were derived from two previous
efforts of the GAA: Guiding Principles for
Responsible Aquaculture and Codes of
Practices for Responsible Shrimp Farming
(GAA 2006). To receive certification, a facili-
ty must register with the ACC and pay a
processing fee, submit an application form
that contains a self-assessment audit, and
contract with an ACC-accredited certifier to
review the application and conduct a site
inspection. The site inspection typically takes
one day, or just a few hours for a small farm.
If a facility is approved for certification, 
participants must pay an annual program fee
and maintain records. Finally, a facility must
be recertified every two years (AAC 2006).
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Discussion and Conclusions



Private sector initiatives, eco-labeling, and
certification have the potential to significant-
ly improve the sustainability of aquaculture
production practices. In addition to regulato-
ry approaches outlined in other parts of this
report, such programs may lead to reduced
environmental impacts from aquaculture. 
By harnessing the enormous power of the
marketplace to reward good behavior with
respect to the environment, demand-side
programs provide incentives for environmen-
tal protection that governments cannot 
provide. These methods are not a substitute
for good environmental regulation and 
management, but they can complement and
enhance the effectiveness of such measures.



No one kind of demand-side program is a
“silver bullet” for the marketplace. Corporate
purchasing standards, such as those adopted
by Wegmans and Ahold, provide a strong
economic incentive for suppliers to improve
their production practices. They can be
established relatively quickly and can be tai-
lored to suit the needs of particular buyers
and suppliers. Nevertheless, the proliferation
of numerous, disparate corporate purchasing
programs could result in a difficult market-
place for some suppliers, who have to imple-
ment different production standards to meet
the needs of different customers, as well as
result in a confusing marketplace for con-
sumers.



Establishing one or a small number of cer-
tification programs can create a more coher-
ent marketplace. Moreover, many companies
may find it advantageous to rely on a credi-
ble certification program that provides them
with seafood produced in an environmental-
ly responsible manner and does not involve a
major investment of company time and
resources in its development. 



Certification systems for both organic and
conventional aquaculture production are
complementary. While growing rapidly,
organic agriculture is unlikely to dominate
the marketplace due to generally higher 
production costs. Major issues to be resolved



for aquaculture include the degree to which
organic standards are, or can be, credibly
applied to various forms of aquaculture, 
and whether a widely accepted approach for
certifying the sustainability of aquaculture
feed ingredients can be developed.



Although all the examples provided in this
chapter have their strengths and weaknesses,
collectively they shed light on some basic
principles for a good sustainability scheme
for aquaculture. Keys to success include high
standards for sustainability achieved through
practical and viable measures, strong verifica-
tion procedures and compliance with stan-
dards, transparency and accessibility of the
process to interested parties, and achieving
and maintaining high consumer confidence
in the label. 



That said, the process for developing
strong, credible certification programs, with
requirements for transparency and broad
agreement on standards, can be quite
lengthy.  Companies that profit by differenti-
ating their brand and their products may
wish to retain their own production stan-
dards. If developed collaboratively with 
conservation organizations, such standards
often achieve considerable credibility.
Product differentiation can be beneficial for
the environment as well as the bottom line.
Companies that wish to truly distinguish
themselves on the basis of their environmen-
tal stewardship may push for more stringent
production standards than a consensus-based
certification program can achieve. Individual
private sector programs are nimble and can
be “laboratories” for innovation.  



In short, while the development of certifi-
cation systems for aquaculture is highly 
desirable, other programs to differentiate
environmentally preferable farmed seafood in
the marketplace may prove valuable catalysts
for better production practices.  Different
approaches can be bridged at least in part by
encouraging representatives from individual
private sector programs to bring their 
experiences to the development of broad 
certification programs. 
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improve the sustainability
of aquaculture 



production practices. 











Summary of Recommendations



• Encourage companies to adopt purchasing
polices favoring environmentally preferable
aquaculture products.



• Encourage the development of certification
systems for aquafeeds and aquaculture
products.



• Certification systems for aquaculture prod-
ucts should contain criteria that require the
use of feed derived from sustainable
sources.
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Detailed Recommendations



23. Encourage corporate seafood buyers and smaller businesses to pursue purchasing
programs that favor environmentally preferable aquaculture products. The objective
of these systems should be to create marketplace incentives for sustainable aquaculture
and feed production practices, as well as to provide business benefits for purchasers.



23.1. These buyers should also be encouraged to participate in the development of
certification systems for aquaculture



24. Encourage the development of certification systems that will distinguish aquafeed
and aquaculture products to the consumer, thus providing a marketplace incentive
for more sustainable products. The objective of these systems should be to create 
marketplace incentives for sustainable aquaculture and feed production practices.
Certification informs the consumer that certain aquaculture products are raised and 
harvested in accordance with broadly accepted criteria for sustainability.



24.1. USDA should promulgate credible federal organic standards for aquaculture
under the agency’s National Organic Program.



24.2. An independent, third party organization, working cooperatively with rele-
vant stakeholders, should coordinate a certification process for nonorganic
aquaculture.



• The organization should have a clear governance system that defines the policy
of the organization.



• The organization should be governed by a board that represents the full spec-
trum of stakeholder interests in sustainable aquaculture. 



• The organization should have a transparent governance system, including the
body’s sources of funding. 



• The organization should have or develop international recognition. 



• The organization should commit to continuous review and improvement of the
system. 



24.3. The organization should coordinate the development of standards and/or
specific criteria for determining sustainability of aquaculture products.



• The process should be transparent, with full disclosure of the standards develop-
ment procedure.



• The process should include and encourage broad public input with a clear
forum for public participation.



• The process should be science based.



• To the extent possible, the standards should be performance based and thus
allow producers flexibility in how they achieve standards.
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24.4. The organization should clearly define procedures for certification. This
should include the requirements and process for farms to achieve, maintain, and
renew certification. 



• Farms must provide adequate information in an initial application so that the
organization can verify that farm practices meet the standards and/or criteria for
certification through the evaluation process.



• The organization should conduct a technical review of the application.



• The organization should provide a mechanism for public input and comment
during the certification process.



• The organization should create a mechanism to resolve disputes.



• Farms must submit an annual report to ensure compliance with certification cri-
teria.



• Certification should be valid for five years, after which farms must renew their
certification. 



25. A sustainable aquaculture certification system should include criteria that require
the use of sustainable feed products. Market-based incentives for aquaculture prod-
ucts are an effective tool for consumers to create a demand for sustainable aquaculture
products. The Task Force encourages the use of certification systems in recommendation
24. Any certification system for sustainable aquaculture products should make a strong
commitment to ensure the use of sustainable feed ingredients. 



25.1. Certification criteria should require that if feeds containing ingredients derived
from fishery resources are used to produce the aquaculture product being consid-
ered for certification, the fisheries those ingredients are derived from must be con-
sidered healthy and are under a management system that protects the structure
and function of marine ecosystems.



25.2. Certification criteria should require that feed ingredients not derived from direct-
ed fishery resources are produced in accordance with sustainability standards for
aquafeeds.
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Conclusion: A Vision for the Future



Throughout the Task Force’s investigation,
we have made a considerable effort to 
identify issues related to the sustainability of
aquaculture. The Task Force has reviewed
environmental, social and economic consid-
erations related to the long-term contribu-
tion of marine aquaculture to the nation’s
welfare and to the health of its marine
ecosystems. Sustainability itself is a slippery
term, and leaves much to interpretation. 
At the end of the day, the Task Force has
come to think of sustainability as a direction
instead of a particular place or data point.
Some practices are clearly unsustainable, at
least from an environmental standpoint, but
given the many inputs and outputs associat-
ed with aquaculture it is exceedingly difficult
to establish objectively when “sustainability”
has been achieved.



The responsible use of the planet’s
resources to meet the needs of society for
healthful food is a goal universally supported
by those across the spectrum of the aquacul-
ture debate. Rather than getting bogged
down in definitions, the Task Force has
offered the recommendations in the preced-
ing chapters in the hope of providing a blue-
print to responsibly develop aquaculture in
marine waters. As suggested in the introduc-
tion, aquaculture is neither inherently good
nor inherently bad: the outcome for better or
worse depends entirely on the application. In
our investigation, we found no silver bullets.
Reasonable people will continue to disagree
as to the appropriate environmental thresh-
olds and tolerances, but we hope this report
provides a substantial starting point for a
national dialogue on the promise of, and
appropriate limitations to, the use of marine
waters for aquaculture.



The Task Force was asked, in part, to
determine whether aquaculture can proceed
in marine waters without harm to marine
ecosystems. We believe it can under certain
conditions. In this report, we have attempted
to discuss rationally the environmental con-
cerns with marine aquaculture and to specify
the conditions under which aquaculture
could proceed in the marine environment
while ensuring minimal harm to marine life. 



All human activities have an effect on the
environment, but in these early years of the
21st century, we are increasingly realizing
that we have trod too heavily on the planet.
Unsustainable consumption patterns, partic-
ularly in developed countries, are leading to
global ecological disruption and rapid deple-
tion of both renewable and nonrenewable
resources. It is in this context that the future
of aquaculture must be determined. Growing
our own seafood through aquaculture can
provide part of the solution to a major 
ecological catastrophe—
overharvesting of the 
world’s marine life—
while contributing to 
the global supply of 
healthy seafood. 
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Fresh farmed tilapia for sale
alongside local wild salmon in



Bethel, Alaska. Aquaculture
currently supplies nearly half



of the seafood produced for
human consumption and that



proportion is expected 
to increase. Sustainable 



development of aquaculture
will require careful 
management of its 



environmental, social, and
economic impacts as the 



industry continues to expand.
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If aquaculture is to fulfill this great
promise, however, governments and citizens
alike must be vigilant. Short-term economic
considerations will make it all too easy for
marine aquaculture to slip into the ecologi-
cally harmful methods of large-scale, inten-
sive livestock production increasingly 
adopted on land. Despite some recent
improvements, experience to date with com-
mercial salmon farming is not encouraging
in this regard. The most popular farmed
species among consumers in developed 
countries tend to be carnivores, creating an
additional challenge to sustainability. Forms
of aquaculture that consume more fish 
than they produce cannot assist society in
addressing the global problem of wild 
fisheries depletion. 



Marine aquaculture poses an additional
challenge because, unlike most terrestrial
farming, in most cases it occurs in the public
domain. In the United States, the federal and
state governments hold the vast majority of
ocean space and resources in trust for the
public. As a result, it is incumbent on our
government to consider the full range of uses
of that space and those resources. In granting
access to public space and resources for the
aquaculture industry to carry out its activi-
ties, it is legitimate for the government, on
behalf of the public owners of the resource,
to condition the aquaculture industry’s
tenure. In that sense, these decisions are
more like those associated with private use 
of public forests and rangelands than they
are about how to regulate practices on 
private agricultural land. 



If most of the ocean is to remain wild and
open, as we believe most Americans want,
then there are limits on the scope and nature
of aquaculture that should be allowed to 
take place directly in marine waters. In this
report, we have tried to identify appropriate
limits and conditions on marine aquaculture
to ensure that our heritage of healthy, boun-
tiful oceans can be passed on to future gener-
ations. Given its inherently “leaky” nature, in



situ marine aquaculture could do substantial
damage to marine ecosystems if managed
poorly. Managed properly, marine aquacul-
ture can contribute positively to the restora-
tion of marine ecosystems and to the diet of
Americans. We believe that is a sound basis
for a marine aquaculture policy for the
nation.
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Growing our own
seafood through 
aquaculture can 



provide part of the 
solution to a major 



ecological catastrophe—
overharvesting of the
world’s marine life—
while contributing to 
the global supply of



healthy seafood. 
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A B S T R A C T



Over the last decade, our understanding of the environmental controls on Pseudo-nitzschia blooms and



domoic acid (DA) production has matured. Pseudo-nitzschia have been found along most of the world’s



coastlines, while the impacts of its toxin, DA, are most persistent and detrimental in upwelling systems.



However, Pseudo-nitzschia and DA have recently been detected in the open ocean’s high-nitrate, low-



chlorophyll regions, in addition to fjords, gulfs and bays, showing their presence in diverse environments.



The toxin has been measured in zooplankton, shellfish, crustaceans, echinoderms, worms, marine



mammals and birds, as well as in sediments, demonstrating its stable transfer through the marine food



web and abiotically to the benthos. The linkage of DA production to nitrogenous nutrient physiology,



trace metal acquisition, and even salinity, suggests that the control of toxin production is complex and



likely influenced by a suite of environmental factors that may be unique to a particular region. Advances



in our knowledge of Pseudo-nitzschia sexual reproduction, also in field populations, illustrate its



importance in bloom dynamics and toxicity. The combination of careful taxonomy and powerful new



molecular methods now allow for the complete characterization of Pseudo-nitzschia populations and how



they respond to environmental changes. Here we summarize research that represents our increased



knowledge over the last decade of Pseudo-nitzschia and its production of DA, including changes in



worldwide range, phylogeny, physiology, ecology, monitoring and public health impacts.
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1. Introduction



Since the discovery of domoic acid (DA) as a human health
problem, causing amnesic shellfish poisoning (ASP), off Prince
Edward Island, Canada, in 1987 (Bates et al., 1989) and as a potent
killer of wildlife in Monterey Bay, USA, in 1991 (Work et al.,
1993a,b) and thereafter (Scholin et al., 2000; reviewed by Bejarano
et al., 2008; Bargu et al., in press), the monitoring of Pseudo-



nitzschia and its toxin, DA, has expanded to more coastlines of the
world. Thus, the number of described of Pseudo-nitzschia species
has climbed from 15 in the 1980s to �37 in the 2010s, and the
number of species confirmed to produce DA has risen to 12 (Trainer
et al., 2010; Lundholm, 2011; listed in Fig. 1). The presence of
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Pseudo-nitzschia in high numbers during open ocean iron-
fertilization experiments (Trick et al., 2010) and the quantification
of DA in both preserved and live samples from open ocean regions
(Silver et al., 2010) have enhanced our understanding of the
importance and wide distribution of Pseudo-nitzschia. It is found at
a small scale, e.g. in thin layers (Rines et al., 2002), or at a large
scale, covering wide expanses of our coastlines (e.g. Trainer et al.,
2009a,b). Pseudo-nitzschia can form intense, high-density, visible
blooms in bays, such as Monterey Bay, whereas offshore it more
often forms less dense blooms that are not visible to the naked eye.
Environmental cues causing toxic blooms of Pseudo-nitzschia are
complex, and can be unique to the bays, coastal, or open ocean
regions where they occur.



The cosmopolitan nature of most toxigenic Pseudo-nitzschia



species (Hasle, 2002) argues for widespread human health effects
of this toxin. However, since the deaths of humans as a result of the
1987 ASP event, no human mortalities have been confirmed,
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Fig. 1. Toxigenic species of Pseudo-nitzschia. Symbols of those species that have been demonstrated to produce domoic acid in culture are circled, and are shown at the



locations from which they were isolated. Areas along coastlines marked with red are locations where closures of shellfish harvesting due to elevated levels of domoic acid



(>20 mg DA g�1 wet weight of shellfish tissue), or animal mortalities, have occurred. Modified and updated from Thessen (2007) and Trainer et al. (2008). Symbols outlined in



blue indicate a species description that was made before major taxonomic revisions were implemented for P. delicatissima and P. pseudodelicatissima.
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thanks to effective implementation of monitoring programs. The
presence of DA can nevertheless have negative economic
consequences for harvesters of wild and aquacultured molluscan
shellfish. Impacts of DA on marine wildlife at various levels within
the food web have also been observed, and this toxin is known to
contribute to the deaths of seabirds, sea otters, sea lions and
whales. The adsorption of DA, especially to sediments (Burns and
Ferry, 2007), facilitates its potentially long-lasting impacts,
particularly to the benthic food chain. Here we summarize those
impacts of DA on marine wildlife as well as our increased
knowledge about Pseudo-nitzschia and DA over the last decade,
including changes in worldwide range and impacts, phylogeny,
physiology, ecology, monitoring and public health impacts.



2. Worldwide range and impacts



It is remarkable that, almost without exception, the impacts of
DA have been described primarily in eastern boundary upwelling
systems (Fig. 1; Trainer et al., 2008, 2010). Although Pseudo-



nitzschia and low levels of DA are found in other regions, e.g. the
Mediterranean, Russia, Japan and Vietnam, damaging blooms have
generally not been noted. Therefore, this section will focus
primarily on those systems in which DA has caused negative
effects on human health or marine wildlife.



2.1. United States



2.1.1. Fisheries and organisms affected



Over the last decade, several cases of DA poisoning of finfish,
marine mammals and birds have been documented on the U.S.
West Coast, while human deaths have been prevented through


routine monitoring of shellfish. In U.S. waters, a number of
commonly harvested shellfish and finfish have been reported as
vectors of the toxin, including blue mussels, clams (razor,
littleneck, geoduck and manila), Pacific oysters, crabs (Dungeness,
rock and pelagic red), spiny lobster viscera, anchovies, and sardines
(Lewitus et al., in press; Table 1), each with differing rates of toxin
retention and release. Marine animals, e.g. sea lions, sea otters and
marine birds, have also been found to accumulate DA, leading to
widespread transfer through marine food webs (e.g. Scholin et al.,
2000; Lefebvre et al., 2002; Bargu and Silver, 2003; Bargu et al.,
2008, 2010; Kvitek et al., 2008). Since the first recorded DA-related
mortality of sea lions and seabirds in 1991 (Work et al., 1993a,b),
death or illnesses have been reported in California sea lions,
northern fur seals, harbour porpoises, common dolphins, sea
otters, gray whales, brown pelicans, Brandt’s cormorants, black-
crowned night herons, Pacific loons, red-throated loons, common
loons, rhinoceros auklets, Cassin’s auklets, ruddy ducks, surf
scoters, short-tailed shearwaters, western grebes and Clark’s
grebes (F.M.D. Gulland, unpubl. data for marine mammals; D.A.
Caron, unpubl. data for birds; from Lewitus et al., in press; Bejarano
et al., 2008; Bargu et al., in press).



DA has been detected in seafood species in Washington State
and California almost every year (Trainer and Suddleson, 2005;
Langlois, 2007). In 2007, the highest DA concentration
(610 mg DA g�1) on the U.S. west coast was detected in mussels
in California (Langlois, 2007). An expansion of Pseudo-nitzschia-
related shellfish closures into Puget Sound was reported in 2003
(Bill et al., 2006) and 2005 (Trainer et al., 2007), when blooms of P.



pseudodelicatissima and P. australis caused significant commercial,
recreational and tribal shellfish harvest losses. These closures led
to concerns that DA events in northern Puget Sound might expand











Table 1
Evidence for the impact of Pseudo-nitzschia and domoic acid in the food web.



Organism Location Evidence Reference



Common name Scientific name



Protists
Dinoflagellate Gyrodinium sp. Monterey Bay, CA Frustules in fecal pellets Buck et al. (2005)



Dinoflagellate Noctiluca scintillans NW Spain Cells in food vacuoles Escalera et al. (2007)



Dinoflagellate Protoperidinium pellucidum Pacific NW coast, WA Grazed on DA in laboratory Olson and Lessard (2010)



Dinoflagellate Protoperidinium spp. Oslofjord, Norway Abundances of Protoperidinium spp. tracked



abundances of Pseudo-nitzschia



Kjæret et al. (2000)



Echinoderms
Sand dollar Dendraster excentricus Monterey Bay, CA DA in tissue Goldberg (2003) and Kvitek et al. (2008)



Mollusks
Furrow shell Scrobicularia plana Portugal DA in tissue Vale et al. (1998)



Olive snail Olivella biplicata Monterey Bay, CA DA in tissue Goldberg (2003) and Kvitek et al. (2008)



Chilean blue mussel Mytilus chilensis Chile DA in tissue López-Rivera et al. (2009)



Channeled basket whelk Nassarius fossatus Monterey Bay, CA DA in tissue Goldberg (2003) and Kvitek et al. (2008)



California mussel Mytilus californianus San Diego, CA DA in tissue Busse et al. (2006)



Mediterranean mussel Mytilus galloprovincialis Riá de Muros, Spain; Croatia; Portugal DA in tissue Vale and Sampayo (2001), Blanco et al. (2002),



and Ujević et al. (2010)



Blue mussel Mytilus edulis New Brunswick, Canada; Nantucket Shoals;



Georges Bank; Washington coast; Argentina;



Japan; Ireland; Aviero Lagoon, Portugal



DA in tissue, fed on Pseudo-nitzschia



in the lab and accumulated



DA; also in field samples



Haya et al. (1991), Wohlgeschaffen et al. (1992),



Douglas et al. (1997), Horner and Postel (1993),



Kawatsu and Hamano (2000), Vale and



Sampayo (2001), Negri et al. (2004), and



James et al. (2005)



Ribbed mussel Aulacomya ater Chile DA in tissue López-Rivera et al. (2009)



GreenshellTM mussel Perna canaliculus New Zealand fed on Pseudo-nitzschia in lab



and accumulated DA



Mackenzie et al. (1993)



Horse mussel Modiolus modiolus Atlantic Canada DA in tissue Gilgan et al. (1990)



Mediterranean cockle Acanthocardia tuberculatum Algarve, Portugal DA in tissue Vale and Sampayo (2001)



Common cockle Cerastoderma edule Mondego estuary and Aveiro Lagood, Portugal DA in tissue Vale and Sampayo (2001)



King scallop Pecten maximus Scotland, Ireland; Morocco DA in tissue Tahri-Joutei et al. (2003), Smith et al. (2006),



Campbell et al. (2003), and James et al. (2005)



Mediterranean scallop Pecten jacobaeus Croatia DA in tissue Ujević et al. (2010)



Sea scallop Placopecten magellanicus New Brunswick, Canada; Eastport, Maine DA in digestive gland Shumway (1989), Haya et al. (1991),



Wohlgeschaffen et al. (1992), and Douglas et al. (1997)



New Zealand scallop Pecten novaezealandiae New Zealand DA in digestive gland Rhodes et al. (1996), and Hay et al. (2000)



Soft-shell clam Mya arenaria New Brunswick, Canada; Atlantic Canada DA in tissue Haya et al. (1991), and Gilgan et al. (1990)



Spondylus clam Spondylus versicolor Vietnam, Philippines DA in tissue Dao et al. (2009)



Razor clams Siliqua patula California/Washington/Oregon coasts DA in tissue Horner et al. (1993), Horner and Postel (1993), and



Wekell et al. (1994)



Razor clam Ensis siliqua Ireland DA in tissue James et al. (2005)



Razor clam Ensis spp. Aveiro Lagoon, Portugal DA in tissue Vale and Sampayo (2002)



Clam Ruditapes decussata Aveiro Lagoon, Portugal DA in tissue Vale and Sampayo (2002)



Carpet shell Venerupis pullastra Aveiro Lagoon, Portugal DA in tissue Vale and Sampayo (2002)



Calico clam Tapes decussatus Portugal DA in tissue Vale et al. (2008)



Clam Protothaca thaca Chile DA in tissue López-Rivera et al. (2009)



Proteus scallop Flexopecten proteus Croatia DA in tissue Ujević et al. (2010)



European flat oyster Ostrea edulis Aveiro Lagoon, Portugal; Croatia DA in tissue Vale and Sampayo (2002), and Ujević et al. (2010)



Pacific oyster Crassostrea gigas Puget Sound, WA DA in tissue Horner and Postel (1993)



Common octopus Octopus vulgaris Portuguese coast DA in gut, digestive gland, brachial heart Costa et al. (2004)



Squid Loligo opalescens Monterey Bay, CA DA is tissues, frustules in stomach Bargu et al. (2008)



Common cuttlefish Sepia officinalis Portuguese coast DA in digestive gland Costa et al. (2005)



Annelids
Polychaete worm Poebius meseres Monterey Bay, CA frustules found in gut Uttal and Buck (1996), and Buck et al. (1992)



Echiurans
Fat innkeeper worm Urechis caupo Monterey Bay, CA DA in tissue Goldberg (2003), and Kvitek et al. (2008)



Crustaceans
Sand crab Emerita analoga Monterey Bay, CA DA in tissue Goldberg (2003), and Kvitek et al. (2008)
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Table 1 (Continued )



Organism Location Evidence Reference



Common name Scientific name



Swimming crab Polybius henslowii Portuguese coast DA in viscera, tissue Costa et al. (2003)



Blue band hermit crab Pagurus samuelis Monterey Bay, CA DA in tissue Goldberg (2003), and Kvitek et al. (2008)



Blue crab Callinectes sapidus US Pacific Coast DA in tissue Altwein et al. (1995)



Rock crab Cancer pagurus US Pacific Coast DA in tissue Altwein et al. (1995)



Dungeness crab Cancer magister California/Oregon/Washington coasts DA in tissue Horner and Postel (1993), and Wekell et al. (1994)



Stone crab Menippe adina US Pacific Coast DA in tissue Altwein et al. (1995)



Ghost shrimp Neotrypaea californiensis Monterey Bay, CA DA in tissue Goldberg (2003), and Kvitek et al. (2008)



Copepod Acartia tonsa Grazed on Pseudo-nitzschia in the lab, DA in tissue Lincoln et al. (2001)



Copepod Acartia clausi Grazed on Pseudo-nitzschia in the lab, DA in tissue Maneiro et al. (2005)



Copepod Calanus finmarchicus Grazed on Pseudo-nitzschia in the lab, DA in tissue Leandro et al. (2010a)



Copepod Temora longicornis Grazed on Pseudo-nitzschia in the lab, DA in tissue Lincoln et al. (2001), and Windust (1992)



Copepod Calanus glacialis Grazed on Pseudo-nitzschia in the lab Windust (1992)



Krill Euphausia pacifica Monterey Bay, CA Frustules in gut and DA in tissue Bargu et al. (2002), and Bargu and Silver (2003)



Spiny lobster Palinurus elephas US Pacific Coast DA in tissue Altwein et al. (1995)



Gooseneck barnacle Pollicipes pollicipes Portugal DA in tissue Vale and Sampayo (2002)



Eurochordates
Tunicate Pyura chilensis Chile DA in tissue, feces and gut; frustules in gut López-Rivera et al. (2009)



Fishes
Northern anchovy Engraulis mordax Monterey Bay, CA Frustules and DA in gut, DA in tissues Fritz et al. (1992), Work et al. (1993a),



Lefebvre et al. (1999, 2002), Scholin et al. (2000),



and Wekell et al. (1994)



European anchovy Engraulis encrasicolus Portugal DA in tissue Vale and Sampayo (2002)



Argentine anchovy Engraulis anchoita Argentina DA in gastrointestine Negri et al. (2004)



Petrale sole Eopsetta jordani Monterey Bay, CA DA in viscera Vigilant and Silver (2007)



Sand sole Psettichthys melanostictus Monterey Bay, CA DA in viscera Vigilant and Silver (2007)



Slender sole Eopsetta exillis Monterey Bay, CA DA in viscera Vigilant and Silver (2007)



Rex sole Errex zachirus Monterey Bay, CA DA in viscera Vigilant and Silver (2007)



Dover sole Microstomas pacificus Monterey Bay, CA DA in viscera Vigilant and Silver, 2007



English sole Pleuronectes vetulus Monterey Bay, CA DA in viscera Vigilant and Silver (2007)



Curlfin turbot Pleuronectes decurrens Monterey Bay, CA DA in viscera Vigilant and Silver (2007)



Sand sole Psettichthys melanostictus Monterey Bay, CA DA in viscera Vigilant and Silver (2007)



Pacific halibut Hippoglossus stenolepis Monterey Bay, CA DA in viscera Vigilant and Silver (2007)



White croaker Genyonemus lineatus Santa Cruz, CA DA in viscera Fire and Silver (2005)



Staghorn sculpin Leptocottus armatus Santa Cruz, CA DA in viscera Fire and Silver (2005)



Jack mackerel Trachurus symmetricus Monterey Bay, CA DA in viscera Busse et al. (2006)



Albacore Thunnus alalunga Monterey Bay, CA DA in viscera Lefebvre et al. (2002)



Mackerel Scomber japonicus Cabo San Lucas, Mexico; Monterey Bay,



CA, San Diego, CA



frustules and DA in gut Sierra-Beltrán et al. (1997), Lefebvre et al. (2002),



and Busse et al. (2006)



Jack mackerel Trachurus symmetricus San Diego, CA DA in viscera Busse et al. (2006)



Herring Monterey Bay, CA frustules and DA in gut Naar et al. (2002)



Pilchard Sardinops sagax Baja California peninsula frustules and DA in gut Sierra-Beltrán et al. (1998), and Lefebvre et al. (2002)



Pilchard Sardina pilchardus Portuguese coast; Namibian coast frustules and DA in gut, DA in tissues Costa and Garrido (2004), Vale and Sampayo (2002),



D. Louw, B. Currie, G. Doucette (pers. comm.)



Pacific sanddab Citharichthys sordidus Monterey Bay, CA, San Diego, CA DA in viscera and tissue Lefebvre et al. (2002), Busse et al. (2006),



Goldberg (2003), Kvitek et al. (2008),



and Vigilant and Silver (2007)



Albacore Thunnas alalunga Monterey Bay, CA DA in viscera Lefebvre et al. (2002)



Jack smelt Atherinopsis californiensis Monterey Bay, CA DA in viscera Lefebvre et al. (2002)



Gulf Menhaden Brevoortia patronus Gulf of Mexico frustules and DA in gut Del Rio et al. (2010)



Longspine combfish Zaniolepis latipinnus San Diego, CA DA in viscera Busse et al. (2006)



Birds
Brown pelican Pelecanus occidentalis Monterey Bay, CA; Cabo San Lucas, Mexico Frustules and DA in gut, death, neurological disorder Fritz et al. (1992), Work et al. (1993a,b),



and Sierra-Beltrán et al. (1997)



Brandt’s cormorant Phalacrocorax penicillatus Monterey Bay, CA Frustules and DA in gut, death, neurological disorder Fritz et al. (1992), and Work et al. (1993a,b)



Double-crested cormorant Phalacrocorax auritus Monterey Bay, CA Frustules and DA in gut, death, neurological disorder Fritz et al. (1992), and Work et al. (1993a,b)



Pelagic cormorant Phalacrocorax pelagicus Monterey Bay, CA Frustules and DA in gut, death, neurological disorder Fritz et al. (1992), and Work et al. (1993a,b)
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into areas further south, paralleling the expansion of paralytic
shellfish toxicity into south Puget Sound in the 1990s (Trainer
et al., 2003).



Further to the north, in the State of Alaska, shellfish are not
routinely tested for DA; however, an intensive study in the 1990s
found measurable levels of this toxin. In 1997, 11.5 mg DA g�1 was
measured in razor clams from Katchemak Bay and low levels were
detected in Pacific anchovies from southeast Alaska (Alaska Dept.
of Environmental Conservation database).



2.1.2. Pseudo-nitzschia species



Pseudo-nitzschia species are most often a minor component of
the phytoplankton assemblage, contributing <17% of the total
carbon biomass, even in the most intense bloom observed off the
Washington State coast (Trainer et al., 2009a). Pseudo-nitzschia



spp. are common members of the coastal phytoplankton commu-
nity and have been present in the California Current System at least
since the 1930s (Gran and Thompson, 1930). The species
associated with DA production are frequently present, albeit in
low numbers, in most water samples (e.g. Walz et al., 1994). Of the
12 species of Pseudo-nitzschia known to produce DA around the
world (Lundholm, 2011), 10 have been reported from the U.S. West
Coast waters (Horner et al., 1997; Anderson et al., 2008). Pseudo-



nitzschia spp. occur along the entire Alaskan coast (Bursa, 1963;
Horner, pers. obs. as Nitzschia seriata), throughout the Bering Sea
(Schandelmeier and Alexander, 1981 as Nitzschia spp., section
Pseudo-nitzschia), and into the Gulf of Alaska (Cupp, 1943) and
south-central Alaska (Horner et al., 1973; summarized in Lewitus
et al., in press). Pseudo-nitzschia australis and P. multiseries are most
commonly associated with toxic events throughout this region,
with P. pseudodelicatissima and P. cuspidata also implicated in toxic
events in Washington State waters (Adams et al., 2000; Trainer
et al., 2009a). The most problematic species in California appear to
be P. australis and P. multiseries (Trainer et al., 2000).



2.1.3. Known ‘‘hot spots’’



Areas impacted by Pseudo-nitzschia span coastal Washington
State, with a demonstrated ‘‘hot spot’’ in the Juan de Fuca eddy
area, where Pseudo-nitzschia blooms occur relatively frequently,
associated with high DA concentrations (Trainer et al., 2002). For
DA to reach coastal beaches from the eddy region, toxic cells must
first become concentrated enough to form a bloom, then must
escape the eddy and travel southward toward the razor clamming
beaches, move onto coastal beaches, and remain for a long enough
period in the surf zone for a significant amount of the toxic cells to
be ingested by the clams. The highest toxic cell concentrations, as
well as onshore transport, occur during periods of downwelling
winds (storms), whereas escape from the eddy and travel
southward occur during periods of upwelling winds (MacFadyen
and Hickey, 2010). Another initiation site, or ‘‘hot spot’’, for
toxigenic Pseudo-nitzschia blooms is the Heceta Bank, off the
Oregon coast (Trainer et al., 2000). The impact of DA toxicity on
razor clam, mussel and Dungeness crab industries appears to be
increasing in recent years, with exceptionally extensive and
prolonged closures occurring from 2003 to 2005 (Tweddle et al.,
2010). Additional hot spot areas in California include Monterey
Bay, San Luis Obispo and Point Conception (Trainer et al., 2000).



An exceptional closure of DA-associated razor clam harvesting
in Washington occurred in 2002–2003, for �1.5 y, resulting in an
estimated $10.4 million loss in revenue (HAB Report, 2009). A
record high concentration of DA in razor clams (295 mg DA g�1)
was measured in 1998 (Adams et al., 2000). The total estimated
impact of a hypothetical coast-wide seasonal closure of the
recreational razor clam fishery for 2008 was estimated to be $21.9
million and the income impact of the recreational razor clam
fishery in Washington State for 2008 was estimated at $13.5
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million (Dyson and Huppert, 2010). Therefore, the economic
impact of these toxic episodes on the U.S. west coast appears to
have become more severe over the last decade.



While the impact of DA and occurrence of toxigenic Pseudo-



nitzschia are greatest on the U.S. west coast where shellfish
closures or animal mortalities occur frequently, other regions of
the U.S. are also vulnerable to the same consequences. In the Gulf
of Mexico, abundances of Pseudo-nitzschia have been increasing
since the 1950s (Parsons et al., 2002) and time series of Pseudo-



nitzschia spp. from sediment cores document increasing cell
abundance in association with increased nutrient input from
Mississippi River runoff (Parsons et al., 2002). Low levels of DA
have been detected in menhaden (Table 1) and seawater samples
off the Louisiana coast (Del Rio et al., 2010), where P. pseudode-



licatissima, P. pungens, P. americana and P. calliantha are the
dominant Pseudo-nitzschia species. High Pseudo-nitzschia abun-
dance (>106 cells l�1) has been associated with submarine ground
discharge of nutrients off the coast of nearby Alabama (Liefer et al.,
2009; MacIntyre et al., 2011). Toxic Pseudo-nitzschia spp. are
present in the Chesapeake Bay, although their abundance and toxin
production are highly variable. Six species of Pseudo-nitzschia have
been identified in this area: P. pungens, P. calliantha, P. subpacifica, P.



cuspidata, P. fraudulenta and P. multiseries. Compared to other
diatom species, Pseudo-nitzschia abundances were low, rarely
exceeding 1000 cells ml�1, and they did not occur as monospecific
blooms. DA concentrations were generally low, ranging from 4 to
1037 pg DA ml�1. Low Pseudo-nitzschia abundances and low,
irregular DA concentrations may partially explain the lack of
documented toxic events in the Chesapeake Bay (Thessen and
Stoecker, 2008).



At least 9 Pseudo-nitzschia species are found in the Gulf of
Maine, including P. delicatissima, P. fraudulenta, P. pungens, P. cf.
subpacifica and P. delicatissima/pseudodelicatissima (Fernandes
et al., 2009). In July, 2003, >20 whales, mostly humpbacks, were
found dead near Georges Bank; DA was detected in most whales
sampled, with several containing high concentrations (D.M.
Anderson, pers. comm.). Later, DA was detected in fecal samples
of the highly endangered North Atlantic right whale (Eubalaena



glacialis) in the Gulf of Maine and Georges Bank, and in its food
source (krill and copepods), from April to September of 2005 and
2006 (Leandro et al., 2010b).



2.2. Canada



2.2.1. East coast



DA, produced by P. multiseries, was identified as the source of
the toxicity from Cardigan Bay (Prince Edward Island, eastern
Canada), that resulted in the first ASP incident in the world, in 1987
(review by Bates et al., 1998). It is also the first time that a diatom
produced a phycotoxin. The toxin reached among the highest
levels recorded (790 mg DA g�1), in blue mussels (Mytilus edulis),
and at lower levels (38 mg DA g�1), in soft-shell clams (Mya



arenaria) (Bates et al., 1989). An expanded shellfish monitoring
program, implementing regulatory closures of harvesting sites
when DA levels reach the regulatory limit (20 mg DA g�1; now
adopted internationally), has subsequently prevented any further
cases of ASP in Canadian consumers. However, there have been
subsequent harvesting closures along the eastern Canadian
coastline (Table 2). The original 1987 event was followed by
closures in Cardigan Bay in 1987, 1988 and 1999, but with
decreasing concentrations of P. multiseries and of DA in mussels
(summarized in Bates et al., 1998). Northern Prince Edward Island
experienced short closures of harvesting in 1990, 1991, 1992, 1993
and 1999 (Bates, 2004). The presence of P. multiseries diminished
after 1999, being replaced by nontoxic P. pungens and P. calliantha.
The last harvesting closure was in 2002, covering most of the


southern Gulf of St. Lawrence, but this time it was caused by a
massive bloom of toxic P. seriata (Table 2) (Bates et al., 2002). Since
then, there have been no shellfish harvesting closures due to toxic
Pseudo-nitzschia blooms in the Gulf of St. Lawrence.



On the southwest shore of Nova Scotia, DA was found in June
1995 at levels near or exceeding the action level in some samples of
soft-shell (M. arenaria), propeller (Cyrtodaria siliqua) and surf
(Spisula solidissima) clams, blue mussels (M. edulis), quahaugs
(Mercenaria mercenaria), Stimpson’s surf clam (Mactromeris poly-



nyma), Jonah crabs (Cancer borealis), American lobster (Homarus



americanus) hepatopancreas and sea scallop (Placopecten magella-



nicus) digestive glands collected along the southwest coast of Nova
Scotia (unpublished data). The toxin source is unknown.



Just prior to the above incidence, high levels of DA were found
in sea scallops (P. magellanicus) from Georges, German, and
Browns Banks. The sample with the highest toxin concentration
analyzed showed the following tissue distribution: digestive
gland (3400 mg DA g�1), roe (55 mg DA g�1), gills plus mantle
(19 mg DA g�1) and adductor muscle (1 mg DA g�1) (unpublished
data). Again, the DA source is not known, but it is possible that a
bloom of toxic Pseudo-nitzschia growing in the upper, sunlit layers
of the ocean settled to the benthos, where it was fed upon by the
scallops.



The second location in the world where shellfish harvesting
was closed due to DA was in the Bay of Fundy, eastern Canada,
during September 1988 to December 1988 (Gilgan et al., 1990;
Haya et al., 1991). Soft-shell clams (M. arenaria) were
contaminated by DA from blooms of P. pseudodelicatissima-
complex species; it may have been P. calliantha (Lundholm et al.,
2003) but its identity is still in dispute (Lundholm et al., in
press). Also in the Bay of Fundy, elevated concentrations of DA
(�100 mg DA g�1) were found in the digestive gland of cultured
sea scallops (P. magellanicus) from Digby, Nova Scotia, in July
1996 (unpublished data). DA concentrations and toxic Pseudo-



nitzschia species have not been detected at any significant levels
since then.



2.2.2. West coast



In British Columbia, the first recorded incidence of DA was in
1992 (Forbes and Chiang, 1994). DA has been found in razor
clams (Siliqua patula), native littleneck clams (Protothaca



staminea), manila clams (Tapes philippinarum), horse clams
(Tresus capax and/or T. nuttalli), Pacific oysters (Crassostrea



gigas), California mussels (Mytilus californianus), blue mussels (M.



edulis), geoducks (Panope abrupta), Dungeness crabs (Cancer



magister) and red rock crabs (Cancer productus). Between August
1992 and May 1993, the main areas affected were along the west
coast of Vancouver Island, primarily in Quatsino, Clayoquot and
Barkley Sounds, with additional isolated locations on Graham
Island in the Queen Charlotte Islands, the Central Coast, and the
Desolation Sound area of the inner South Coast. After September
1993, DA became even more widely distributed, occurring at
additional locations, e.g. the Queen Charlotte Islands, on the
North Coast and in inner South Coast waters. Recorded peak
concentrations of DA are 277 mg DA g�1 (in crab viscera;
September 1992, Quatsino Sound) and 112 mg DA g�1 (in razor
clams; September 1992, Cox Bay, near Tofino) (Department of
Fisheries and Oceans, 1992). Since then, the highest DA level was
106 mg DA g�1, on the north central west coast of Vancouver
Island during March 2002 (Lewitus et al., in press). Quatsino
Sound was closed to harvesting of crabs in August 1992, and
again October 1993, due to excessive levels of DA. As well,
portions of Barkley Sound were closed to harvesting of crabs and
all molluscan shellfish in November 1993. Low levels of DA from
the second event persisted in razor clams from the Queen
Charlotte Islands and in molluscan shellfish from Barkley Sound











Table 2
Closures of molluscan shellfish harvesting, caused by domoic acid. nr: not reported.



Location Dates Organisms affected Dominant species



of Pseudo-nitzschia



Reference



Eastern Prince Edward



Island, Canada



December 1987–January 1988 Blue mussel (Mytilus edulis) P. multiseries Bates et al. (1989)



Northern Prince Edward



Island, Canada



Autumn of 1991, 1992, 1994, 2000, 2001 Blue mussel (Mytilus edulis) P. multiseries Bates (2004)



Bay of Fundy, Canada September 1988–December 1988 Soft-shell clam (Mya arenaria) P. pseudodelicatissimaa Gilgan et al. (1990), and Haya et al. (1991)



Coastal Washington, USA 1991, 1993, 1995, 1998–1999, 2002,



2003, 2004, 2005, 2006



Razor clam (Siliqua patula) P. cf. pseudodelicatissima,



P. australis



Adams et al. (2000), Wekell et al. (2002),



Trainer and Suddleson (2005),



and Washington State Department of



Health database.



Quatsino Sound, British



Columbia, Canada



August 1992, October 1993 Dungeness crab (Cancer magister) nr Department of Fisheries and Oceans (1992)



Barkley Sound, British



Columbia, Canada



November 1993 Razor clam (Siliqua patula);



Dungeness crab (Cancer magister)



nr Department of Fisheries and Oceans (1992)



New Zealand Various dates between 1994



and 1999; review



pending for 2000–2010



New Zealand scallop



(Pecten novaezealandia);



GreenshellTM mussel (Perna canaliculus)



P. australis Hay et al. (2000), L. Rhodes (pers. comm.)



Galicia, Spain 1995, 1996 Scallop (P. maximus, P. jacobeus) P. australis Arévalo et al. (1998), and Fraga et al. (1998)



West coast of Scotland June 1999–April 2000 King scallop (Pecten maximus) P. australis Gallacher et al. (2001)



Southeast coast of Ireland December 1999–May 2000 King scallop (Pecten maximus) P. australis James et al. (2005), and Bogan et al. (2007a,b)



Coastal Portugal Periodic closures lasting 1 week;



mostly in May of various years



Common cockle (Cerastoderma edule);



Peppery furrow shell (Scrobicularia plana);



blue mussel (Mytilus edulis)



P. australis Vale and Sampayo (2001, 2002)



California, USA 2000–2009 Blue mussel (Mytilus edulis),



lobster viscera



P. australis, P. multiseries Trainer et al. (2000), and Langlois (2001–2009)



Southern Gulf of



St. Lawrence, Canada



April 2002–June 2002 Blue mussel (Mytilus edulis) P. seriata Bates et al. (2002)



Baie de Seine, France November 2004–‘‘several months’’ King scallop (Pecten maximus) P. australis or P. multiseries Nézan et al. (2006)



West coast of Ireland April 2005 Blue mussel (Mytilus edulis) nr Bogan et al. (2006)



Puget Sound, Washington, USA September 2003;



October 2005–November 2005



Blue mussel (Mytilus edulis) P. australis,



P. pseudodelicatissima



Bill et al. (2006), and Trainer et al. (2007)



Oregon, USA 1991, 1998, 2003, 2004, 2005 Razor clam (Siliqua patula),



blue mussel (Mytilus edulis)



P. australis Tweddle et al. (2010)



Denmark, various locations March–April 2005 Blue mussel (Mytilus edulis) P. seriata Lundholm et al. (2005a)



Santa Catarina State, Brazil January 2009–February 2010 Brown mussel (Perna perna) nr Reported in Fernandes and Brandini (2010)



a The identity of this species is still in dispute (Lundholm et al., in press).
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until the autumn of 1994. In the fall of 1995, razor clam
harvesting was again suspended in the northern Queen Charlotte
Islands, due to high levels of DA. Incidences of DA contamination
have since decreased.



The responsible organism(s) in coastal British Columbia
waters has not yet been determined. However, the known DA
producers P. multiseries, P. australis, P. pseudodelicatissima and P.



seriata are present (Forbes and Denman, 1991; Taylor et al.,
1994; Taylor and Haigh, 1996). Pseudo-nitzschia spp. are usually
a minor component of the phytoplankton population off the
southwest coast of Vancouver Island in late summer, but there is
substantial variability and species may occur throughout the
year. Species are also found in the Strait of Georgia and north of
Vancouver Island. Pseudo-nitzschia spp. are present and often
abundant in all coastal waters throughout the summer and fall,
e.g. Sechelt Inlet (Taylor et al., 1994), but the most intense
blooms have occurred over the outer continental shelf (Forbes
and Denman, 1991). Taylor and Haigh (1996) observed that
blooms enter Barkley Sound from the open coast and then
appear to sink.



2.3. Mexico



Several countries in Latin America are surrounded by two
oceans, so it is not surprising that they are vulnerable to HABs,
including those caused by toxigenic species of Pseudo-nitzschia.
Considering the wide-spread presence of these diatoms, there have
been few negative impacts that can be linked specifically to DA.



Of the �21 described Pseudo-nitzschia species in Mexican
waters, at least 10 are toxic or potentially toxic. On the Pacific
coast: P. australis, P. brasiliana, P. fraudulenta and P. pungens. On the
Gulf of Mexico coast: P. australis, P. calliantha, P. cuspidata, P.



galaxiae, P. australis, P. pseudodelicatissima (which may be any from
the P. pseudodelicatissima complex) and P. pungens. Nontoxic
species include: P. americana, P. inflatula, P. lineola, P. roundii



(although not yet tested), P. subfraudulenta, P. arenysensis, P.



caciantha, P. decipiens, P. subfraudulenta and P. subpacifica



(Hernández-Becerril, 1998; Hasle, 2002; Hernández-Becerril and
Dı́az-Almeyda, 2006; Hernández-Becerril et al., 2007; Quijano-
Scheggia et al., 2011).



The first indication that DA was a problem was in 1996, when
150 brown pelicans (Pelecanus occidentalis) and cormorants
(Phalacrocorax penicillatus) from the southern Baja California
peninsula showed abnormal behaviors or died (Sierra-Beltrán
et al., 1997). This bird mortality event was similar to the one
described by Work et al. (1993a,b) in Monterey Bay, USA.
Unidentified Pseudo-nitzschia spp. and DA were detected in the
birds’ stomachs; stomach extracts caused the characteristic
abnormal behavior and death in mice injected intraperitoneally.
DA was also found in the birds’ food, mackerel (Scomber japonicus).
Several other mortality events have since occurred, although it was
not possible to make a definitive link to DA. For example, another
massive mortality of sea birds and marine mammals occurred in
the winter of 1997, on the east coast of the Baja California
peninsula (Ernesto Garcı́a-Mendoza, pers. comm.). In 2002,
Pseudo-nitzschia spp. were associated with the sickness or death
of 87 sea lions (Zalophus californianus) on the beaches in northern
Baja California (Hernández-Becerril et al., 2007). Additional events
consistent with DA toxicity have been identified. In 2002, 87 sea
lions were found stranded on beaches from the border of the USA
to Ensenada, on the Baja peninsula, and it was assumed that DA
toxicity was the cause of this event (Hernández-Becerril et al.,
2007). As well, there were mass mortalities of sea mammals and
birds in 1995 and 2004, in the Gulf of California. However, there
was no hard evidence to pinpoint DA as the cause of the mortalities
(Ochoa et al., 2002; Sierra-Beltrán et al., 2005).


At times Pseudo-nitzschia spp. have bloomed, but without
significant accumulation of DA or death of animals. DA was
detected in net phytoplankton samples dominated by P.



fraudulenta during upwelling in June–July 2006, at La Paz,
southern Gulf of California (Gárate-Lizárraga et al., 2007). Strains
of this species have been shown to produce low levels of DA only
in New Zealand (Rhodes et al., 1998), Monterey Bay, California,
USA (Wells et al., 2005) and Chesapeake Bay, Maryland, USA
(Thessen et al., 2009), but nowhere else. No P. fraudulenta isolates
from the Gulf of California were available for toxicity testing. Only
low levels of DA (0.55 mg DA g�1) were detected in chocolate
clams (Megapitaria squalida). Another toxic bloom occurred in
Todos Santos Bay, on the Pacific coast of the Baja California
peninsula, during upwelling in April 2007 (Garcı́a-Mendoza et al.,
2009). A maximum DA concentration of 0.86 mg DA l�1 in the
plankton was associated with the presence of P. australis that
reached a maximum abundance of 3 � 105 cells l�1, and a
maximum calculated specific toxicity of 42 pg DA cell�1. No
adverse biological effects were detected. This is the southernmost
report of the presence of DA in the California Current System. The
above events suggest that the incidences and geographic extent of
animal mortalities and toxic Pseudo-nitzschia blooms may be
increasing in Mexican waters.



2.4. South America



In South America, Pseudo-nitzschia australis was one of the first
known Pseudo-nitzschia species, recorded in 1939 by Joaquı́n
Frenguelli, from the Golfo de San Matı́as, Argentina (Sar et al.,
1998). Since then, it has been found not just in the southern
hemisphere, but in most coastal areas, curiously with the
exceptions of the eastern Atlantic and Asia. It is thus considered
cosmopolitan (Hasle, 2002) and is the most common toxic Pseudo-



nitzschia species in South America. What had been called P. seriata



in Californian waters is actually P. australis; the two had been
confused up until the 1960s, because they both have wide cells. P.



australis, along with several others, continues to be problematic in
waters of several South American countries. Although P. australis



has been reported in Peruvian waters (Hasle, 1965), there have
thus far been no reports of toxic blooms or DA in the food web.



2.4.1. Chile



DA was first discovered in South America near Puerto Montt,
south-central Chile, in March 1997, in clams (Venus antiqua;
15.7 mg DA g�1), at levels just below the regulatory limit (reported
in Ferrario et al., 2002). Later, in 1999–2000, DA was found in
scallops (Argopecten purpuratus; 62.4 mg DA g�1) and clams (Pro-



tothaca taca; 330 mg DA g�1) in central Chile (Suárez-Isla et al.,
2002). Each event was associated with blooms of P. australis.
Strains of this species, as well as of P. calliantha, from Northern
Chile, were confirmed to produce DA in culture (Álvarez et al.,
2009; Table 3). In the Magellan region of southern Chile, P. australis



and P. pseudodelicatissima (which may actually be any of the P.



pseudodelicatissima-complex species) have been registered during
monitoring activities since 1994, along with trace levels of DA
found in phytoplankton samples, although not associated with any
ASP events (Suárez-Isla et al., 2002). Significant DA concentrations
(up to �70 mg DA g�1 whole animal; 15.5 mg DA g�1 in edible
tissues) were later found in the tunicate Pyura chilensis, in Bahı́a
Inglesa, central Chile, during a bloom of P. australis (López-Rivera
et al., 2009). This is the first report of DA in a tunicate, which is
important because some of its tissues are consumed by humans.
Other bivalve molluscs (Mytilus chilensis, Aulacomya ater, Proto-



thaca thaca) at this aquaculture region contained sub-toxic levels
of DA (Table 1). The presence of the above toxigenic Pseudo-



nitzschia species, in addition to the potentially toxigenic











Table 3
Species of Pseudo-nitzschia proven to produce domoic acid (DA) in laboratory culture. nr: not reported.



Species Max DA concentration



(pg DA cell�1)



DA quantitation



method used



Origin of isolate Reference



P. australis 37 HPLC-UVDd Monterey Bay, CA, USA Garrison et al. (1992)



2.0 HPLC-UVD Bream Bay, New Zealand Rhodes et al. (1996)



nr HPLC-FMOCe Rı́a de Vigo, Spain Fraga et al. (1998)



nr ELISAf Australia Lapworth et al. (2001)



3.5 HPLC-UVD Colonsay, Scotland Campbell et al. (2001)



27 LC-MSg Waterford Harbour, Ireland Cusack et al. (2002)



1.1 LC-MS/MSh Bay of Plenty, New Zealand Rhodes et al. (2004)



1.68 HPLC-FMOC Lynn of Lorne, Scotland Fehling et al. (2004b)



3 ELISA Monterey Bay, CA, USA Wells et al. (2005)



0.026 RBAi Offshore Washington State, USA Baugh et al. (2006)



1.74 LC-MS/MS Bahı́a La Herradura, Chile Álvarez et al. (2009)



19.5 cELISAj Point Reyes, California, USA Bill (2011)



21.85 Monterey Wharf, CA, USA Guannel et al. (2011)



3.3 ELISA Todos Santos Bay, Mexico Santiago-Morales and



Garcı́a-Mendoza (2011)



P. brasiliana 0.0095 HPLC-FMOC Bizerte Lagoon, Tunisia Sahraoui et al. (2011)



P. calliantha 0.098 HPLC-UVD Bay of Fundy, Canada Martin et al. (1990)a



0.221 HPLC-FMOC Limfjord, Denmark Lundholm et al. (1997)a



0.01 LC-MS/MS Bahı́a Tongoy, Chile Álvarez et al. (2009)



nr HPLC-FMOC Bizerte Lagoon, Tunisia Sahraoui et al. (2009)



0.0057 cELISA Chesapeake Bay, Maryland, USA Thessen et al. (2009)



P. cuspidata 0.029 cELISA Offshore Washington State, USA Auro (2007)



0.019 cELISA Offshore Washington State, USA Trainer et al. (2009a,b)



0.031 cELISA Offshore Washington State, USA Lundholm et al. (in press)



P. delicatissima 0.005 HPLC-FMOC Prince Edward Island, Canada Smith et al. (1991)



0.12 ELISA Blueskin Bay, New Zealand Rhodes et al. (1998)



0.0002 RBA Offshore Washington State, USA Baugh et al. (2006)b



P. fraudulenta 0.03 ELISA Bay of Plenty, New Zealand Rhodes et al. (1998)



nr cELISA Monterey Bay, California, USA Wells et al. (2005)



0.0008 cELISA Chesapeake Bay, Maryland, USA Thessen et al. (2009)



P. galaxiae 0.00036 LC-MS Gulf of Naples Cerino et al. (2005)



P. granii 0.000004 cELISA Ocean Station Papa, North Pacific Trick et al. (2010)c



P. multiseries 21 HPLC-FMOC Prince Edward Island, Canada Bates et al. (1989)



9.6 HPLC-FMOC Prince Edward Island, Canada Bates et al. (1991)



5.0 HPLC-FMOC Prince Edward Island, Canada Bates et al. (1993)



12.5 HPLC-FMOC Prince Edward Island, Canada Bates et al. (1996)



18.99 HPLC-UVD, FMOC Wadden Sea, Holland Vrieling et al. (1996)



1.03 HPLC-UVD Jinhae Bay, South Korea Lee and Baik (1997)



67 HPLC-FMOC Prince Edward Island, Canada Bates et al. (1999)



46 HPLC-FMOC Prince Edward Island, Canada Bates et al. (2001)



nr HPLC-UVD Les Glénan, Brittany, France Amzil et al. (2001)



2.4 HPLC-FMOC Chinhae Bay, South Korea Cho et al. (2001)



0.021 HPLC-FMOC Monterey Bay, California, USA Maldonado et al. (2002)



1.15 HPLC-FMOC Okkiray Bay, Japan Lundholm et al. (2004)



0.7 HPLC-FMOC Bay of Fundy, Canada Lundholm et al. (2004)



0.225 ELISA Offshore Washington State, USA Wells et al. (2005)



0.261 RBA Offshore Washington State, USA Baugh et al. (2006)



nr Mouse bioassay Paranaguá State, Brazil Mafra et al. (2006)



0.006 cELISA Sequim Bay, WA Radan (2008)



140? LC-MS/MS Okkiray Bay, Japan Trimborn et al. (2008)



20.8 HPLC-FMOC Peter the Great Bay, Russia Orlova et al. (2008)



11.2 RBA Monterey Bay, California, USA Doucette et al. (2008)



0.80 HPLC-UVD Northland, New Zealand Rhodes et al. (1998)



5.0 HPLC-UVD Thames Estuary, UK Calu et al. (2009)



1.807 cELISA Chesapeake Bay, Maryland, USA Thessen et al. (2009)



23.6 HPLC-UVD Lisbon Bay, Portugal Amorim et al. (2009)



3.45 LC-MS/MS Coastal Brazil Hagström et al. (2011)



10 cELISA Eastern Canada Sun et al. (2011)



0.71 cELISA Eastern Canada Guannel et al. (2011)



P. multistriata 0.645 LC-MS Gulf of Naples Sarno and Dahlmann (2000)



0.697 LC-MS Gulf of Naples Orsini et al. (2002)



0.28 HPLC-FMOC Gulf of Naples Amato et al. (2010)



0.04 LC-MS New Zealand L. Rhodes (pers. comm.)



P. pseudodelicatissima nr RBA Northern Gulf of Mexico Parsons et al. (1999)



0.0078 HPLC-UVD Thermaikos Gulf, Greece Moschandreou et al. (2010)



P. pungens 0.47 HPLC-UVD Marlborough Sounds, NZ Rhodes et al. (1996)



0.070 HPLC-FMOC-RBA Offshore Washington State, USA Trainer et al. (1998)



0.0018 RBA Coastal Washington State, USA Baugh et al. (2006)



0.2 HPLC-UVD Bay of Crozon, France Calu et al. (2009)



P. seriata 33.6 HPLC-FMOC Nivå Bugt, Denmark Lundholm et al. (1994)



0.8 HPLC-FMOC St. Lawrence Estuary, Canada Couture et al. (2001)



7.0 HPLC-FMOC Gulf of St. Lawrence, Canada Bates et al. (2002)



14.7 HPLC-FMOC Lynn of Lorne, Scotland Fehling et al. (2004b)



1.93 HPLC-FMOC Nuuk (Godthåbsfjord), Greenland Hansen et al. (2011)
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Table 3 (Continued )



Species Max DA concentration



(pg DA cell�1)



DA quantitation



method used



Origin of isolate Reference



P. turgidula 0.033 HPLC-UVD Tauranga Harbour, New Zealand Rhodes et al. (1996)



0.0000052 cELISA Ocean Station PAPA (NE Pacific) Trick et al. (2010)



0.09 cELISA Ocean Station PAPA (NE Pacific) Bill (2011)



P. sp. 233 13.48 cELISA Sequim Bay, WA, USA Guannel et al. (2011)



a Indicated as P. pseudodelicatissima; however, Lundholm et al. (in press) indicate that ‘‘the identity of the cells causing the 1988 toxic bloom is still not settled and must be



reconsidered’’.
b Belongs to the ‘‘P. delicatissima’’ complex.
c Shipboard batch culture of natural seawater containing P. granii as the only species of Pseudo-nitzschia.
d HPLC-ultra-violet detection.
e HPLC fluorenylmethoxycarbonyl derivative.
f Direct enzyme-linked immunosorbent assay.
g Liquid chromatograph–mass spectrometry.
h Tandem liquid chromatograph–mass spectrometry.
i Receptor binding assay.
j Competitive enzyme-linked immunosorbent assay.
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P. delicatissima, P. fraudulenta and P. pungens, suggests the potential
for harvesting closures.



2.4.2. Argentina



DA was recorded for the first time in the Argentine Sea in July
2000, at Mar del Plata. The toxin was detected in plankton, mussels
(M. edulis; 7.7 mg DA g�1) and stomachs of anchovy (Engraulis



anchoita; 76.6 mg DA g�1), during a bloom of P. australis (Negri
et al., 2004). There were no negative human health consequences
during this, or any other subsequent events in Argentina (Ferrario
et al., 2002). However, the presence of DA in the food web is cause
for concern. As well, several other potentially toxic species are
present along the Argentine coast and farther south, in the Drake
Passage: P. multiseries, P. fraudulenta, P. pungens and P. turgidula



(Negri and Inza, 1998; Ferrario et al., 2004; Almandoz et al., 2007).
The presence of P. pseudodelicatissima in Argentinean waters is



not yet confirmed as species previously thought to be P.



pseudodelicatissima are actually P. calliantha (Almandoz et al.,
2007; Table 4). It should be noted that Almandoz et al. (2007) did
not find P. seriata during their study, supporting Ferrario et al.


Table 4
Amended identifications of Pseudo-nitzschia species. n.a.: not available.



Original identification Reference 



P. pseudodelicatissima Martin et al. (1990) 



P. pseudodelicatissima Hallegraeff (1994) 



P. pseudodelicatissima Lundholm et al. (1997) 



P. pseudodelicatissima Davidovich and Bates (1998) 



P. pseudodelicatissima Rhodes et al. (1998) 



P. pseudodelicatissima Parsons et al. (1999) 



P. pseudodelicatissima Adams et al. (2000) 



P. sp. cf. pseudodelicatissima Pan et al. (2001) 



P. pseudodelicatissima (NWFSC-047) Stehr et al. (2002) 



P. cf. pseudodelicatissima Baugh et al. (2006) 



P. pseudodelicatissima Trainer et al. (2007) 



P. calliantha2 Amato et al. (2007) 



P. delicatissima del1 Amato et al. (2007) 



P. turgidula Hallegraeff (1994) 



P. delicatissima No known record 



P. pseudodelicatissima Ferrario et al. (1999) 



P. calliantha2 Amato et al. (2007) 



P. delicatissima del1 Amato et al. (2007) 



P. pseudodelicatissima? Leandro et al. (2010b) 



P. pseudodelicatissima-complex (Ner-D8) Orive et al. (2010) 



P. calliantha (IEO-PS50V) Penna et al. (2007) 



P. pseudodelicatissima (CAWB82) Rhodes et al. (1998) 



Modified and updated from Moschandreou et al. (2010).


(2002), who considered the records of P. seriata in Argentinean
waters to be a misidentification, and the identification should
actually be P. australis. P. seriata has only been identified without
doubt in cold to temperate waters of the Northern Hemisphere
(Hasle, 1964; Hasle and Lundholm, 2005). However, P. seriata with
only two rows of poroids was observed recently in samples from
the Beagle Channel at the southernmost tip of South America
(Almandoz et al., 2009; see also Hansen et al., 2011).



2.4.3. Uruguay



The only DA event reported for Uruguay was in mussels from
Punta del Este, in December 2001, but toxicity (9.9 mg DA g�1) was
below the regulatory level; the toxin source was P. multiseries



(Medina et al., 2003). The potentially toxic P. multistriata is also
found in Uruguayan waters (Méndez and Ferrario, 2009).



2.4.4. Brazil



DA was not a human health problem in Brazil until January
2009, when toxin was reported in brown mussels (Perna perna; up
to 20 mg DA g�1) at two mussel farms in Santa Catarina State


Emended identification Reference



P. calliantha, Lundholm et al. (2003)



P. pseudodelicatissima or other Kaczmarska et al. (2005), and



Lundholm et al. (in press)



P. dolorosa Jameson and Hallegraeff (2010)



P. calliantha Lundholm et al. (2003)



P. calliantha and Lundholm et al. (2003)



P. pseudodelicatissima or



P. cuspidata



n.a.



Unknown Lundholm et al. (2003)



P. pseudodelicatissima or Bates and Trainer (2006)



P. cuspidata



P. pseudodelicatissima or Lundholm et al. (2003)



P. cuspidata



P. fryxelliana Lundholm et al. (in press)



n.a.



P. pseudodelicatissima Trainer et al. (2007)



P. mannii Amato and Montresor (2008)



P. arenysensis Quijano-Scheggia et al. (2009b)



P. dolorosa Lundholm et al. (2006)



P. dolorosa and P. decipiens Lundholm et al. (2006)



P. calliantha Almandoz et al. (2007)



P. mannii Amato and Montresor (2008)



P. arenysensis Quijano-Scheggia et al. (2009b)



P. hasleana Lundholm et al. (in press)



P. hasleana Lundholm et al. (in press)



P. hasleana Lundholm et al. (in press)



P. caciantha L. Rhodes (pers. comm.)
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(Fernandes and Brandini, 2010). This led to closure of the farms for
25 days (Table 2). The responsible organism was not given, but the
following potentially toxic species are present in the region:
P. australis, P. calliantha, P. linea, P. multiseries, P. fraudulenta,
P. pungens var. pungens and P. pungens var. cingulata (Odebrecht
et al., 2001; Fernandes and Brandini, 2010). Because P. australis was
reported exclusively in May and July, and was also absent in Santa
Catarina State during a later study (Fernandes and Brandini, 2010), it
likely was not the source of DA. Rather, it may have been
P. multiseries, P. calliantha (two morphotypes) or P. pungens, which
were found in Santa Catarina only, and abundantly from November
to February (Fernandes and Brandini, 2010). The potentially toxic
P. brasiliana and toxic P. multistriata were also found farther north, in
the state of Rio de Janeiro (Villac et al., 2004, 2005). The toxigenic
P. seriata is also described in the state of Paraná, adjacent to the north
of Santa Catarina State (Procopiak et al., 2006). However, because of
the possible misidentification of this species in South America (see
Ferrario et al., 2002 and Almandoz et al., 2007, above), it is possible
that this was actually P. australis.



Earlier, in adjacent (to the north) Paranaguá State, during
August 2002 to October 2003, no DA was detected in harvested
mangrove mussels (Mytella guyanensis), despite the presence of
P. multiseries, P. calliantha, and P. pungens, sometimes at elevated
concentrations (Mafra et al., 2006). Furthermore, one isolate of
P. multiseries produced DA in culture (Table 3). It was postulated
that the cell toxicity was low, or that the cells accounted for only a
small fraction of the mussels’ food intake, therefore accounting for
the low levels of toxin in the shellfish.



Because DA has already been demonstrated to toxify aqua-
cultured mussels in Brazil, and several toxigenic and potentially
toxic Pseudo-nitzschia spp. are present, the establishment of a
monitoring program in the molluscan aquaculture sectors has been
advocated (Mafra et al., 2006). Such a program is currently in effect
only in the State of Santa Catarina, the main bivalve producer, where
biweekly surveys of several potentially harmful microalgal species,
including Pseudo-nitzschia spp., and their toxins are carried out in 40
bivalve culture locations (L. Mafra, pers. comm.).



2.5. Australia



Although there are toxigenic Pseudo-nitzschia species in
Australian waters and traces of DA have been detected in
molluscan shellfish, there have been no reported incidences of
ASP in Australia (Lapworth et al., 2001; Takahashi et al., 2007).
Toxic or potentially toxic species include: P. australis, P. calliantha,
P. cuspidata, P. delicatissima (Lundholm et al., 2003; Jameson and
Hallegraeff, 2010), P. galaxiae (Lundholm and Moestrup, 2002), P.



multiseries (Lapworth et al., 2001; Jameson and Hallegraeff, 2010),
P. pungens, P. fraudulenta (Takahashi et al., 2007) and P. multistriata



(Jameson and Hallegraeff, 2010). Significant levels of DA (up to
500 ng DA ml�1) were confirmed in P. australis cultures tested
(Table 3), indicating a potential threat in Australian waters
(Lapworth et al., 2001), although this has not yet been realized.
P. multiseries is present less often, and only at low concentrations,
and isolates have not yet been tested for toxicity, but isolates of
P. pungens, and of the P. pseudodelicatissima-complex species, were
nontoxic (Hallegraeff, 1994; Lapworth et al., 2001). Other nontoxic
species include: P. americana, P. dolorosa, possibly P. heimii,
P. lineola, P. subfraudulenta and possibly P. subpacifica (Hallegraeff,
1994; Lapworth et al., 2001; Jameson and Hallegraeff, 2010;
G. Hallegraeff, pers. comm.).



2.6. New Zealand



Diatoms of the genus Pseudo-nitzschia have been observed in
New Zealand’s coastal waters for at least four decades, but no toxic


species or DA contamination in bivalve shellfish were reported
until 1993 (Rhodes et al., 1996), when phytoplankton and biotoxin
monitoring programs were implemented. The first indication of
toxicity was in November, 1993, in Whangaroa Harbour, when DA
was found in the digestive gland of the New Zealand scallop (Pecten



novaezealandiae; 270 mg DA g�1) (Rhodes et al., 1996). That same
year, toxins causing DSP, PSP and NSP, and their microalgal
producers, were detected. There is no evidence that the consider-
able expansion in GreenshellTM mussel (Perna canaliculus) farming
in the Marlborough Sounds (the major shellfish growing area) has
resulted in any increased incidence of HABs (Rhodes et al., 2001).
From then on, DA has been recorded in various shellfish species
(Table 1).



The most detailed information on DA in aquacultured bivalves
is given in Hay et al. (2000), but only for the years 1994–1999.
Pseudo-nitzschia species and DA have been detected at all
monitoring sites, on both the North and South Islands, although
all closures of shellfish harvesting, except one (in the Marlborough
Sounds aquaculture area), have occurred on the North Island. The
highest level was 600 mg DA g�1, in the digestive gland of Pecten



novaezealandiae from Doubtless Bay, on November 1994. Only a
low percentage of the commercially harvested bivalve samples had
DA levels above the regulatory limit: 1.64% for scallops and 0.02%
for GreenshellTM mussels. Two instances of DA above the limit for
mussels were in Marlborough Sounds in December 1994
(187 mg DA g�1), and Houhora, in Northland (33 mg DA g�1).



In New Zealand, species of Pseudo-nitzschia that have been
shown to produce DA in culture (Table 3) include: P. australis,



P. multiseries, P. multistriata, P. pungens, P. fraudulenta,



P. delicatissima, P. turgidula and P. pseudodelicatissima; P. cf. heimii



was present at only low concentrations (Rhodes et al., 1996, 1998,
2000, 2004). It should be noted that clarifications are still needed
regarding the status of some species within the P. pseudodelica-



tissima and P. delicatissima complexes, and with P. cf. heimii; this is
being accomplished with molecular data (L. Rhodes, pers. comm.).



2.7. Africa



2.7.1. South Africa and Namibia



Whereas several Pseudo-nitzschia spp. responsible for ASP are
known to occur in the Benguela, for example P. australis



(Marangoni et al., 2001), shellfish toxicity has yet to be recorded
in this region (Pitcher and Calder, 2000). However, DA has recently
been measured in seawater samples containing Pseudo-nitzschia



cells, although the toxigenic species were not identified (Fawcett
et al., 2007). This provided the first conclusive evidence for the
presence of ASP toxins in the Benguela system. During this study,
particulate DA concentrations derived from filtered plankton
samples ranged from 0.1 to 3 mg DA l�1 and closely tracked the
total cell concentrations of Pseudo-nitzschia species. In 2004, DA in
phytoplankton (2–200 ng DA l�1) and the viscera of planktivorous
pilchard (Sardina pilchardus; 120 ng DA g�1) were found off the
Namibian coast (D.C. Louw, B. Currie, G. Doucette, pers. comm.).



2.7.2. Tunisia, Algeria and Morocco



In northern Africa, bordering the Mediterranean Sea, several
species of Pseudo-nitzschia have the risk of becoming problematic,
although no instances of DA contamination have yet been reported.
Bizerte Lagoon, northern Tunisia, is an important region for
molluscan aquaculture that is particularly vulnerable. The bloom
dynamics of several Pseudo-nitzschia species has been studied, and
isolates of P. calliantha (Sahraoui et al., 2009) and P. brasiliana



(Sahraoui et al., 2011) have been shown to produce DA (Table 3).
Additional species reported include: P. pseudodelicatissima,
P. multistriata, P. delicatissima-complex species and P. cf. seriata.
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In Algeria, there have been no reported incidences of DA
contamination, although at least two toxigenic species are present:
P. multiseries (Hasle, 2002) and P. calliantha (Illoul et al., 2008). On
Morocco’s Mediterranean coast, a bloom of Pseudo-nitzschia spp.
coincided with the detection of low levels of DA in king scallops
(Pecten maximus; 0.2 mg DA g�1), but not in any other shellfish
species (reported in Tahri-Joutei et al., 2003). Subsequent blooms
of Pseudo-nitzschia spp. (104 cells l�1) occurred in February 1997,
and of P. cf. delicatissima (5 � 104 cells l�1) in April–May 2000
(Tahri-Joutei et al., 2003). On the Atlantic coast, potentially toxic
Pseudo-nitzschia species include: P. australis, P. fraudulenta and P.



pseudodelicatissima-complex species (Ennaffah, 2007).



2.8. Asia



Pseudo-nitzschia species have been documented in Vietnam,
Japan, Korea and Russia, with P. pungens dominating in Korea,
China and Russia. No human poisonings due to DA in shellfish have
been reported in these countries (Skov et al., 2004; NOWPAP, 2005;
Huang et al., 2009).



Significant levels of DA (145 mg DA g�1 whole tissue) have been
detected in the spiny oyster (Spondylus), collected from the
Philippines and Vietnam (Dao et al., 2009). However, the
responsible species of Pseudo-nitzschia have not yet been identi-
fied. The population dynamics of P. pungens was studied in Zhelin
Bay, China in the early 2000s. In that study, an isolate of P. cf.
pseudodelicatissima from Lampung Bay, China, showed no produc-
tion of DA by HPLC-UV (Panggabean, 2007). Likewise, P. pungens, P.



cuspidata, P. brasiliana, P. multistriata and P. multistriata isolated
from the along Chinese coast did not show detectable DA by HPLC-
UV (R. Liu, pers. comm.).



In Russia, light and electron microscopical examination of 314
phytoplankton field samples, collected from 1995 to 2006, revealed
the presence of eleven Pseudo-nitzschia species: P. americana, P. cf.
caciantha, P. calliantha, P. delicatissima/arenysensis, P. fraudulenta,
P. cf. heimii, P. multiseries, P. multistriata, P. obtusa, P. pungens and
P. seriata (Stonik et al., 2011b). Blooms of P. calliantha, P. multiseries,
P. multistriata and P. pungens have been observed in summer and
autumn in Peter the Great Bay in the northwestern Sea of Japan, with
abundances exceeding 106 cells l�1 and constituting 75–98% of the
total density of the phytoplankton assemblage. The dominant
species in the Sea of Okhotsk were P. pungens, P. calliantha and
P. americana, with abundances exceeding 2 � 105 cells l�1 and
constituting 30–75% of the total phytoplankton assemblage in
summer and autumn (Stonik et al., 2011b).



DA was found for the first time in stationary-phase P. multiseries



cells isolated from Peter the Great Bay, at concentrations varying
between 180 and 5390 ng DA ml�1 or 2–21 pg DA cell�1 (Orlova
et al., 2008; Table 3). No DA was detected (<2 ng ml�1) in cultures
of P. calliantha and P. multistriata from the same locality. A gamma
proteobacterium (tentatively identified as Alteromonas macleodii)
was isolated from P. multiseries strain PM-02 (Orlova et al., 2008),
and was earlier shown to significantly enhance the DA concentra-
tion of an axenic culture of P. multiseries (S.S. Bates, I. Kaczmarska,
C. Léger, J. Ehrman and D.H. Green, unpubl. data). Concentrations of
DA in tissues of the bivalves, Mytilus trossulus, Crenomytilus



grayanus and Mizuhopecten yessoensis, from Peter the Great Bay,
ranged from 0.01 to 0.5 mg DA g�1, well below permissible
regulatory limits (Stonik et al., 2011a).



2.9. Europe



During the last decade, it was realized that DA can also pose a
problem in European shellfish. The toxin has now been detected in
shellfish from many European countries, particularly UK, Ireland and
France (EFSA, 2009). European strains of several Pseudo-nitzschia


species have been found to be toxic: P. australis, P. calliantha, P.



galaxiae, P. multiseries, P. multistriata, P. pseudodelicatissima, P.



pungens and P. seriata (Table 3; Lundholm et al., 1994; Sarno and
Dahlmann, 2000; Cusack et al., 2002; Orsini et al., 2002; Fehling et al.,
2004a,b; Moschandreou et al., 2010; E. Keady, pers. comm.). DA has
especially impacted scallop fisheries in European waters (EFSA,
2009), and accumulation and prolonged retention of DA has resulted
in closures of harvesting in e.g. UK, Ireland (Bogan et al., 2007a,b),
France (Nézan et al., 2006; Klein et al., 2010), Denmark (Lundholm
et al., 2005a), Portugal (Vale and Sampayo, 2001) and Spain (Arévalo
et al., 1998; Fraga et al., 1998) (Table 2; James et al., 2005). On
average, 59% of scallops tested contained DA above the EU regulatory
limit (EFSA, 2009). Particularly in Scotland, accumulation of DA
resulted in long-term closures of scallop fisheries from the Scottish
west coast (Gallacher et al., 2001; Smith et al., 2006). Since the EU
directive for monitoring ASP in scallops changed in 2005, DA has not
been a major problem in Scottish waters, as the processors now sell
only the adductor muscle of the scallops (which is usually free of DA)
and there are thus no closures of scallop harvesting areas (E. Bresnan,
pers. comm.). DA in mussels, however, still results in short closures
every year in Europe. There have not been any reported human
illnesses associated with DA in Europe, but due to lack of a formal
reporting system, mild cases could have gone un-noticed (EFSA,
2009).



Pseudo-nitzschia has been present in European waters for more
than a century (e.g. Hasle et al., 1996; Churro et al., 2009;
Lundholm et al., 2010) and is frequently reported as abundant or
dominating in coastal areas in certain seasons (Fehling et al.,
2004b, 2006; Zingone et al., 2006; Spatharis et al., 2007; Besiktepe
et al., 2008; Quijano-Scheggia et al., 2008; Orive et al., 2010). There
are few studies on long-term trends of occurrence of Pseudo-



nitzschia. On the Atlantic coast of Spain, a weakening in the coastal
upwelling was observed over the last two decades (Perez et al.,
2010). In spite of a simultaneous increase in percentage of
dinoflagellates, and a decrease in total diatoms, they found a highly
significant increase in numbers of Pseudo-nitzschia spp. Sediment
core studies are excellent for exploring long-term trends of
occurrence and abundance of Pseudo-nitzschia. A sediment-core
study in Mariager Fjord, Denmark, found no indication of an
increase in the total relative abundance of Pseudo-nitzschia during
the last hundred years (Lundholm et al., 2010). A similar study in
the Gulf of Mexico revealed an increasing relative abundance of
total Pseudo-nitzschia over time (Parsons et al., 2002).



Changes in species composition and distribution of Pseudo-



nitzschia have been observed in Europe. In the Skagerrak, P.



multiseries declined in abundance after the late 1960s and 1970s,
when it was the predominant Pseudo-nitzschia species (Hasle et al.,
1996). Since the early 1990s, it has been recorded less frequently in
the Northern European coastal waters (Hasle et al., 1996; Hasle,
2002; Bresnan, 2003; Fehling et al., 2006; Lundholm et al., 2010).
At the same time, P. pungens has changed from being observed
mainly during autumn before 1986, to now occurring all year
round (Hasle et al., 1996). In a study of sediment-cores spanning at
least a 100 year period, a similar shift in relative species abundance
of Pseudo-nitzschia was recorded, with P. multiseries being
dominant before 1958 (making up >90% of the Pseudo-nitzschia



community), to P. pungens, especially, and recently also P.



americana, dominating the Pseudo-nitzschia community (Lund-
holm et al., 2010).



Pseudo-nitzschia australis seems to have extended its distribu-
tion in Europe. Previously, P. australis was not recorded from
Northern European waters (Hasle et al., 1996). Then, the sudden
findings of P. australis in European waters in 1994–1995, in Galicia,
northwest Spain (Miguez et al., 1996) and in 1999–2000, in
Scottish waters (Gallacher et al., 2001), indicate a spreading of P.



australis northward in Atlantic waters. Long-term studies are
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needed to confirm this. The distributional patterns of other Pseudo-



nitzschia species are still not fully established.



3. Molecular studies of Pseudo-nitzschia



During the last decade, an increasing number of studies
combining morphological and molecular characters for studying
taxonomy and evolution of Pseudo-nitzschia have been published
and species have been newly described or emended (e.g. Lundholm
et al., 2003, 2006, in press; Amato et al., 2007; Amato and
Montresor, 2008; Churro et al., 2009). This has revealed that cryptic
and pseudo-cryptic species are a more commonly encountered
phenomenon than previously considered (Orsini et al., 2004;
Lundholm et al., 2003, 2006, in press; Amato et al., 2007; Quijano-
Scheggia et al., 2009b). Cryptic species are morphologically
identical, but genetically different, whereas pseudo-cryptic spe-
cies, apart from the genetic diversity, show minor morphological
differences that are only detected by detailed examination (Mann
and Evans, 2007). The description of cryptic and pseudo-cryptic
species might appear to make species identification more
cumbersome. However, correct species assignment provides a
possibility for understanding complex patterns of physiological
parameters, e.g. toxin production, biogeographical patterns and
species succession in field studies. Species identification will
become easier in the future with further developments of PCR
tools, e.g. microarray or simpler methods like ARISA (Automated
Ribosomal Intergenic Spacer Analysis) analyses (McDonald et al.,
2007; Hubbard et al., 2008; Medlin and Kooistra, 2010; reviewed
by Kudela et al., 2010). However, development of such molecular
methods relies on a thorough understanding of the underlying
taxonomy.



3.1. Phylogeny



Different regions of the genome have been targeted to assess
the phylogeny of Pseudo-nitzschia: LSU, ITS1, 5.8S and ITS2 of the
ribosomal DNA and rbcL, the large subunit of RuBisCo (Lundholm
et al., 2002a,b, 2006; Orsini et al., 2004; Amato et al., 2007). The
nuclear-encoded internal transcribed spacers (ITS), comprising
ITS1, 5.8S and ITS2, have been the most widely used, as they give
highly supported separation of species, and ITS2 is useful as a
barcode sequence (Evans et al., 2007; Moniz and Kaczmarska,
2009). Furthermore, a correlation between mating compatibility
and base changes in ITS2 makes the region a useful molecular tool.
After sexual reproduction of Pseudo-nitzschia was first described
(Davidovich and Bates, 1998), it then became possible to include
mating compatibility in studies of taxonomic relatedness. Mating
of strains has since been included in several phylogenetic studies
(Amato et al., 2007; Casteleyn et al., 2008; Quijano-Scheggia et al.,
2009b; Lundholm et al., in press). Another way of assessing mating
compatibility is to explore the secondary structure of ITS2. The
DNA strand of ITS2 folds to form a complex secondary structure
with stems (pairings) and loops (no pairings), which play a role in
the construction of ribosomes (Tschochner and Hurt, 2003). Base
changes in both or one of the bases in the basepairs of the stems,
known as CBCs (compensating base changes) and hemi-CBCs,
respectively, have been found to correlate with mating compati-
bility of Pseudo-nitzschia strains. This finding supported Coleman’s
(2000, 2003, 2007, 2009) general observations of ITS2 and mating
compatibility and makes ITS2 an excellent tool for studies of
species delineation.



A number of species complexes have been identified in Pseudo-



nitzschia, with the help of molecular tools. What were formerly
regarded as P. pseudodelicatissima and P. cuspidata have now been
shown to comprise the morphological, molecular and reproduc-
tively well-separated entities: P. calliantha, P. caciantha, P. mannii,


P. hasleana, P. fryxelliana and P. cuspidata/P. pseudodelicatissima



(Table 4; Lundholm et al., 2003, in press; Amato et al., 2007; Amato
and Montresor, 2008). However, there is still a taxonomic problem
with P. cuspidata and P. pseudodelicatissima, as the only morpho-
logical difference between the two species is valve shape.
Moreover, in all phylogenetic studies, P. pseudodelicatissima and
P. cuspidata strains cluster within one highly supported clade (e.g.
Lundholm et al., 2003, in press; Amato and Montresor, 2008;
Moschandreou et al., 2010). Studies on the secondary structure of
strains from the clade have revealed that CBCs and hemi-CBCs exist
among the strains in the group (Amato et al., 2007; Moschandreou
et al., 2010), but any subdivision of the clade is premature
(Lundholm et al., 2003, in press; Amato and Montresor, 2008;
Moschandreou et al., 2010). The type locality of P. cuspidata is Gran
Canary (most closely represented by the strain ‘‘Tenerife8’’),
whereas the type locality of P. pseudodelicatissima is the subarctic
Denmark Strait (Hasle, 1965), for which no strains are available.
Future studies that include phylogenies on more genes, secondary
structure analyses, mating studies comprising several strains, and
inclusion of a strain of P. pseudodelicatissima from the type locality,
are needed to finally settle the taxonomic problem.



Pseudo-nitzschia delicatissima has similarly been split into well-
separated pseudo-cryptic species: P. delicatissima, P. decipiens and
P. dolorosa. However, it was recently recognized that P. delica-



tissima, as previously defined, actually consists of two separate
clades, representing two cryptic species: P. delicatissima and P.



arenysensis (Orsini et al., 2004; Lundholm et al., 2006; Amato et al.,
2007; Quijano-Scheggia et al., 2009b). The two cryptic species are
morphologically indistinct, but comparisons of the secondary
structure of ITS2 support that the species are separate entities.
Furthermore, the species differ with respect to physiological
parameters, e.g. temperature required to sexualize the genotypes
and differences in growth rates (Kaczmarska et al., 2008; Quijano-
Scheggia et al., 2009b).



Pseudo-nitzschia americana and the pseudo-cryptic P. brasiliana



and P. linea also represent a morphological species complex
(Lundholm et al., 2002b). P. americana had previously been
observed only as epiphytic single cells, in contrast to other
Pseudo-nitzschia species, but has now also been found forming the
chains typical of Pseudo-nitzschia (Kaczmarska et al., 2005).
Another unusual Pseudo-nitzschia species is P. galaxiae, which
has a completely different stria structure than the other species.
Therefore molecular data were important for assessing its
phylogenetic relationship (Lundholm and Moestrup, 2002). It
has been found with three different morphotypes in the Gulf of
Naples, having the same ultrastructure, but differing in size (Cerino
et al., 2005). The three morphotypes bloom at different times of the
year (Cerino et al., 2005). Parallel analyses on ITS, rbcL and LSU
showed a seasonal segregation among these distinct genotypes,
which matched the succession of different size classes (McDonald
et al., 2007).



The cosmopolitan P. pungens has been split into three variants,
based on morphological, molecular and reproductive data: var.
pungens, var. cingulata and var. aveirensis (Casteleyn et al., 2008;
Churro et al., 2009). These represent two reproductively isolated
groups. Although two of the variants (P. pungens var. pungens and P.



pungens var. aveirensis) are well-differentiated, occasional hybrids
between the variants have been found in the field (Casteleyn et al.,
2008; Holtermann et al., 2010), suggesting that they are not
reproductively separated. This is supported by the analyses of the
secondary structure of ITS2. Based on similar analyses of ITS2, it is
hypothesized that the third variant (P. pungens var. aveirensis) is
reproductively isolated from the other two (Churro et al., 2009).
Within the one variant (P. pungens var. pungens), significant
geographical population differentiation has been revealed on a
global scale, with very restricted gene flow between the different
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geographical populations (Casteleyn et al., 2010). This finding
demonstrates that geographic distances play a role in speciation,
even in highly dispersal phytoplankton organisms in the ocean. It is
thus an excellent example of how detailed knowledge of harmful
species like Pseudo-nitzschia can be of general importance for our
understanding.



The genus Pseudo-nitzschia harbors even more diversity than
presently described, as morphological variation that does not agree
with any present species description continues to be detected (e.g.
Lundholm et al., 2003; Kaczmarska et al., 2005; Sahraoui et al.,
2009; Lundholm et al., in press). Similarly, the intrageneric and
intraspecific diversity has been found to be greater than presently
recorded (Stehr et al., 2002; McDonald et al., 2007); sequencing of
LSU rDNA of strains from coastal waters of Washington State
showed the presence of new ribotypes in the P. pseudodelicatissima



group (Stehr et al., 2002). Likewise, application of genus-specific
primers for LSU rDNA to field samples from the Gulf of Naples
revealed three new genotypes not corresponding to any described
species (McDonald et al., 2007).



3.2. Molecular tools



Within the last decade, there have been advances in the
development of molecular tools for identifying Pseudo-nitzschia



species within mixed assemblages and for determining population
structure for species of Pseudo-nitzschia. An automated ribosomal
intergenic spacer analysis (ARISA) was developed by Hubbard et al.
(2008) for the rapid identification of Pseudo-nitzschia species in
environmental samples. Microsatellite markers have been devel-
oped for P. pungens (Evans and Hayes, 2004), P. multiseries (Evans
et al., 2004), P. multistriata (Tesson et al., 2011), and P. australis



(N.G. Adams, unpubl. data).



3.2.1. ARISA



The ARISA assay allows for rapid identification of Pseudo-



nitzschia species in environmental samples, using PCR primers
predicted to amplify ITS1 fragment lengths for 11 known and one
unknown species of Pseudo-nitzschia based on sequences in
GenBank. Hubbard et al. (2008) used the ARISA to analyze
environmental samples from Vancouver Island, Canada and Puget
Sound, WA, USA. They detected nine distinct fragment lengths in
clone libraries derived from the environmental samples in which
eight of the fragment lengths corresponded to nine known or
putative Pseudo-nitzschia species. In addition to analyzing frag-
ment size, the fragments from the clone libraries can also be
sequenced in order to differentiate species or individuals within a
species. Hubbard et al. (2008) defined different genotypes of a
single species as those that had identical ITS1 fragment lengths but
<3% sequence diversity. Additionally, isolates with different ITS1
fragment lengths as well as sequence identity <3% (excluding
insertions/deletions) were defined as different species types. For
example, while P. australis and P. seriata shared the same fragment
length, the sequences of the ITS1 fragments for these two species
are different (7.8%), allowing for differentiation of the two species.
The most frequently detected species within the clone library was
P. pungens, which also had the greatest number of distinct
genotypes (12).



Marchetti et al. (2008) used the ARISA to identify Pseudo-



nitzschia species during an iron enrichment experiment in the
northeast subarctic Pacific Ocean, near Ocean Station Papa. They
compared the results from the ARISA (performed on bulk seawater
samples) to clone libraries developed from the same samples. Their
analysis detected seven different ITS1 variants. Two of the
fragments detected corresponded to P. granii and P. heimii, while
another fragment corresponded to an unidentified Pseudo-nitzschia



species that was also present in clone libraries. The remaining four


observed fragments were likely putative, unidentified Pseudo-



nitzschia ITS1 variants that were not detected in the clone libraries.
The ARISA can be an effective and more rapid method for



detecting and identifying Pseudo-nitzschia species in environmen-
tal samples than traditional microscopic approaches. However, the
accuracy of ARISA depends upon a complete understanding of the
underlying taxonomy and the acquisition of correct sequence
information with confirmatory culture validation. The develop-
ment of clone libraries is also necessary in order to differentiate
between species and to determine genotypes within a species. The
assay is limited in that it may identify fragments that correspond to
sequences for Pseudo-nitzschia species or species types that have
not been previously identified. Additionally, the PCR primers may
amplify fragments for organisms other than Pseudo-nitzschia that
have not previously been tested for cross reactivity.



3.2.2. Microsatellite markers



Microsatellite markers can be used to identify distinct
populations of Pseudo-nitzschia species and to help determine if
those populations are made up of cryptic species, different
varieties of the same species, or contain hybrid forms of species
varieties. Although microsatellite markers are powerful tools for
analyzing populations of Pseudo-nitzschia species, they rely on
isolates and culturing techniques that may introduce some bias, as
analysis is performed only on those isolates that survive the
culturing process.



Six polymorphic microsatellite markers were characterized by
Evans and Hayes (2004) for P. pungens. A subsequent study by
Evans et al. (2005) in the German North Sea, showed very high
levels of genetic and clonal diversity along with weak temporal and
spatial genetic structuring among 464 isolates genotyped from two
locations �100 km apart. Evans et al. (2005) suggested that, given
the low levels of genetic differentiation and the high level of
genetic diversity in their samples, there were no major barriers to
gene flow in the German North Sea and that the 464 isolates
originated from a single large, well-mixed population.



A study by Casteleyn et al. (2009b) used the microsatellite
markers developed by Evans and Hayes (2004) to examine the
population structure of 310 P. pungens isolates from water bodies
with varying environmental conditions in the Southern Bight of the
North Sea. The results of Casteleyn et al. (2009b) were similar to
those of Evans et al. (2005) in that their data revealed no significant
population structuring. When Casteleyn et al. (2009b) expanded
their analysis to include isolates from the German, French and
Dutch parts of the North Sea, they still did not observe any
significant spatial differentiation over an area of �650 km.
However, the analysis included relatively few isolates from the
areas outside of the Belgian North Sea.



Adams et al. (2009) used microsatellite markers designed by
Evans and Hayes (2004) to analyze the population structure of P.



pungens from the Pacific Northwest (PNW) coast of the USA and to
compare that to the North Sea P. pungens using a subset of the
isolates from the Evans et al. (2005) and Casteleyn et al. (2009b)
studies. Analysis of the PNW samples revealed an admixture of two
distinct populations of P. pungens. When compared to the North
Sea population, the two PNW populations were more different
from each other than either PNW population was from the North
Sea population. The two PNW populations likely were representa-
tive of P. pungens clades I (var. pungens) and II (var. cingulata) that
were described by Casteleyn et al. (2008); further analyses on a
subset of isolates from these populations supported this hypothe-
sis (Casteleyn et al., 2009a).



Casteleyn et al. (2010) examined P. pungens var. pungens from
various locations worldwide using the microsatellite markers
characterized by Evans and Hayes (2004) and found significant
geographical genetic structuring. Population structure analysis
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revealed six genetic clusters where some isolates showed a more
admixed background (northeastern Atlantic) and some isolates
clustered mainly according to geographic location (northwestern
Atlantic and Pacific). Casteleyn et al. (2010) suggested that gene
flow among populations of planktonic diatoms like P. pungens var.
pungens can be restricted by oceanographic features such as fronts
and oceanic gyres, as well as continental land masses, resulting in
genetic divergence of populations.



Nine polymorphic microsatellite markers were developed by
Evans et al. (2005) for P. multiseries. These markers were used to
genotype 25 field isolates of P. multiseries as well as six of their
descendants that were the products of mating experiments.
Twenty-two of the field isolates were from eastern Canada, two
from Europe and one from Russia. They found that 23 of the 25 field
isolates were distinct and the Russian isolate was the most
genetically distinct. Significant genetic differences were observed
among isolates from eastern Canada; however, some of those
isolates were capable of interbreeding. Evans et al. (2005) suggest
that the significant differentiation between the Russian isolate and
many of the Canadian isolates indicates that discrete populations
of P. multiseries exist; however, more extensive sampling is
necessary.



Recently, microsatellite markers have been characterized for P.



multistriata (Tesson et al., 2011). The authors described PCR
primers for seven polymorphic loci and used the primers to
amplify the microsatellite loci in 66 isolates of P. multistriata



collected in the Gulf of Naples, Italy, from three different time
period (22 isolates each) in 2008. Based on their results, all of the
loci deviated from Hardy–Weinberg equilibrium and two loci
showed a small excess of homozygosity. The authors propose to
use these markers in future studies to identify natural populations,
infer their dynamics over seasonal blooms, analyze genetic
structure over spatial scales and track changes in genetic diversity
across sexual reproduction events.



4. Life stages – implications in bloom ecology



Pseudo-nitzschia, like many pennate diatoms, can reproduce
sexually (Geitler, 1935). Cells in clonal cultures of Pseudo-nitzschia



gradually decrease in cell size over time and eventually die if they
do not undergo sexual reproduction (also called auxosporulation)
to regenerate their large cell size. This is due to vegetative cell
division and splitting of the silicon frustule between two daughter
cells. The halves of the frustule (thecae) fit together like a glass
Petri dish, with the hypotheca slightly smaller than the epitheca.
The daughter cell that receives the smaller of the two thecae
produces a new hypotheca inside the first, larger epitheca. This cell
is thus smaller than the initial parent cell. In this way, the average
length (but not usually the width) of the cells gradually decreases
until they become so small that the culture, and presumably
natural populations, can no longer survive. However, if cells
undergo sexual reproduction, the large cell size is restored.



A Pseudo-nitzschia cell becomes sexualized when cell length
decreases below a threshold size, known as the first cardinal point
(Geitler, 1935). In P. multiseries, this is �63% of the length of largest
cells (Bates and Davidovich, 2002) and in P. multistriata it is 39–71%
(D’Alelio et al., 2009). Sexual reproduction must occur before the
cells reach a minimum length, which is �30 mm in P. multiseries



(Bates and Davidovich, 2002), 19–80 mm in P. delicatissima (Amato
et al., 2005) and 39–55 mm in P. multistriata (D’Alelio et al., 2009).
During this size window, cultures of Pseudo-nitzschia can be mixed
together to stimulate sexual reproduction. Pseudo-nitzschia is
generally dioecious (heterothallic), meaning that male and female
gametes are produced by separate clones. These ‘‘sexes’’ are
referred to as mating types ‘‘+’’ and ‘‘�’’ in Pseudo-nitzschia



(Chepurnov et al., 2005). However, monoecious (homothallic)


reproduction has been reported in P. brasiliana (Quijano-Scheggia
et al., 2009a).



Mating in Pseudo-nitzschia can be achieved simply by mixing
clones of the same species, but of opposite sex. Clones must be in
good physiological condition to undergo sexual reproduction.
Thus, clones must be mixed during the exponential growth phase,
which can be from 3 to 6 d after inoculation of a batch culture.
Temperature is an important factor as different species mate at
different temperatures (Kaczmarska et al., 2008; Quijano-Scheggia
et al., 2009b). Clones must receive a sufficient amount of light
during a 24 h period. A photoperiod length up to 16:8 L:D, the
maximum studied, increased gamete and auxospore production
(Davidovich and Bates, 1998; Hiltz et al., 2000). These results
suggest that parent cells must be healthy and photosynthesizing to
produce energy for sexual reproduction.



Sexual reproduction has been described with photographic
evidence and/or mating compatibility experiments in 14 species
and one variety: P. subcurvata (Fryxell et al., 1991), P. multiseries



(Davidovich and Bates, 1998; Kaczmarska et al., 2000), P.



pseudodelicatissima (which may be P. calliantha; Lundholm et al.,
2003; Davidovich and Bates, 1998), P. fraudulenta (Chepurnov
et al., 2004), P. pungens (Chepurnov et al., 2005; Casteleyn et al.,
2008), P. delicatissima (Amato et al., 2005, 2007; Kaczmarska et al.,
2008; Quijano-Scheggia et al., 2009b), P. pseudodelicatissima sensu



stricto (Amato et al., 2007), P. calliantha (Amato et al., 2007;
Lundholm et al., in press), P. dolorosa (Amato et al., 2007), P. mannii



(Amato and Montresor, 2008), P. brasiliana (Quijano-Scheggia et al.,
2009a), P. multistriata (D’Alelio et al., 2009), P. arenysensis (Quijano-
Scheggia et al., 2009b), P. pungens var. aveirensis (Churro et al.,
2009), P. australis (Holtermann et al., 2010) and P. cuspidata



(Lundholm et al., in press).
Despite some differences in the time necessary to complete



sexual reproduction, the mating process is similar in all Pseudo-



nitzschia species tested. The first step in sexual reproduction is the
pairing between parent cells of opposite sex (gametangiogamy).
Two cells generally pair valve to valve, lying parallel with close
alignment of the cells. The next stage is gametogenesis. The paired
cells divide meiotically and the content of each cell is partitioned
along the transapical plane to form spherical gametes, two per cell.
These gametes are identical in appearance (isogamous) and non-
flagellated, but the behavior of the gametes differs between sexes
(physiological anisogamy). One cell produces two active gametes
(‘‘+’’, ‘‘male’’) and the other two passive gametes (‘‘�’’, ‘‘female’’).
The frustules of both cells open, permitting the active gametes to
enter and fuse with the passive gametes (plasmogamy). This is not
always successful in both pairs of gametes or in all pairings of
parent cells. When it is successful, fusion takes only 1–2 min. After
gamete fusion, the resulting zygote expands to form a long
auxospore (Fig. 2), inside of which the large initial cell is formed
that then divides vegetatively and exits the auxospore. The entire
process, from gamete production to formation of initial cells takes
2–4 d.



Preliminary work has shown an interesting relationship
between epibiont bacteria and Pseudo-nitzschia sexual reproduc-
tion. Some axenic clones of P. multiseries would not undergo sexual
reproduction until bacteria were reintroduced (Thompson, 2000).
Other mixtures of axenic clones did undergo sexual reproduction,
but it is possible that these were contaminated by bacteria. Further
work is required to determine the role of bacteria in sexual
reproduction in this species.



There is also evidence that a type of ‘‘pheromone’’ or other
chemical is being produced by sexually active Pseudo-nitzschia.
Filtrates of sexually reproducing clones induced higher gamete
production in other clones, even in the absence of cells of the
opposite mating type (Haché, 2000). These results suggest that a
chemical signal may stimulate gamete production and perhaps











Fig. 2. Auxospores of the pennate diatom Pseudo-nitzschia australis, in culture. Each auxospore is attached to an empty parental valve, which has become short and slightly



deformed over time in culture. (A) One un-expanded auxospore is also visible above the expanded auxospore. (B) Upon plasmogamy, the primary organic wall is formed



around the auxospore. Transverse bands composed of silica are laid down during the auxospore’s bipolar expansion. This network of bands, plus the cell wall, is called the



perizonium. A large initial cell is formed within the perizonium, restoring the large cell size of the diatom.



Reprinted with permission from J. Phycology (cover image, volume 46 (1), 2010, print version); photo credit: Karie Holtermann and E. Virginia Armbrust.
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also synchronize gamete production in already sexualized cells. It
is not known if such a signal would also assist cells of opposite sex
to locate each other.



Sexual reproduction in Pseudo-nitzschia may be important for
DA production. Clonal cultures of Pseudo-nitzschia decrease in size
over time (see above), and also lose their ability to produce DA
(Bates, 1998). However, when parental cells of P. multiseries that
have lost their ability to produce DA are mated, their offspring can
be toxic, sometimes even more so than their parents were initially
(Bates et al., 1999; Lundholm et al., in press). Sibling clones can
have significant variability in DA production, which could be
accounted for by genetic differences or by the presence of different
types and numbers of free-living or epibiont bacteria.



Information on environmental cues that induce sexual
reproduction in diatoms in situ is almost nonexistent (Chepurnov
et al., 2004). However, recent reports have documented the sexual
reproduction in natural populations of P. cf. delicatissima and P. cf.
calliantha in the Gulf of Naples, Italy (Sarno et al., 2010), and P.



australis and P. pungens in coastal Washington State, USA (Fig. 1;
Holtermann et al., 2010). Sex is likely not a rare event but may be
constrained in time and may involve a very limited fraction of the
population (Sarno et al., 2010), which may account for the scarcity
of observation of sexual stages in nature. In the Gulf of Naples,
during a bloom of both P. cf. delicatissima (9.1 � 106 cells l�1) and
P. cf. calliantha (7.0 � 106 cells l�1) in September 2006, only 9.2%
and 14.3% of each species, respectively, were observed to undergo
auxosporulation. Observations during the coastal Washington
State Pseudo-nitzschia bloom (up to 9.3 � 105 cells l�1) in June
2006, showed that auxosporulation began when the lowest size
classes of both P. pungens and P. australis reached their maximum
cell concentrations. In contrast to the bloom in Italy, the number
of auxosporulating cells of P. australis exceeded the number of
vegetative cells at the decline of the bloom. The highest rate of
increase in auxosporulation and production of large new cells for
both species occurred within a relatively narrow window of time
and coincided with the decline in nutrients after the bloom had
peaked (Holtermann et al., 2010). The significant relationship
between the presence of large new cells resulting from


auxosporulation and DA concentrations in razor clams at the
coastal beach calls for further investigation.



5. Nutritional physiology



Despite the widespread interest in Pseudo-nitzschia and the
potential environmental triggers of DA production, much of our
understanding of the nutritional physiology of these toxigenic
diatoms remains relatively unaltered from the seminal studies
conducted by early investigators; their results have strongly
influenced the interpretation of many field studies conducted in
the past decade. Early studies reported on the relationship
between growth rate and DA production, examined primarily
with laboratory cultures of P. multiseries (reviewed by Bates, 1998;
Bates and Trainer, 2006) and often extrapolated to other species.
These demonstrated that DA production is usually minimal or non-
detectable during exponential growth in batch cultures, and
increases during the stationary phase as cell division slows as a
result of either Si or P limitation. Similarly, studies have shown a
reciprocal relationship between growth rate and DA production in
Si- (Bates et al., 1996; Pan et al., 1996b; Kudela et al., 2004a) or P-
limited continuous cultures of this species (Pan et al., 1996c;
Hagström et al., 2011). An exception to the pattern of minimal or
non-detectable DA during fast growth is P. cf. pseudodelicatissima



(which may be P. cuspidata; Lundholm et al., 2003) from the Gulf of
Mexico (Pan et al., 2001). Here, DA production and cellular DA
concentrations were greatest when the growth rate was high and
cell density was low during the early exponential phase, and no net
DA production was determined during stationary phase. Other
studies also have observed measurable levels of DA prior to the
onset of stationary growth, e.g. in P. australis (Garrison et al., 1992),
P. multiseries (Pan et al., 1996a; Radan, 2008; Thessen et al., 2009)
and P. fraudulenta (Thessen et al., 2009). P. cuspidata even exhibited
greater cellular DA in the exponential phase relative to stationary
phase when N, not Si or P, was the macronutrient inducing the
onset of stationary growth (Auro, 2007). These studies suggest that
macronutrient stress (or limitation) and the resultant slowing of
division rate, rather than cessation of cell growth, is the factor
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responsible for increased DA production (see also discussion in
Section 6.4).



Field studies have also suggested that macronutrient limitation,
most notably Si, as a possible trigger for DA production by Pseudo-



nitzschia assemblages. During blooms of P. australis in coastal
waters of the Southern California Bight, significant negative
correlations were reported between cell abundance and particu-
late DA, and the ambient concentrations of silicic acid (Si[OH]4),
nitrate (NO3



�) and orthophosphate (PO4
3�) (Anderson et al., 2006;



Schnetzer et al., 2007). In Los Angeles coastal waters, these,
together with significant correlations between high cellular DA
and both low Si[OH]4:PO4



3� and NO3
�:PO4



3� ratios (but not
NO3



�:Si[OH]4), were interpreted as possible enhancement of DA
production by P- or Si-limitation (Schnetzer et al., 2007). However,
in the Santa Barbara Channel region, no significant relationships
were observed for cellular DA and the absolute concentrations or
ratios of nutrients. Nevertheless, the significant negative correla-
tions between particulate DA and both the ratio of Si[OH]4:PO4



3�



and Si[OH]4:NO3
�, together with the observation of the highest



cellular DA coincident with the lowest ambient Si[OH]4 concen-
trations, led the authors to suggest that Si stress plays a role, albeit
a complex one, in DA production by natural assemblages
(Anderson et al., 2006). Such apparent enhancement of DA
production, however, is not uniformly seen for all west coast
North American Pseudo-nitzschia assemblages. Indeed, macronu-
trient-replete (including Si) waters of the Pacific Northwest,
including the well-known Juan de Fuca Eddy ‘‘hot spot’’, support
healthy-growing Pseudo-nitzschia cells producing DA in the
absence of measurable Si stress or limitation (e.g. Cochlan et al.,
2006a,b; Marchetti et al., 2004; Trainer et al., 2009a).



Nitrogen, unlike Si or P, is required for DA production (cf.
review by Bates, 1998), and growth limitation by N is directly
unfavorable for DA production in batch cultures of P. multiseries



(Bates et al., 1991). However, measurable DA production has been
observed under N-limiting conditions in both continuous
cultures of P. australis and P. multiseries (Kudela et al., 2004a;
Radan, 2008; Hagström et al., 2011) and field assemblages of P.



australis (Kudela et al., 2004b). There is increasing evidence that
the N substrate fueling growth may influence both the
exponential growth rate and the DA production rate achieved
by various species of Pseudo-nitzschia, prior to either Si- or P-
induction of the stationary phase. Initial studies conducted by
Bates et al. (1993) first demonstrated differential growth and
toxin response to N substrates, where ammonium (NH4



+)
concentrations of 220 and 440 mmol N promoted greater DA
production than the same concentrations of NO3



� during the
stationary phase for two strains of P. multiseries, whereas at lower
concentrations (110 and 55 mM N) the cell yield and DA
production rates were equivalent for both N substrates. Recent
studies have confirmed differential exponential growth rates as a
function of N substrate for P. multiseries (Hillebrand and Sommer,
1996), P. australis isolates and field assemblages from Monterey
Bay, CA (Cochlan et al., 2006a; Howard et al., 2007), and P.



cuspidata from coastal Washington State (Auro, 2007). These
studies also report that toxicity during the exponential phase was
inversely related to growth rate; in other words the N substrate
supporting the slowest growth (i.e. the least preferred N
substrate; Dortch, 1990) will likely produce the most toxic
(cellular DA) cells during exponential phase. However this trend
is not uniform, as cultures of P. multiseries isolated from coastal
Washington State (Sequim Bay) showed no such N preference for
growth. Instead, they are consistently more toxic when grown on
urea during N-replete batch cultures and also in N-limited
continuous cultures where their growth rate does not vary as a
function of N source but rather is controlled by the dilution rate of
the limiting N source (Radan, 2008).


Light, besides being required for the production of DA (Bates
et al., 1991; Whyte et al., 1995), can also alter the N preference for
growth, as initially reported for P. multiseries (Hillebrand and
Sommer, 1996) and confirmed recently for P. cuspidata (Auro,
2007). Auro (2007) demonstrated that, for P. cuspidata grown at
high light, neither cellular toxicity nor exponential growth rates
showed a strong N preference for one N substrate over another,
whereas at low light the slower NO3



�-grown cells were
significantly more toxic than NH4



+- or urea-grown cells, although
urea supported the fastest growth. These more recent studies
employed ecologically relevant N concentrations (50–88 mM N)
and have confirmed differential growth as a function of N
substrate, with the slower growing cells generally being the most
toxic. However, interspecies differences and variability preclude
any generalization attributable to the N substrate fueling growth
rate or cellular toxicity.



Intrastrain variability has only recently been examined with
respect to N use and the resulting toxicity, in studies using two
strains of P. multiseries, five of P. fraudulenta and two of P. calliantha,
isolated from the mid-Atlantic coastal region of the U.S. (Thessen
et al., 2009). Here, the only observable trends were higher growth
rates achieved on ammonium and lower growth rates on urea, for 8
of 9 strains tested. However, toxicity (measured as total DA,
particulate DA and dissolved DA), examined during Si-induced
stationary phase, showed no consistent pattern with respect to N
source or relationship to the prior exponential growth. An
exception was for two strains of P. multiseries that reached the
highest toxin content at the highest growth rate. Based on results
to date, it is clear that the N substrate affects DA production in
addition to its direct effect on growth. Still, neither specific growth
rate nor toxin content (in either exponential or stationary phase)
can be consistently predicted as a function of N substrate due to
species and strain variability in this genus.



The significance of dissolved organic N (DON) sources, other
than urea, for the growth of Pseudo-nitzschia species is still unclear.
Studies have demonstrated that P. multiseries is able to grow
equally well using glutamine or nitrate (Hillebrand and Sommer,
1996). The same species was suggested to use glutamine and
glutamate as a dark survival strategy (Mengelt, 2005), and
glutamine was used at a rate equivalent to that of NH4



+ by P.



australis, based on short-term uptake kinetic experiments (Cochlan
et al., 2008). See Table 5 for a summary of species-specificity for
growth under different nitrogenous nutrients. Enrichment experi-
ments conducted with natural assemblages from the Mediterra-
nean Sea (Loureiro et al., 2009a) and cultures of P. delicatissima



(Loureiro et al., 2009b), isolated from coastal Spain, showed that in
low inorganic N environments, high molecular-weight dissolved
organic matter enrichment can contribute positively to the growth
of P. delicatissima and Pseudo-nitzschia assemblages; this has been
suggested as the ‘‘missing’’ nitrogenous source for sustenance of
Pseudo-nitzschia during periods of depleted reserves of inorganic N.
The effects of DON on DA production have not been studied to date.



6. Ecology and nature of Pseudo-nitzschia harmfulness



6.1. Food web aspects and potential ecological disruptions



As a diatom, Pseudo-nitzschia is an important primary producer
at the base of the food web. It is consumed directly by a wide
variety of organisms, from heterotrophic dinoflagellates to
planktivorous fish (Table 1). As a hydrophilic molecule, DA does
not bioaccumulate. Instead, DA is concentrated in the digestive
system by filter feeding, with little transfer to surrounding tissues
and in most cases quickly eliminated from the body. The toxin is
moved through the food chain during blooms when primary
consumers with guts full of Pseudo-nitzschia are eaten by











Table 5
Exponential growth rate (m; d�1) of Pseudo-nitzschia species, isolated from North American waters, grown in N-replete batch cultures. Rates reported are the mean � one



standard deviation (SD).



Species N conc. (mM N) PPFDa/L:D cycle NO3
� NH4



+ Urea Origin of isolate Reference



P. calliantha 88 150–200/14:10 0.55 � 0.047 0.87 � 0.154 0.42 � 0.056 Choptank R., MD Thessen et al. (2009)



0.72 � 0.071 0.71 � 0.064 0.44 � 0.028 Asilomar, CA



P. fraudulenta 88 150–200/14:10 0.75 � 0.051 0.62 � 0.038 1.02 � 0.137 Assateague I., MD Thessen et al. (2009)



0.84 � 0.035 0.85 � 0.058 0.58 � 0.067 Assateague I., MD



0.73 � 0.036 1.22 � 0.177 0.55 � 0.103 Assateague I., MD



0.75 � 0.039 0.88 � 0.048 0.58 � 0.181 Assateague I., MD



1.05 � 0.033 1.16 � 0.020 1.05 � 0.030 Asilomar, CA



P. multiseries 88 150–200/14:10 0.65 � 0.018 0.61 � 0.054 0.68 � 0.070 Eastern Canada Thessen et al. (2009)



88 150–200/14:10 0.76 � 0.104 0.76 � 0.175 0.30 � 0.100 Choptank R., MD Thessen et al. (2009)



42–51 120/24:0 0.85 � 0.028 0.83 � 0.028 0.81 � 0.071 Sequim Bay, WA Radan (2008)



200 230/14:10 0.49 � 0.063 No growth – Canada Hillebrand and



Sommer (1996)200 25/14:10 0.54 � 0.170 0.35 � 0.021 0.56 � 0.057c PEIb, Canada



P. australis 50 100/12:12 0.89 � 0.077 0.93 � 0.001 0.52 � 0.099d Monterey Bay, CA Howard et al. (2007)



P. cuspidata 40 120/24:0 0.88 � 0.01 0.91 � 0.02 0.84 � 0.03 Offshore Washington State Auro (2007) e



40 40/24:0 0.55 � 0.01 0.51 � 0.02 0.65 � 0.003



a Photosynthetic photon flux density (PPFD) measured in mmol photons m�2 s�1.
b Prince Edward Island
c Growth on glutamine = 0.74 � 0.127 d�1.
d Incorrect SD provided in Howard et al. (2007).
e Standard error reported for rates determined from replicate cultures (n = 4).
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secondary consumers. DA is eventually depurated, but depuration
rates can vary, from hours in the blue mussel (M. edulis),
Mediterranean cockle (Acanthocardia tuberculatum) and Green-
shellTM mussel (Perna canaliculus), to several days in the
Mediterranean mussel (M. galloprovincialis) and eastern oyster
(Crassostrea virginica) (Novaczek et al., 1992; Wohlgeschaffen et al.,
1992; Mackenzie et al., 1993; Vale and Sampayo, 2002; Mafra et al.,
2010a). Three bivalves that are very slow to depurate are the razor
clam Siliqua patula (>86 days), the scallop P. magellanicus (>14
days) and the scallop Pecten maximus (� 416 days) (Wohlgeschaf-
fen et al., 1992, 1993; Douglas et al., 1997; Blanco et al., 2002).



DA may accumulate in organisms other than by filter feeding.
Scavengers and deposit feeders have also been found to contain DA
(Powell et al., 2002; Goldberg, 2003). Scavengers could become
contaminated by eating DA-contaminated remains. Deposit
feeders could become contaminated by consuming flocs of
Pseudo-nitzschia that sink to the benthos at the end of a bloom
(Goldberg, 2003). Some carnivores, like the swimming crab
(Polybius henslowii), can contain high levels of DA but there have
been no recorded incidents of poisoning in their predator, the
yellow-legged gull (Larus cachinnans) that feeds on them almost
exclusively (Álvarez, 1968; Munilla, 1997; Costa et al., 2003).
Vertical flux of DA to the sediment appears to be a substantial
source of toxin to the benthic food chain (Sekula-Wood et al., 2009,
2011) as DA is stable when adsorbed onto sediments (Burns and
Ferry, 2007), long after Pseudo-nitzschia blooms have dissipated in
the upper water column. There may be a limit in the number of
trophic transfers over which DA can still be present at high enough
concentrations to cause a toxic event. To date, all recorded ASP
events have involved only three trophic levels: the diatom Pseudo-



nitzschia, a bivalve or a planktivorous fish, and a human, marine
mammal or marine bird. Interestingly, most cases of three-tiered
trophic transfer have been recorded on the west coast of North
America and Europe, and none were reported in the massive events
in the southern Gulf of St. Lawrence in 1987 and 2002.



6.2. Ecological profile of Pseudo-nitzschia species



Blooms of Pseudo-nitzschia happen relatively frequently, in
some regions seasonally, and in a wide variety of locations. In
culture, Pseudo-nitzschia spp. can grow at salinities as low as 6 and
as high as 48, and at temperatures as low as 5 8C and as high as
30 8C, with a broad range for optimum growth (Miller and


Kamykowski, 1986; Jackson et al., 1992; Lundholm et al., 1997;
Cho et al., 2001; Thessen et al., 2005). However, different species in
natural populations can demonstrate distinct correlations with
environmental characteristics, which suggests seasonal succession
of species or regional specificity (Fryxell et al., 1997). In the South
China Sea, P. pungens peaks in April, May and June, P. multistriata is
present only in spring and P. sinica and P. subpacifica are found in
late fall and early winter (Qi et al., 1994). In addition, P. pungens in
the colder (1–10 8C) waters of the North China Sea is present only
in winter and spring, whereas P. pungens in the warmer (21–29 8C)
East and South China Seas is present year round, revealing two
ecotypes (Zou et al., 1993). Many species may coexist, but different
growth and loss rates can lead to complex bloom dynamics and
seasonal succession.



Pseudo-nitzschia blooms can be stimulated by nutrients from
several sources, including upwelling or mixing events and riverine
inputs. Both sources stimulate Pseudo-nitzschia blooms at con-
centrations of 8–22 mM NO3



�, 2.4–35 mM Si and 0.2–2 mM PO4
3�



(Dortch et al., 1997; Scholin et al., 2000; Trainer et al., 2000;
Loureiro et al., 2005), but in different temperature and salinity
regimes. Pseudo-nitzschia abundances and DA concentrations on
the west coast of the U.S. are associated with low temperature,
high salinity and high nutrient conditions typical of upwelling
(Villac, 1996; Trainer et al., 2000, 2002). Similarly, upwelling
regions off the coast of Portugal contain high numbers of Pseudo-



nitzschia cells, which are used as upwelling indicators during
spring and summer (Moita, 2001; Loureiro et al., 2005).



Riverine inputs have stimulated toxic Pseudo-nitzschia blooms
in many regions and are characterized by lower salinities and
higher temperatures than upwelling zones (Smith et al., 1990;
Horner and Postel, 1993; Dortch et al., 1997; Trainer et al., 1998;
Scholin et al., 2000; Spatharis et al., 2007; Kudela et al., 2008). A
distinction between nutrients in upwelling and river plumes is that
riverine inputs are likely the result of anthropogenic nutrient
loading, including agricultural runoff and sewage. Sedimentologi-
cal data show an increase in Pseudo-nitzschia abundance in the
Mississippi River plume since 1950, suggesting a response to
eutrophication (Parsons et al., 2002). However, in addition to an
increase in nitrogen and phosphorus, nutrient ratios in Mississippi
River water have also changed, i.e. the Si:N ratio has decreased
(Turner and Rabalais, 1991), which favors Pseudo-nitzschia growth
in culture (Sommer, 1994). Other river systems have also affected
Pseudo-nitzschia abundances. When the mouth of the Yellow River











Fig. 3. Zoospores of a fungal parasite filling a Pseudo-nitzschia cell, from a natural sample collected in southern Hood Canal, WA, USA (Twanoh State Park), on 31 March 2007.



(A) Note the exit pore, on the upper part of the valve surface, through which the zoospores will exit the cell. (B) Syber green stain fluorescent stain of the parasitic oomycetes.



Photomicrographs courtesy of Karie Holtermann and E. Virginia Armbrust.
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in China was artificially redirected in 1976, the location of the
Pseudo-nitzschia bloom abruptly changed to follow the river plume
(Zou et al., 1993). Pseudo-nitzschia abundance in the plume of the
Yangtze River was positively correlated to NO3



� and PO4
3�



concentrations (Zou et al., 1993). In the South China Sea,
Pseudo-nitzschia abundances responded to increased land runoff
after rainfall (Qi et al., 1994) and in the Aegean Sea, Greece, a
winter bloom of P. calliantha appeared to be induced by
agricultural runoff shortly after a strong rainfall event (Spatharis
et al., 2007). An analysis of P. delicatissima and P. pseudodelica-



tissima dynamics and environmental parameters in the Bay of
Fundy, Canada, showed a strong relationship between NO3



� and
NO2



� concentrations and the abundance of these species
(Kaczmarska et al., 2007). These coastal studies show a response
to riverine nutrients, changing nutrient ratios and eutrophication.



Much of the seasonal variability in Pseudo-nitzschia abundance
can be explained by regular shifts in wind, irradiance, temperature
and river flow. In the northern Gulf of Mexico, Pseudo-nitzschia



abundance peaked in spring, corresponding to the average
maximum in river flow, with another small peak in fall during
wind events that mixed the stratified water column (Dortch et al.,
1997). Many Pseudo-nitzschia blooms occur in the spring and fall,
when irradiance is relatively low (Parsons et al., 1998; Mercado
et al., 2005). In culture, P. multiseries can outcompete other
phytoplankton species at low irradiance with a short photoperiod
(Sommer, 1994). However, low light may contribute to the demise
of autumn blooms (Bates et al., 1998). Day length can affect sexual
reproduction (Hiltz et al., 2000), growth rates, cell yield, toxin
production and influence which species of Pseudo-nitzschia



becomes dominant (Fehling et al., 2005).
Local meteorological phenomenon, such as winds and heavy



rainfall events, can stimulate Pseudo-nitzschia blooms. Wind
events can be especially important for transporting toxic blooms
inland from upwelling sites offshore (Trainer et al., 2000, 2002) or
providing mixing necessary to bring nutrients into the photic zone
(Lund-Hansen and Vang, 2004). Heavy rainfall after a drought can
cause a dramatic increase in toxic Pseudo-nitzschia abundances in
the river outflow, such as in eastern Canada in 1987 (Bates et al.,
1998).



Larger scale changes in weather, such as the El Niño Southern
Oscillation (ENSO), can affect Pseudo-nitzschia abundances by
controlling upwelling near the west coast of the U.S. During weak
ENSO years, upwelling is high and therefore so are Pseudo-nitzschia


abundances (Fryxell et al., 1997). However, Pseudo-nitzschia can
still bloom by taking advantage of other favorable events, such as
increased runoff after rainfall, during strong ENSO years. Both 1991
and 1998, years with large toxic events on the west coast of the
U.S., were strong ENSO years.



The decline of Pseudo-nitzschia blooms is less studied than its
initiation. Parasitic fungi may play an important role in the demise
of Pseudo-nitzschia blooms (Bates et al., 1998). Parasitic oomycetes
and chytrids have infected P. pungens in eastern Prince Edward
Island, Canada (Hanic et al., 2009). Additionally, fungal parasites
have been observed in cells during bloom decline in coastal
Washington, USA (Fig. 3; Horner et al., 1996) and an unexpected
decrease in P. multiseries abundance in the Skagerrak between
1991 and 1993 was suspected to be caused by parasitic fungi
(Hasle et al., 1996). Viruses are known to infect marine diatoms
(e.g. Nagasaki et al., 2005), but studies on viral infections in Pseudo-



nitzschia are just beginning (Carlson et al., 2009). High pH, resulting
from dense blooms, could also lead to bloom decline. Laboratory
cultures of several Pseudo-nitzschia species could not continue
exponential growth at pH from 8.7 to 9.3 (Lundholm et al., 2004).
The exact mechanisms of Pseudo-nitzschia bloom decline are
uncertain and could be caused by multiple factors.



6.3. Allelopathy



Allelopathic effects, i.e. inhibitory effects on the growth of
competitors caused by production of certain allelopathic sub-
stances, are known from prymnesiophytes and dinoflagellates and
this may contribute to their ability to form monospecific blooms
(Arzul et al., 1993; Granéli and Johansson, 2003). Pseudo-nitzschia



species are also known to form dense blooms (106 to 108 cells l�1),
which are often more or less monospecific, accounting for up to
99% of the total phytoplankton and sometimes lasting for a long
time, up to two months (e.g. Bates et al., 1989; Martin et al., 1990;
Fryxell et al., 1997; Gallacher et al., 2001). It is known that DA leaks,
or is actively transported, out of the cells, resulting in high levels of
the toxin in the surrounding medium (reviewed by Bates, 1998;
Wells et al., 2005). It is therefore reasonable to speculate that this
toxin could have an allelopathic effect. Mixed culture experiments,
however, showed no allelopathic effects of toxic P. multiseries on
Chrysochromulina ericina, Heterocapsa triquetra, Eutreptiella gym-



nastica or Rhodomonas marina (Lundholm et al., 2005b). Similarly,
additions of DA alone to the water had no allelopathic effects on 11











Fig. 4. Conceptual model of the high affinity iron uptake system found in yeast, S.



cerevisiae, comprising a membrane bound, iron-containing iron reductase, a multi-



copper iron oxidase and high affinity Fe(III) transporter. In this sequence,



organically bound Fe(III) is reduced, releasing Fe(II) from the complex. This



Fe(II) may have a lifetime of minutes to hours depending on temperature, so before



diffusion transports Fe(II) away for the cell it is oxidized enzymatically with the



resulting Fe(III) being bound and transported into the cell. Copper uptake in this



case is shown modulated by the release of DA.



From Wells et al. (2005; Fig. 8 on p. 1915).
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different phytoplankton organisms (Windust, 1992; Lundholm
et al., 2005b). Thus, there is still no evidence that allelopathic
effects are likely to contribute to the formation of long-lasting
Pseudo-nitzschia blooms, or serve as an explanation for the
evolution of DA production.



6.4. The ecological role of DA production



The ecological position of Pseudo-nitzschia is in part related to
its ability to produce DA. While most studies on DA production are
focused on the harmful effects and gross levels of DA produced, the
possible role of DA in the intracellular regulation of Pseudo-



nitzschia physiology has also been considered. The molecular
structure of DA evokes the possibility that this ecological toxin
could serve as an iron or copper chelator for Pseudo-nitzschia.
Significant findings by Rue and Bruland (2001) documented that
the high stability constants of copper and iron to DA may provide
an important ecological role as an iron-siderophore, keeping iron
soluble and bioavailable in the environment for retrieval by
Pseudo-nitzschia, or as a means of copper detoxification. Thus, they
opened the idea that certain trace metals are critical to the
ecological success of DA-producing species.



The physiological role of DA was further documented in
Maldonado et al. (2002) and Wells et al. (2005). Maldonado et al.
(2002) reported that DA production was inversely related to
cellular growth rates when cells were limited by low iron or copper
availabilities. While the cellular levels of DA increased, there was
an additional increase in the levels of dissolved DA under metal
stressed conditions; with up to 95% of the DA actively released into
the environment. The presence of DA in the medium enhanced iron
transport into low-iron grown cells. Further to this study, Wells
et al. (2005) confirmed that DA is a functional component of the
unusual high-affinity copper-regulated, iron acquisition system in
Pseudo-nitzschia spp. They proposed that in the absence of an
adequate copper supply, iron-limited natural populations of
Pseudo-nitzschia will become increasingly toxic, and conversely,
the production of DA will provide the Pseudo-nitzschia cells with a
distinct ecological advantage. The cellular model of DA production,
retention and release (Fig. 4; Wells et al., 2005) provides the
backdrop for understanding the ecological dynamics of DA, where
specific conditions are required to evoke the production of DA, the
storage as particulate DA (pDA) and the release as dissolved DA
(dDA).



It should be noted that the degree of iron stress experienced by
the cells may be important in determining the response of Pseudo-



nitzschia cells to iron. This may explain the contrary findings of the
above studies and those of Bates et al. (2002), who reported that DA
production decreased, rather than increased, as a result of
depriving them of iron. The cells used by Maldonado et al.
(2002) and Wells et al. (2005) were growing exponentially in semi-
continuous cultures, and it could be argued that they were
therefore less stressed by iron (=‘‘iron depleted’’), whereas those
used by Bates et al. (2002) were in stationary phase and therefore
more highly stressed by iron (=‘‘iron limited’’). With ‘‘iron
limitation’’, less iron is available for chlorophyll synthesis and
nitrogen metabolism, two processes that are necessary for
maintaining elevated levels of DA production (Bates et al.,
2002). This would not be the case with ‘‘iron-depleted’’ cells,
which might then have a greater ability to produce DA.



The relationship between DA production and the ecological
mosaic of coastal waters has been considered (Trainer et al., 2002,
2009a,b, 2010; Marchetti et al., 2004; MacFadyen et al., 2008).
Trainer et al. (2009a) summarized the findings from a 6-cruise, 4-
year study at the Juan de Fuca eddy – a region off Washington State
(USA) and British Columbia (Canada) that has a long history of DA
production. They concluded that while Pseudo-nitzschia spp. at


times exceeded 1.3 � 107 cells l�1, and pDA reached 80 nmol l�1,
there was no single unifying relationship between environmental
conditions and either the presence of Pseudo-nitzschia or the level
of DA. A similar conclusion was reached earlier by Marchetti et al.
(2004). However, within one well-studied P. cuspidata bloom
(September 2004), where cell concentrations reached
6.1 � 106 cells l�1, with pDA, dDA and cellular DA concentrations
of 43 nmol l�1, 4 nmol l�1 and 63 pg cell�1, respectively, DA levels
did not correlate with macronutrient levels. Instead, stations
where dissolved Fe concentrations were limiting (<0.5 nmol l�1)
had the highest Pseudo-nitzschia abundances and pDA and cellular
DA values (Trainer et al., 2009b). These results provide evidence
that an iron-regulated physiological model is present in natural
communities. A study by Ribalet et al. (2010) verified the iron
mosaic of some coastal waters and suggests a Pseudo-nitzschia



‘‘hotspot’’, where iron-rich coastal waters meet the low-iron
oceanic waters, creating a natural iron enrichment area. Presently,
levels of DA in this region have not been documented.



While the physiological model linking DA production with the
iron requirements of Pseudo-nitzschia cells has been proposed
(Wells et al., 2005), numerous studies indicate that other
environmental factors are also critical in establishing the level
of DA in Pseudo-nitzschia. Key early studies (e.g. Pan et al.,
1996a,b,c; reviewed by Bates et al., 2008), with a follow-up study
by Fehling et al. (2004a), document a link between DA levels per
Pseudo-nitzschia cell to both phosphorus- and silicate-limitation.
Under these limitations, but particularly under silicate-limitation,
levels of DA per Pseudo-nitzschia cell increased at early senescence
stage, with little production during exponential and early-
senescence stages of growth. Similarly, in two studies considering
the relationship between pH/dissolved inorganic carbon and DA
production, the highest levels of DA per cell were achieved at high
pH, when the cell growth rate was negatively influenced
(Lundholm et al., 2004; Trimborn et al., 2008). It is, however,
not revealed whether it is the reduced cell growth, or the higher
external pH resulting in potentially higher internal (intracellular)
pH that is responsible for the higher production of DA. The effect of
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high pH could be part of an explanation for why dense bloom are
shown to produce high levels of DA.



The common link between these sets of studies is that DA
production, per se, is not connected to the growth rate of the
Pseudo-nitzschia cells, only the accumulation of DA in the cells.
Under any of the limiting conditions mentioned above, the cells
continue to produce DA just as the rate of division decreases. This
metabolic mismatch elevates the level of DA per cell simply
because the DA is not being ‘‘diluted’’ by partitioning the new DA
into new cells. Thus, it is becoming clearer that DA levels do not
correspond specifically to a set environmental condition but rather
to the growth characteristics of DA-accumulating cells.



Doucette et al. (2008) examined the influence of salinity on
both the growth rate and DA levels per cell in P. multiseries. Under
conditions of poor growth (10 psu), the isolate neither grew nor
produced DA. At a salinity of 20 psu, cell growth rate was maximal
(at �0.9 d�1) but DA levels were 3–7-fold lower than cells grown at
either 30 or 40 psu. The authors reject the simple relationship
between cell growth rate and DA production, concluding that the
extra carbon that is needed to form osmolytes at 20 psu limits that
carbon pool available to produce DA.



Ecological studies provide some corroborative evidence linking
nutrient status and DA production. MacIntyre et al. (2011), using
environmental correlations from phytoplankton communities in
the Gulf of Mexico, found a strong correlation between cellular DA
levels and low silicate, high salinity, high dissolved inorganic
carbon and high light flux. They concluded, consistent with
laboratory experiments, that DA accumulated in the cells when
conditions for macronutrient uptake and growth were out of
balance with photosynthetically driven carbon uptake (‘‘photon
pressure’’).



6.5. Iron-fertilization studies and DA



The ecological role of DA and the role of iron have been
considered concurrently in several of the mesoscale iron-
fertilization studies. While it is generally considered that natural
oceanic Pseudo-nitzschia populations do not produce DA, or only at
very low levels (in the range of fg DA cell�1 or pg DA l�1)
(Marchetti et al., 2004, 2006, 2008), the mesoscale iron-fertiliza-
tion experiments (cf. reviews by de Baar et al., 2005; Boyd et al.,
2007), starting in the 1990s, have provided some opportunist
information on both Pseudo-nitzschia competition and DA produc-
tion. Trick et al. (2010) summarized that many of the iron-
fertilization experiments, where low levels of iron are added to
macronutrient-rich regions of the ocean (high-nitrate, low
chlorophyll; HNLC) to assess the carbon-sequestering capacity
of the ocean (de Baar et al., 2008), results in a stimulation of specific
species of Pseudo-nitzschia. After fertilization of open-ocean HNLC
waters with iron, its nutrient composition approaches that of
coastal waters and results in a Pseudo-nitzschia bloom dynamics
similar to that observed in coastal or upwelling regions. Silver et al.
(2010), looking at Pseudo-nitzschia abundance, estimated that DA
levels in the equatorial fertilization (IronEx II) and the Southern
Ocean (SOFeX) studies reached 45 and 220 ng DA l�1, respectively.



Trick et al. (2010) presented results from in situ measurements
and shipboard culture experiments demonstrating that the sparse
oceanic Pseudo-nitzschia community at the HNLC Ocean Station
PAPA (OSP, 508N, 1458W) could produce on the order of
�200 pg DA l�1 and retain that capacity upon iron and copper
amendment. Their findings demonstrated that toxin production
occurs with iron fertilization of HNLC waters, that the specific
composition of commercial iron substrates is a critical parameter
in the degree of toxin production, and that increasing the copper
availability further enhances the cellular DA level (from 0.1 to
0.3 fg DA cell�1).


The experiments and oceanic observations presented in Silver
et al. (2010) and Trick et al. (2010) strongly support the link
between the physiological model for iron acquisition, the selective
importance of DA and the recognition that total DA production
potentially could reach ecologically harmful levels during large-
scale iron-fertilization programs.



7. Monitoring and public health



In most coastal regions of the world, closures of shellfish
harvesting based on monitoring for DA are reactionary. Shellfish
are routinely tested for toxins and harvest closures are instated
only when the regulatory threshold is exceeded. This system has
succeeded in protecting human health, but has often led to
conservative, coastwide closures of shellfish harvesting areas,
which negatively impacts the shellfish industry and the economy.
Sentinel shellfish, typically mussels in cages, may not always
provide the best warning of DA events. Alternatives to mussels,
including crustaceans that retain toxins (Powell et al., 2002), or
solid phase adsorption toxin tracking (SPATT) technology (Lane
et al., 2010) can provide a more effective ‘‘history’’ of DA in the
phytoplankton assemblage or in shellfish.



A combination of more proactive approaches to monitoring that
allow targeted closures have been demonstrated. In the case of
eastern oysters (Crassostrea virginica) from Atlantic Canada, it has
been demonstrated that blanket closures that prohibit the
harvesting of all shellfish species may not be necessary, because
these oysters accumulate little, or no, DA at the same location
where other shellfish species are over the regulatory limit (Mafra
et al., 2009a,b, 2010b). In another example, from the coast of
Washington State, the Olympic Region Harmful Algal Bloom
(ORHAB) monitoring partnership uses a simple combination of
analytical techniques, which includes weekly determination
of total Pseudo-nitzschia cells using light microscopy and levels
of particulate DA in seawater, using antibody-based methods (B.-T.
L. Eberhart, pers. comm.), to give an effective early warning of
shellfish toxification events.



In order to sustain a monitoring program such as ORHAB,
progressive integration of newer methods into the state manage-
ment plans for HABs must occur. By rapidly assisting managers
during toxic bloom events, ORHAB partners have effectively
demonstrated to state legislators how integral the monitoring
program is to effective and timely management of shellfish
resources. Resulting legislation has instated a surcharge on
shellfish license fees that will provide enough funding to sustain
a state-run program, when the federally funded program ended in
2005.



Beach monitoring programs such as ORHAB are now being
integrated with fine-scale sampling, using automated devices on
moorings, to allow detailed determination of fluctuations in
biological, physical and chemical parameters that influence HAB
intensity. An example of a remote sensing technology is the
automated molecular detection and quantification of Pseudo-



nitzschia cells and DA, using the environmental sample processor
(ESP; Scholin et al., 1999; Greenfield et al., 2006, 2008; Doucette
et al., 2009).



Developing forecasting capability for the transport and impact
of toxic Pseudo-nitzschia blooms will require sustained monitoring
as well as additional efforts in the critical areas of basic research
and model development. This early warning network for the
detection and transport of toxic Pseudo-nitzschia blooms will
ultimately use an integrated suite of sensors on satellites and
stationary sensor platforms that measure ocean water properties,
currents, Pseudo-nitzschia cell numbers and DA; using telemetry,
these data will add real-time elements to shore-based lab testing.
The suite of real-time data from moorings will also be used to
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initialize, calibrate and validate physical and biological models and
associated forecasts. Such models will allow monitoring programs
and health departments to take preventive actions (e.g. increase
monitoring efforts, close targeted shellfish beds, warn at-risk
communities) to safeguard public health, local economies and
fisheries. In addition, an integrated forecasting system will allow
the proactive management of resources, e.g. by making possible
the early opening of the recreational and subsistence clamming
seasons or early warning to commercial crab and clam fishers who
are impacted by DA-related closures. Together, these technologies
will result in the most accurate forecasting bulletins possible, for
the early warning of HAB events. One such bulletin for the
Washington State coast is currently in its pilot stage (see http://
pnwhabs.org/pnwhabbulletin/index.html).



8. Future needs



In the over two decades since the first deaths associated with
the DA outbreak in Prince Edward Island, Canada, considerable
progress has been achieved in all areas of the science of Pseudo-



nitzschia. The rapid initial characterization of the toxin, and the
clear establishment of the causative genus, have opened the door
to extensive, hypothesis-driven research on factors that lead to
toxic bloom development and ways to avoid future incidence of
ASP. Researchers have challenged our scientific understanding at
all levels – from the global ecology to the genome similarities
among DA-producing strains. With all the progress achieved so far,
the unique nature of Pseudo-nitzschia offers considerable potential
for continued, intensive study. Uncertainty still abounds, however,
and opportunity exists at all levels of research.



The complex nature of Pseudo-nitzschia taxonomy, based on
physical size, shape and frustule ornamentation, phylogenetics and
the breakthroughs made on elucidating the sexual reproduction of
this diatom, provide a foundation for future studies on functional
genome analysis, evolutionary genetic associations and molecular
probe development. The advancement of the complex taxonomy is
critical to the development of ecophysiological and toxicological
studies.



The geographical mosaic of Pseudo-nitzschia presence and
distribution has been considered in detail at some specific
locations – primarily regions of upwelling – and coastal-open
ocean interfaces. However, we now recognize the broader
potential of toxigenic Pseudo-nitzschia, even in open-ocean
environments and in non-traditional ocean zones susceptible to
the influences of human activities. Are these areas where Pseudo-



nitzschia can outcompete other species or are these transition
zones where Pseudo-nitzschia thrives due to the lower competitive
ability of other species to the dynamically changing environmental
conditions? To achieve this understanding, more routine monitor-
ing that allows characterization of the initiation and development
of blooms, with the careful notation of conditions that correlate to
a bloom or its toxicity, is essential. Accumulated knowledge often
describes conditions present during a bloom, implying that these
factors may also be instrumental in promoting the bloom. This is
not necessarily the case, as it is likely that Pseudo-nitzschia may
modify or condition the waters, allowing it establish an ecological
advantage for growth. Challenging, persistent work is required,
using a combination of modern molecular tools, to determine
population structure. Careful microscopic observation of both live
and preserved material is nevertheless essential to witness unique
morphologies, including sexual stages (Fig. 2) and declining cell
sizes.



The conditioning of seawater by established, growing popula-
tions of Pseudo-nitzschia has not received adequate attention, even
with our increasing appreciation that DA or other metabolites could
be involved in allelopathic, anti-grazing or sexual reproduction


activities. These processes may be fundamental in establishing the
ecological complexity of Pseudo-nitzschia abundance or bloom
establishment.



A better understanding of the currently uncertain role of DA
production is fundamental to our understanding of the ecology of
toxic and nontoxic species of Pseudo-nitzschia. While recognized as
a compound transferred though the food web, resulting in
mammal, bird and human health damage, alternative roles for
DA may assist Pseudo-nitzschia in establishing itself in a unique or
modified ecological space. Its documented chelation of iron and
copper may enhance species-specific iron acquisition or may
reduce free copper or exchange copper from established weak-
copper ligands, e.g. produced by cyanobacteria. If DA does play a
role in the acquisition of trace metals by Pseudo-nitzschia, then why
are new DA closure events occurring in nearshore waters where
trace metals should be in abundance? The answer may lie in the
study of the bioavailability of these trace metals and their
complexation by organic material in the coastal ocean. Alterna-
tively, the ecological competitiveness of Pseudo-nitzschia may be
enhanced if DA functions as dynamic anti-grazing infochemical – a
biologically active metabolite, stored intracellularly then released
extracellularly, when grazing levels increase. Uncertainties remain
regarding DA production, storage and release, but this opens new
options for studying its potential role as a cell ‘‘communication’’
molecule that could help to explain the ecological success of
toxigenic Pseudo-nitzschia species. Interactions between bacteria
(epibiotic and extracellular) and Pseudo-nitzschia, in relation to DA
production (reviewed by Bates, 1998; Kaczmarska et al., 2005;
Guannel et al., 2011) may also provide an advantage to this diatom.
In contrast to the success of DA-producing species, one must also
ask what comparable strategies may be used by those Pseudo-



nitzschia species that do not produce this toxin, yet are still
successful.



Does the key to understanding the nature of Pseudo-nitzschia



harmfulness lie in an understanding of its versatility relative to
other phytoplankton? Pseudo-nitzschia blooms occur in the most
pristine (Juan de Fuca eddy region; Trainer et al., 2009a) waters, as
well as in some of the most nutrient-impacted (Gulf of Mexico;
Parsons et al., 2002), nutrient-variable (Monterey Bay, CA), or
nutrient-poor oceanic (Trick et al., 2010; Silver et al., 2010) waters.
Is Pseudo-nitzschia more versatile at adapting to variable environ-
mental regimes, e.g. by effective use of macronutrients, scavenging
potentially limiting trace elements, or by maintaining sustenance
nutrients during bloom senescence, when its competitors are not?
Evidence points to this possibility. Pseudo-nitzschia thrives under a
variety of macronutrient conditions by effectively using nitrate,
ammonium and urea as a sole nitrogen source. The link between
nitrogen source and toxin production, where maximum toxin
production is expressed by cells grown on the more complex
source (urea) (Radan, 2008), illustrates the need to better
understand the relationship between primary cell metabolism
and secondary metabolism.



Confining regular sampling to the bloom formation phase,
without a serious consideration of either bloom maintenance or
demise, may restrict our ability to describe the overall ecology and
significance of Pseudo-nitzschia. Careful microscopic observation of
Pseudo-nitzschia cells during prolonged events will help determine
the possible importance of parasites (Fig. 3) and/or viruses in
bloom decline, and the significance of the momentary halt in
vegetative cell proliferation while the cells undergo sexual
reproduction. This, plus the use of molecular probes, may help
to determine if toxigenicity may help protect the cells from
microbial, fungal or viral attack. Perhaps the long, sustained bloom
conditions provide both ecological and evolutionary histories,
aiding in the redistribution of seed populations. Biochemical and
molecular tools should continue to be developed to allow us to
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monitor cell health and signaling pathways that may regulate
toxicity.



The negative impacts of this species on human, marine
mammal and bird health, highlight the intense social need for
timely and critical Pseudo-nitzschia research. The complexity of the
taxonomy, toxin production, toxin storage/release, bloom initia-
tion/retention, and nutrient requirements places Pseudo-nitzschia



as an ideal genus for intense scientific inquiry. Our accumulated
knowledge of this genus opens further research opportunities,
provides a means to critically evaluate the macro- and micro-
physiology of phytoplankton, and offers a model system to assess
the importance of an established toxin in ecotoxicological studies
and as a possible info-chemical for affecting cellular, population
and community dynamics.
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morphology and distribution of Pseudo-nitzschia calliantha, P. multistriata and





http://www.marinespecies.org/HAB


http://dx.doi.org/10.1029/2007JC004412


http://dx.doi.org/10.1029/2007JC004412


http://www.cearac-project.org/cearac-project/integrated-report/habs.pdf


http://www.cearac-project.org/cearac-project/integrated-report/habs.pdf








V.L. Trainer et al. / Harmful Algae 14 (2012) 271–300298


P. multiseries (Bacillariophyta) from the northwestern Sea of Japan. Bot. Mar. 51,
297–306.



Orsini, L., Sarno, D., Procaccini, G., Poletti, R., Dahlmann, J., Montresor, M., 2002.
Toxic Pseudo-nitzschia multistriata (Bacillariophyceae) from the Gulf of Naples:
morphology, toxin analysis and phylogenetic relationships with other Pseudo-
nitzschia species. Eur. J. Phycol. 37, 247–257.



Orsini, L., Procaccini, G., Sarno, D., Montresor, M., 2004. Multiple rDNA ITS-types
within the diatom Pseudo-nitzschia delicatissima (Bacillariophyceae) and their
relative abundances across a spring bloom in the Gulf of Naples. Mar. Ecol. Prog.
Ser. 271, 87–98.



Pan, Y.L., Subba Rao, D.V., Mann, K.H., 1996a. Changes in domoic acid production
and cellular chemical composition of the toxigenic diatom Pseudo-nitzschia
multiseries under phosphate limitation. J. Phycol. 32, 371–381.



Pan, Y.L., Subba Rao, D.V., Mann, K.H., Li, W.K.W., Harrison, W.G., 1996b. Effects of
silicate limitation on production of domoic acid, a neurotoxin, by the diatom
Pseudo-nitzschia multiseries 2. Continuous culture studies. Mar. Ecol. Prog. Ser.
131, 235–243.



Pan, Y.L., Subba Rao, D.V., Mann, K.H., Brown, R.G., Pocklington, R., 1996c. Effects of
silicate limitation on production of domoic acid, a neurotoxin, by the diatom
Pseudo-nitzschia multiseries 1. Batch culture studies. Mar. Ecol. Prog. Ser. 131,
225–233.



Pan, Y.L., Parsons, M.L., Busman, M., Moeller, P.D.R., Dortch, Q., Powell, C.L., Douc-
ette, G.J., 2001. Pseudo-nitzschia sp. cf. pseudodelicatissima—a confirmed pro-
ducer of domoic acid from the northern Gulf of Mexico. Mar. Ecol. Prog. Ser. 220,
83–92.



Panggabean, L.M.G., 2007. Pseudo-nitzschia pseudodelicatissima isolated from Hurun
Bay: salinity tolerance and domoic acid content. Biota 12, 40–46.



Parsons, M.L., Dortch, Q., Fryxell, G.A., 1998. A multi-year study of the presence of
potential domoic acid-producing Pseudo-nitzschia species in the coastal and
estuarine waters of Louisiana, USA. In: Reguera, B., Blanco, J., Fernández,
M.L., Wyatt, T. (Eds.), Harmful Algae. Xunta de Galicia and the IOC of UNESCO,
Paris, pp. 184–187.



Parsons, M.L., Scholin, C.A., Miller, P.E., Doucette, G.J., Powell, C.L., Fryxell, G.A.,
Dortch, Q., Soniat, T.M., 1999. Pseudo-nitzschia species (Bacillariophyceae) in
Louisiana coastal waters: molecular probe field trials, genetic variability, and
domoic acid analyses. J. Phycol. 35, 1368–1378.



Parsons, M.L., Dortch, Q., Turner, R.E., 2002. Sedimentological evidence of an
increase in Pseudo-nitzschia (Bacillariophyceae) abundance in response to
coastal eutrophication. Limnol. Oceanogr. 47, 551–558.



Penna, A., Bertozzini, E., Battocchi, C., Galluzzi, L., Giacobbe, M.G., Vila, M., Garcés, E.,
Luglie, A., Magnani, M., 2007. Monitoring of HAB species in the Mediterranean
Sea through molecular methods. J. Plankton Res. 29, 19–38.
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Rivera-Vilarelle, M., Galicia-Pérez, M., Patiño-Barragan, M., 2011. First report
of Pseudo-nitzschia brasiliana and P. micropora (Bacillariophyceae) found in
Cuyutlan Lagoon, Mexico. Rev. Biol. Mar. Oceanogr. 46, 189-197.



Radan, R.L., 2008. Nitrogen uptake and domoic acid production by the toxigenic
diatom Pseudo-nitzschia multiseries. Masters Thesis. San Francisco State Uni-
versity, San Francisco, CA. 126 pp.



Rhodes, L., White, D., Syhre, M., Atkinson, M., 1996. Pseudo-nitzschia species isolated
from New Zealand coastal waters: domoic acid production in vitro and links with
shellfish toxicity. In: Yasumoto, T., Oshima, Y., Fukuyo, Y. (Eds.), Harmful and
Toxic Algal Blooms, Intergov. Oceanogr. Comm. UNESCO, Paris, pp. 155–158.



Rhodes, L., Scholin, C., Garthwaite, I., 1998. Pseudo-nitzschia in New Zealand and the
role of DNA probes and immunoassays in refining marine biotoxin monitoring
programmes. Natural Toxins 6, 105–111.


Rhodes, L., Holland, P., Adamson, J., Selwood, A., McNabb, P., 2004. Mass culture of
New Zealand isolates of Pseudo-nitzschia australis for production of a new
isomer of domoic acid. In: Steidinger, K., Landsberg, J.H., Tomas, C., Vargo,
G.A. (Eds.), Harmful Algae 2002. Florida Fish and Wildlife Conservation Com-
mission. Florida Institute of Oceanography, and Intergovernmental Oceano-
graphic Commission of UNESCO, St. Petersburg, FL, USA, pp. 125–127.



Rhodes, L.L., Adamson, J., Scholin, C., 2000. Pseudo-nitzschia multistriata (Bacillar-
iophyceae) in New Zealand. N Zeal. J. Mar. Freshwater Res. 34, 463–467.



Rhodes, L.L., Mackenzie, A.L., Kaspar, H.F., Todd, K.E., 2001. Harmful algae and
mariculture in New Zealand. ICES J. Mar. Sci. 58, 398–403.



Ribalet, F., Marchetti, A., Hubbard, K.A., Brown, K., Durkin, C.A., Morales, R., Robert,
M., Swalwell, J.E., Tortell, P.D., Armbrust, E.V., 2010. Unveiling a phytoplankton
hotspot at a narrow boundary between coastal and offshore waters. Proc. Natl.
Acad. Sci. U.S.A. 107, 16571–16576.



Rines, J.E.B., Donaghay, P.L., Dekshenieks, M.M., Sullivan, J.M., Twardowski, M.S.,
2002. Thin layers and camouflage: hidden Pseudo-nitzschia spp. (Bacillariophy-
ceae) populations in a fjord in the San Juan Islands, Washington, USA. Mar. Ecol.
Prog. Ser. 225, 123–137.



Rue, E., Bruland, K., 2001. Domoic acid binds iron and copper: a possible role for the
toxin produced by the marine diatom Pseudo-nitzschia. Mar. Chem. 76, 127–
134.



Sahraoui, I., Hlaili, A.S., Hadj Mabrouk, H., Léger, C., Bates, S.S., 2009. Blooms of the
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Domoic acid—a new toxin in the Croatian adriatic shellfish toxin profile.
Molecules 15, 6835–6849.



Uttal, L., Buck, K.R., 1996. Dietary study of the midwater polychaete Poeobius
meseres in Monterey Bay, California. Mar. Biol. 125, 333–343.



Vale, P., Sampayo, M.A. de M., de, M., Quilliam, M.A., 1998. DSP complex toxin
profiles relation with Dinophysis spp. occurrence and domoic acid confirma-
tion by LC–MS in Portuguese bivalves. In: Reguera, B., Blanco, J., Fernández,
M.L., Wyatt, T. (Eds.), Harmful Algae. Xunta de Galicia and the IOC of UNESCO,
Paris, pp. 503–506.



Vale, P., Sampayo, M.A.M., 2001. Domoic acid in Portuguese shellfish and fish.
Toxicon 39, 893–904.



Vale, P., Sampayo, M.A.M., 2002. Evaluation of marine biotoxin’s accumulation
by Acanthocardia tuberculatum from Algarve, Portugal. Toxicon 40, 511–
517.



Vale, P., Botelho, M.J., Rodrigues, S.M., Gomes, S.S., Sampayo, M.A. de M., 2008. Two
decades of marine biotoxin monitoring in bivalves from Portugal (1986–2006):
a review of exposure assessment. Harmful Algae 7, 11–25.



Vigilant, V.L., Silver, M.W., 2007. Domoic acid in benthic flatfish on the continental
shelf of Monterey Bay, California, USA. Mar. Biol. 151, 2053–2062.



Villac, M.C., 1996. Synecology of the genus Pseudo-nitzschia H. Peragallo from
Moneterey Bay, California, USA. Ph.D. Thesis. Texas A&M University, College
Station, Texas. 258 pp.



Villac, M.C., Matos, M.G., Santos, V.S., Rodrigues, A.W., Viana, S.C., 2004. Composi-
tion and distribution of Pseudo-nitzschia from Guanabara Bay, Brazil: the role of
salinity, based on field and culture observations. In: Steidinger, K.A., Landsberg,
J.H., Tomas, C.R., Vargo, G.A. (Eds.), Harmful Algae 2002. Florida Fish and
Wildlife Conservation Commission, Florida Institute of Oceanography, and
Intergovernmental Oceanographic Commission of UNESCO, St. Petersburg,
FL, USA, pp. 56–58.



Villac, M.C., Melo, S., Menezes, M., Rivera, D., 2005. Pseudo-nitzschia brasiliana
(Bacillariophyceae), an opportunistic diatom on the coast of the state of Rio
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Abstract



Unusually high concentrations of the neurotoxin 
domoic acid (DA) were detected in a minke whale 
(Balaenoptera acutorostrata) carcass recovered 
during a severe harmful algal bloom (HAB), which 
occurred in southern California in April 2007. 
Cell fragments of the toxigenic diatom Pseudo-
nitzschia australis were observed in whale gastric 
fluid and feces, corresponding to a dominance of 
Pseudo-nitzschia spp. in the phytoplankton com-
munity at the time of stranding. A high abundance 
of otoliths from a prominent DA vector, the north-
ern anchovy (Engraulis mordax), were recovered 
in whale stomach contents, indicating trophic 
transfer of DA via the food web. Whale feces con-
tained 258 µg DA per gram sample, exceeding DA 
concentrations reported for any marine mammal. 
DA intoxication was identified as the cause of 
mortality of this animal, expanding on the limited 
understanding of the impacts of DA-producing 
HABs on large whales.



Key Words: domoic acid, harmful algal bloom, 
algal toxin, stranding, marine mammal, minke 
whale, Balaenoptera acutorostrata



Introduction



Exposure to marine biotoxins produced by harm-
ful algal blooms (HABs) is the leading attribut-
able cause of large marine mammal die-offs in 
the U.S. Between 1991 and 2008, 50% of all 
die-offs declared by the National Oceanic and 
Atmospheric Administration’s (NOAA) Office of 
Protected Resources (2010) as unusual mortality 
events (UMEs) with a known cause were a result 



of exposure to HAB toxins, with the majority of 
affected species being cetaceans. Domoic acid 
(DA), a neurotoxin produced by the toxic phyto-
plankton Pseudo-nitzschia spp., is responsible for 
frequent large-scale marine mammal mortalities in 
California coastal waters due to its accumulation 
in marine food webs and subsequent acute expo-
sure in top predators (Van Dolah, 2005; Ramsdell, 
2010). In addition to mortality from acute expo-
sure, long-term, sublethal effects of DA have also 
been reported, including degenerative heart dis-
ease, chronic epileptic syndrome, and reproduc-
tive failure (Brodie et al., 2006; Goldstein et al., 
2008; Zabka et al., 2009). 



These dramatic negative impacts of DA-producing 
blooms are primarily manifest in numerically abun-
dant species such as the California sea lion (Zalophus 
californianus), common dolphins (Delphinus spp.), 
and sea birds via consumption of known DA vectors 
such as small, schooling planktivorous fish (Work 
et al., 1993; Lefebvre et al., 1999; Scholin et al., 
2000). As these fish filter and ingest suspended bio-
logical material from the water column during feed-
ing, they accumulate and concentrate the DA made 
available to their predators (Lefebvre et al., 2001). 
Unfortunately, little is known about the effects of DA 
exposure in the less-abundant baleen whales, such as 
the minke whale (Balaenoptera acutorostrata), that 
occupy these same habitats in which DA-producing 
HABs frequently occur. Although baleen whales 
also feed on these prominent DA fish vectors, their 
diet also may include a large proportion of prey 
items that occupy lower trophic compartments, such 
as zooplankton (e.g., krill, copepods), which graze 
directly on toxic marine algae (Turner & Tester, 
1997; Pauly et al., 1998). However, the paucity 
of data for large whale strandings associated with 
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DA-endemic regions makes any estimation of harm-
ful impacts due to HABs difficult. 



DA has been reported in northern anchovies 
(Engraulis mordax) and krill collected during toxic 
Pseudo-nitzschia blooms, and the high concentra-
tions detected in their tissues make them important 
toxin vectors for higher vertebrates such as large 
whales that feed on dense concentrations of these 
prey (Lefebvre et al., 2001; Bargu et al., 2002). 
Still, baleen whale strandings are only infrequently 
observed in association with Pseudo-nitzschia 
blooms (M. Berman, unpub. data, 1998-2010), and 
scant data exist documenting food web exposure to 
DA. DA has been reported in fecal samples from 
humpback (Megaptera novaeangliae) and blue 
whales (Balaenoptera musculus) in association 
with toxic Pseudo-nitzschia blooms, krill, and fish 
occurring in Monterey Bay, California, and these 
whales were observed feeding on krill that were 
later shown to be positive for this toxin (Lefebvre 
et al., 2002a). However, these samples were col-
lected from live animals that were actively feeding 
with no indication of debilitating neurologic effects, 
and little other data are available describing DA 
exposure in large whales. Further, given the lack of 
evidence of DA as a direct cause of death in baleen 
whales, they have often been described as “poten-
tially impacted” (Van Dolah et al., 2003, p. 255) or 
“potential victims of DA toxicity” (Lefebvre et al., 
2002a, p. 975). 



The present study seeks to address this gap by 
presenting data documenting the co-occurrence 
of an intense, DA-producing harmful algal bloom 
with the death and stranding of a minke whale 
recovered from southern California waters during 
a 2007 marine mammal mortality event. Although 
data are limited for known HAB impacts on large 
whales in this region, the effects of Pseudo-
nitzschia blooms occurring along the California 
coast have been the subject of much research over 
the last decade (Trainer et al., 2000; Anderson 
et al., 2006; Bargu et al., 2008; Jester et al., 2009). 
Ongoing statewide HAB monitoring efforts com-
bined with independent research investigating 
California HABs and marine mammal health are 
abundant and useful in providing the framework 
for documenting potential impacts on baleen 
whales in our study region. Herein, we present 
toxin data from environmental monitoring efforts, 
minke whale samples, and sediment trap samples, 
as well as prey item analyses identifying the pres-
ence of known DA vector species. These results 
provide evidence of trophic transfer of DA at mul-
tiple points in the food web leading to the mortal-
ity of a large whale during a highly toxic Pseudo-
nitzschia bloom occurring in California waters.



Materials and Methods



On 16 April 2007, a dead minke whale carcass 
(animal ID SBMNH 2007-07) was first observed 
floating near the south end of San Buenaventura 
State Beach in Ventura, California (34.26668° N, 
119.27793° W; Figure 1), during a period of 
increased marine mammal strandings co-occurring 
in that region. Stranding and subsequent examina-
tion occurred 17 April 2007, during which samples 
were collected. Samples of feces, urine, gastric 
fluid, and other stomach contents were collected for 
biotoxin analysis. Biotoxin samples were placed in 
capped polypropylene tubes or sealed plastic bags 
and stored frozen (-20º C) until shipped overnight 
on dry ice to the NOAA Marine Biotoxins Program 
in Charleston, South Carolina. Samples were stored 
at -20º C prior to analysis. Organ tissue samples 
(heart, kidney, uterus, bladder, lymph node, liver, 
intestine, ovary, and lung) were also harvested for 
histopathological analysis. The whole stomach was 
collected and sealed at the esophagus and caudal 
to the pyloric sphincter for subsequent prey item 
analysis. Data from other marine mammal car-
casses recovered in association with this stranding 
were also collected as part of long-term monitor-
ing efforts conducted by the U.S. Marine Mammal 
Health and Stranding Response Program.



Seawater and shellfish samples were collected 
as part of ongoing monitoring efforts conducted 
by the California Department of Public Health. 
Collection and analysis of these samples followed 
methods described by Langlois (2008). Over 30 
shellfish sampling stations and 55 phytoplankton 



Figure 1. Collection sites for shellfish, phytoplankton, 
sediment, and minke whale stranding samples
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sampling stations were utilized, distributed along 
the Southern California coast from San Luis 
Obispo to San Diego Counties (Figure 1). Pseudo-
nitzschia cells were observed via light microscopy 
and their abundance quantified according to two 
metrics: (1) percent composition, a percentage 
estimate of each species identified in a sample 
relative to all other phytoplankton species present; 
and (2) relative abundance index (RAI), a normal-
ization of cell data based on an estimate of cell 
mass as determined by settled cell volume, the per-
cent composition of each species, and the sampling 
effort as determined by the total net tow length.



Marine sinking particles were collected from 
a sediment trap mooring stationed near the center 
of the Santa Barbara Basin (SBB) (34.23° N, 
120.03° W), a bathymetric feature bounded by 
California’s Channel Islands and Ventura and 
Santa Barbara Counties (Figure 1) that is known 
for frequent and intense Pseudo-nitzschia blooms 
(Anderson et al., 2006; Sekula-Wood et al., 2009; 
Pitcher et al., in press). The mooring consisted of 
a deep-moored Mark VI sediment trap positioned 
between 490 and 540 m water depth, with trap cups 
fixed with 10% sodium azide and 1% sodium borate 
as preservatives. The trap was deployed throughout 
2007 with each sample collection container collect-
ing material continuously for ~2 wks.



DA was extracted from whale feces and gastric 
samples by adding four volumes of 50% aqueous 
methanol to the homogenized sample, followed 
by 2 min of probe sonication (450 W; Sonifier 
S-450A; Branson Ultrasonics Corp., Danbury, CT, 
USA) in an ice bath. Samples were centrifuged 
(IEC Centra CL2; Thermo Scientific, Waltham, 
MA, USA) at 3,400 × g for 10 min. The super-
natants were collected, filtered through 0.45 µm 
hydrophilic polypropylene (GHP/GxF) syringe-
driven filter disks (Acrodisc; Pall Life Sciences, 
East Hills, NJ, USA) and stored in 20 mL glass 
vials at -20º C. Urine samples and extracts of feces 
and gastric contents were centrifuge-filtered at 
10,000 × g using 0.22 µm centrifugal filter devices 
(Nanosep MF; Pall Life Sciences) in preparation 
for analysis. Dried, ground sediment trap samples 
were extracted in 50% aqueous methanol following 
methods described in Sekula-Wood et al. (2009).



Filtered urine samples, extracts of feces, and 
gastric fluids were analyzed for the presence of 
DA using tandem mass spectrometry coupled with 
liquid chromatographic separation (LC-MS/MS), 
following methods outlined by Wang et al. (2007). 
This method utilized an HP1100 LC system (Agilent 
Technologies, Inc., Palo Alto, CA, USA) and an 
Applied Biosystems/MDS Sciex API 4000 triple 
quadruple mass spectrometer equipped with a Turbo 
VTM source (Applied Biosystems, Foster City, CA, 
USA). Chromatographic separation was performed 



on a Phenomenex Luna C18(2), 5 µm, 150 × 2 mm 
column. The mobile phase consisted of water and 
acetonitrile in a binary system, with 0.1% formic 
acid as an additive. The elution gradient was 2 min 
of 95% water, with a linear gradient to 60% water 
at 15 min, 95% water at 17 min, held for 5 min, 
then returned to initial conditions at 23 min and 
held for 5 min before the next injection. Retention 
time of DA in samples was determined based on 
the retention time of a certified DA reference stan-
dard from the Institute for Marine Biosciences, 
NRC Canada (Halifax, NS, Canada). To reduce 
mass spectrometer contamination, a diverter valve 
sent the LC eluant to waste except for the 6-min 
elution window bracketing the DA retention time. 
Four MRM transitions from protonated DA were 
monitored: m/z 312 → 266, m/z 312 → 248, m/z 
312 → 193, and m/z 312 → 161. DA analysis of 
the sediment trap samples was performed using 
similar LC-MS methods as described in Burns & 
Ferry (2007).



Prey item analysis of minke whale stom-
ach contents was performed following methods 
adapted from Fitch & Brownell (1968). Briefly, 
stomach contents were sorted by hand, soft tis-
sues were discarded, and fish otoliths and other 
hard parts were cleaned in 70% ethyl alcohol and 
dried. Sagittal otoliths were then identified using 
the Santa Barbara Museum of Natural History 
otolith reference collection, sorted by species, and 
each otolith was counted and the condition was 
recorded. The minimum number of individuals 
present for each prey species was determined by 
dividing the total otolith count by two. 



Sediment trap and fecal samples were exam-
ined by light and scanning electron microscopy 
(SEM) to identify frustules of Pseudo-nitzschia 
species known to produce DA. Prior to micro-
scopic examination, samples were prepared using 
Simonsen’s method for cleaning diatom frustules 
(Hasle, 1978). Fecal samples were rinsed with 
distilled water and added to an equal volume of 
KMnO4. After oxidation for 24 h, an equal volume 
of HCl was added, and the solution was heated 
until the sample color changed from purple to 
clear. Sediment trap samples were prepared by 
resuspending un-ground, freeze-dried particulate 
material in deionized water. The cleaned frus-
tules were examined by light microscopy using 
an Olympus BX51 with differential interference 
contrast and phase contrast optics. For SEM, prep-
arations were dehydrated using a graded acetone 
series (10 to 100%) and a series of hexamethyld-
isilazane (HMDS) (25 to 100%) treatments. The 
samples were coated with approximately 1.5 nm 
of platinum using a Denton sputter-edge coater 
(Moorestown, NJ, USA). Samples were examined 
with a JEOL 5600LV (Tokyo, Japan) SEM.
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Results



Beginning on 1 April 2007, a rapid increase in 
the abundance of Pseudo-nitzschia spp. cells 
was observed in the water column from San Luis 
Obispo (SLO), Santa Barbara (SB), Ventura 
(VU), and Los Angeles (LA) Counties (Figure 2). 
Pseudo-nitzschia were the dominant algal group 
(> 80% relative abundance) observed between 
8 April and 6 May. Pseudo-nitzschia cells reached 
maximum abundance on 29 April, during which 
time they comprised 90% of the observed phyto-
plankton community and RAI values peaked at 
21.0 (Figure 2). A rapid increase in DA concen-
trations was also detected in mussels in the same 
geographical region, and high DA concentrations 
were tightly coupled with the observed Pseudo-
nitzschia bloom (Figure 3). DA concentrations in 
LA and SLO samples reached maximum values 
just above the 20 µg/g FDA regulatory limit for 
seafood (26 µg/g at LA; 30 µg/g at SLO), while 
concentrations at VU reached a maximum of 
237 µg/g (Food and Drug Administration [FDA], 
2010). One SB sample collected on 24 April 
reached a DA concentration of 610 µg/g—a con-
centration over 30 times the FDA regulatory limit 
and the highest concentration ever recorded in this 
region. Sediment trap collections began to detect 
particulate DA during the 13 through 31 March 
time frame, with concentrations increasing to just 
below 2 µg/g by 14 April. An intense peak in sedi-
ment trap DA concentrations was detected during 
the 15 April through 4 May time frame, with cor-
responding DA concentrations exceeding 100 µg 
DA per g sediment (Figure 4). SEM analysis of 
sediment trap samples collected during this peak 
period detected a high abundance of Pseudo-
nitzschia frustules (Figure 5). A sharp increase in 



the frequency of cetacean strandings (including 
that of the 16 April minke whale) occurring in 
southern California coastal waters was observed 
between 8 and 29 April, also corresponding to the 
peak of the Pseudo-nitzschia bloom (Figure 2).



The minke whale was an immature female in 
overall good body condition with blubber depths 
over 30 mm. The retention of light muscle tissue 
and the measured body length of 408 cm indicate 
a 6- to 8-mo-old newly weaned individual. The 
minimal degree of decomposition of this fresh 
dead carcass allowed for suitable morphologi-
cal and histopathological analyses that reported 
no significant pathological findings in the heart, 
kidney, uterus, bladder, lymph node, liver, intes-
tine, ovary, or lung (D. Rotstein, unpub. data, 
2007). External morphology of the carcass also 
indicated no evidence of ship strike or entangle-
ment (M. Berman, unpub. data, 2007). Blubber 
toxicology for persistent organic pollutants was 
relatively low compared to other cetacean values 
from this region (M. Berman, unpub. data, 2010).



The presence of domoic acid was confirmed by 
LC-MS/MS in the minke whale gastric fluid, urine, 
and feces samples at concentrations of 2.35, 2.93, 
and 258.67 µg DA per g of sample, respectively 
(Figure 6). During SEM analysis of the whale feces, 
extremely high numbers of Pseudo-nitzschia frus-
tules were observed and identified as P. australis 
(Figure 5). P. australis frustules were also observed 
in gastric fluid from this animal, although they were 
documented in much fewer numbers. 



Stomach content analysis performed on the 
whale revealed a high abundance of fish otoliths. 
No soft tissue or other hard parts were present in 
the stomach, and the majority of the otoliths were 
in identifiable condition. A total of 560 north-
ern anchovy otoliths were observed, indicating a 



Figure 2. Time series of Pseudo-nitzschia spp. abundance and reported cetacean strandings, January to May 2007; RAI = 
relative abundance index.
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Figure 3. DA concentrations detected in mussels collected from San Luis Obispo, Santa Barbara, Ventura, and Los Angeles 
Counties



Figure 4. Domoic acid concentrations detected in marine sediment samples from the Santa Barbara Basin. All data points 
(e.g., bars, markers) are from 2-wk integrated samples; all 2-wk intervals shown were sampled and tested for DA.
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minimum of 280 anchovies had been consumed 
and digested prior to death. Based on digestion 
rates and otolith clearance rates for baleen whales 
and other piscivorous marine mammals, the oto-
liths remaining in the stomach were likely from 
a feeding bout occurring less than 15 h prior to 
death (Bigg & Fawcett, 1985; Vikingsson, 1997).



Discussion



In April 2007, an intense Pseudo-nitzschia bloom 
occurred throughout much of southern California 
as evidenced by the high Pseudo-nitzschia spp. cell 
abundance, dominance of Pseudo-nitzschia spp. 
in the phytoplankton community, and very high 
levels of DA in sentinel mussels. Concurrently, 
an intense peak in cetacean mortalities was asso-
ciated with the Pseudo-nitzschia bloom peak, 
during which time marine mammal stranding 
organizations in southern California were report-
ing approximately one cetacean stranding per day 
during a 3-wk period (7 to 29 April) (M. Berman, 
unpub. data, 2007). 



The presence of a large number of anchovy oto-
liths in the stomach contents of the minke whale is 
direct evidence that the whale was feeding heav-
ily on schools of this known DA vector (Lefebvre 
et al., 2001). In addition, Pseudo-nitzschia frus-
tules observed in both gastric fluid and feces 
from the whale showed a very high abundance 
of P. australis, which is considered the most 
toxic of the Pseudo-nitzschia spp. commonly 
found in California waters (Trainer et al., 2000). 
Furthermore, the abundance of these frustules 
observed by SEM in the feces sample was simi-
lar to P. australis frustule abundance observed by 
SEM in the sediment trap samples (Figure 5) and 
similar to that observed by SEM in P. australis 
culture samples (S. Morton, unpub. data, 2010). 



The morphological and histopathological find-
ings indicating good body condition and rapid 
death are a further indication of acute neurotoxi-
cosis consistent with other marine mammal mor-
talities due to HAB toxin exposure (Geraci et al., 
1989; Gulland, 2000). Finally, the detection of DA 
in gastric fluid and urine and at extremely high 
concentrations in feces confirms not only expo-
sure to, but metabolism and clearance of, the toxin 
in this whale. The DA concentration detected 
in feces is the highest reported in any marine 
mammal to date. Cause of stranding was deter-
mined based on guidelines described in Greig 
et al. (2005), using a combination of results from 
gross necropsy, histopathological examination of 
tissues, biotoxin analysis, and temporal and spatial 
association with a domoic acid-producing harm-
ful algal bloom. Based on biotoxin and necropsy 
findings, the observed healthy body condition, 



and an absence of pathology, we can conclude this 
animal died from acute domoic acid toxicity. 



Based on fish weights and maximum DA con-
centrations reported for field-collected anchovies 
(Lefebvre et al., 2001, 2002b) and daily feed-
ing rates and body weight of the minke whale 
(Sergeant, 1969; Horwood, 1990), an estimated 
DA dose for a minke whale consuming 4% of its 
body weight in DA-contaminated anchovies daily 
is approximately 6.8 mg/kg body weight. By com-
parison, symptoms of oral DA toxicity in humans 



Figure 5. SEM images of P. australis frustules (indicated 
by arrows) identified in a) minke whale feces, b) gastric 
fluid, and c) sediment samples











348 Fire et al.



and cynomolgus monkeys are manifest at 0.7 and 
1.0 mg/kg body weight, respectively, with lethal 
oral DA doses in humans estimated at 4 mg/kg 
(Perl et al., 1990; Truelove et al., 1997; Wekell 
et al., 2004). The symptomatic and lethal DA dose 
thresholds for baleen whales are not known; how-
ever, a given minke whale, if feeding exclusively 
on anchovies containing the DA concentrations 
reported above, would exceed the known lethal 
dose reported for other mammal species. In terms 
of DA exposure in the minke whale in the pres-
ent study, a single feeding bout involving inges-
tion of the 280 anchovies observed in the stom-
ach at DA concentrations reported previously for 
anchovies would result in a dose of approximately 
1.1 mg/kg, exceeding reported symptomatic oral 



dose levels for mammals. This concentration, 
though not lethal in humans and monkeys, may 
nonetheless elicit symptoms of intoxication that 
may contribute to the whale’s death when account-
ing for cumulative exposure across multiple feed-
ing events. 



DA exposure that would be sublethal in a terres-
trial mammal may also have more pronounced toxic 
effects in a diving mammal due to various physi-
ological adaptations to the marine environment 
(Geraci et al., 1989). For example, a large proportion 
of baleen whale body mass is metabolically inactive 
blubber that receives very little blood flow (Ash, 
1957) and into which water-soluble toxins like DA 
would not likely partition. In addition, peripheral 
vasoconstriction induced by the “mammalian dive 



Figure 6. LC-MS/MS extracted ion chromatograms of the two major MRM transitions of DA: a DA NRC standard (50 ng/
ml) with MRM transitions at m/z 312 → 161(A) and m/z 312 → 266 (B), and a 1,000-fold diluted extract of whale feces with 
MRM transitions at m/z 312 → 161 (C) and m/z 312 → 266 (D)
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response” (Berta & Sumich, 1990, p. 239) shunts 
blood away from detoxifying mechanisms in the 
liver and toward the heart and brain, which are par-
ticularly sensitive to the toxic effects of DA (Strain & 
Tasker, 1991; Silvagni et al., 2005). It has also been 
suggested that larger animals require proportionally 
less toxin exposure to achieve the same toxic effect 
as smaller animals (Casarett, 1975), indicating that 
any extrapolation of experimental DA exposure in 
small mammals may result in an underestimation of 
DA toxicity in larger mammals.



Although seasonal blooms of DA-producing 
Pseudo-nitzschia are a common occurrence in 
California coastal waters, marine animal mor-
talities that typically accompany such events 
generally include sea lions, sea birds, or common 
dolphins—species that are easily identified and 
recovered when stranding in large numbers. Large 
whales are undoubtedly affected by the harmful 
consequences of DA poisoning since they con-
sume toxic prey similar to these more commonly 
affected species. The rarity of such strandings, 
however, has until now prevented a thorough 
assessment of DA poisoning impacts. This study 
demonstrates that baleen whales are, in fact, nega-
tively impacted by DA through their diet, and it 
highlights the need for increased effort in under-
standing trophic transfer of algal toxins in all 
components of the marine food web. Since large 
cetaceans are conspicuous animals that can serve 
as important marine sentinels of ocean health, they 
can provide a critical component in estimating 
ecosystem-wide effects of harmful algal blooms 
in waters where marine mammals are found.
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REVIEW / SYNTHÈSE



The impacts of anthropogenic ocean noise on
cetaceans and implications for management



L.S. Weilgart



Abstract: Ocean noise pollution is of special concern for cetaceans, as they are highly dependent on sound as their princi-
pal sense. Sound travels very efficiently underwater, so the potential area impacted can be thousands of square kilometres
or more. The principal anthropogenic noise sources are underwater explosions (nuclear and otherwise), shipping, seismic
exploration by mainly the oil and gas industries, and naval sonar operations. Strandings and mortalities of especially
beaked whales (family Ziphiidae) have in many cases been conclusively linked to noise events such as naval maneuvers
involving tactical sonars or seismic surveys, though other cetacean species may also be involved. The mechanisms behind
this mortality are still unknown, but are most likely related to gas and fat emboli at least partially mediated by a behavio-
ral response, such as a change in diving pattern. Estimated received sound levels in these events are typically not high
enough to cause hearing damage, implying that the auditory system may not always be the best indicator for noise im-
pacts. Beaked whales are found in small, possibly genetically isolated, local populations that are resident year-round.
Thus, even transient and localized acoustic impacts can have prolonged and serious population consequences, as may have
occurred following at least one stranding. Populations may also be threatened by noise through reactions such as increased
stress levels, abandonment of important habitat, and ‘‘masking’’ or the obscuring of natural sounds. Documented changes
in vocal behavior may lead to reductions in foraging efficiency or mating opportunities. Responses are highly variable be-
tween species, age classes, behavioral states, etc., making extrapolations problematic. Also, short-term responses may not
be good proxies of long-term population-level impacts. There are many examples of apparent tolerance of noise by ceta-
ceans, however. Noise can also affect cetaceans indirectly through their prey. Fish show permanent and temporary hearing
loss, reduced catch rates, stress, and behavioral reactions to noise. Management implications of noise impacts include diffi-
culties in establishing ‘‘safe’’ exposure levels, shortcomings of some mitigation tools, the need for precaution in the form
of reducing noise levels and distancing noise from biologically important areas, and the role of marine protected areas and
monitoring in safeguarding cetaceans especially from cumulative and synergistic effects.



Résumé : La pollution de l’océan par le bruit est d’importance particulière pour les cétacés parce qu’ils dépendent forte-
ment de leur ouı̈e comme sens principal. Comme le son se transmet très efficacement sous l’eau, la zone potentielle
d’impact peut représenter des milliers de kilomètres carrés ou plus. Les principales sources anthropiques de bruit sont les
explosions sous-marines (nucléaires et autres), la navigation, l’exploration sismique par les industries pétrolière et gazière
et les opérations navales avec sonar. Dans plusieurs cas, il a été possible de relier de manière probante des échouages et
des mortalités, particulièrement de baleines à bec (la famille Ziphiidae) (bien que d’autres espèces puissent aussi être im-
pliquées), à des événements de bruit, tels que des manoeuvres navales avec utilisation de sonars tactiques ou des inven-
taires sismiques. Les mécanismes responsables de cette mortalité restent encore inconnus, mais ils sont très
vraisemblablement reliés à des embolies gazeuses ou lipidiques causées au moins en partie par une réaction comportemen-
tale, telle qu’un changement de patron de plongée. Les intensités estimées des sons perçus lors de ces événements ne sont
normalement pas assez élevées pour causer un dommage à l’ouı̈e, ce qui fait que le système auditif peut ne pas toujours
être le meilleurs indicateur de l’impact du bruit. Les baleines à bec forment de petites populations locales, peut-être isolées
génétiquement, qui restent sur place à l’année. Ainsi, même des impacts acoustiques passagers et localisés peuvent avoir
des conséquences sérieuses et prolongées; un tel phénomène a pu survenir lors d’au moins un échouage. Le bruit peut
aussi menacer les populations par l’intermédiaire de réactions telles qu’un accroissement des niveaux de stress, l’abandon
d’un habitat important et le masquage ou la réduction des sons naturels. Les changements observés dans le comportement
vocal peuvent entraı̂ner une diminution de l’efficacité de la recherche de nourriture ou des occasions d’accouplement. Les
réactions varient considérablement en fonction des espèces, des classes d’âge, des états comportementaux, etc., ce qui rend
les extrapolations difficiles à faire. De plus, les réactions à court terme ne représentent peut-être pas bien les impacts à
long terme à l’échelle de la population. Il y a, cependant, plusieurs exemples de tolérance apparente au bruit chez les céta-
cés. Le bruit peut aussi affecter les cétacés indirectement à travers leurs proies. En présence de bruit, les poissons souffrent
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de perte permanente ou temporaire de l’ouı̈e; ils ont des taux de capture réduits, du stress et des réactions comportemen-
tales. Les problèmes de gestion des impacts du bruit incluent la difficulté d’établir des niveaux « sécuritaires » d’expo-
sition, les limites de certains outils de mitigation, les précautions nécessaires pour protéger les zones d’importance
biologique en réduisant l’intensité du bruit et en éloignant les sources de bruit, ainsi que les rôles des zones de protection
marine et du monitoring dans la protection des cétacés particulièrement des effets cumulatifs et synergiques du bruit.



[Traduit par la Rédaction]



______________________________________________________________________________________



Introduction
Pollution can be defined as the release of a potentially



harmful chemical, physical, or biological agent to the envi-
ronment as a result of human activity (e.g., Johnston et al.
1996). Most people think of pollution as referring to chemi-
cal or biological contaminants. However, thermal sources
from the generation of power, for instance, can be a form
of pollution, as can man-made or anthropogenic noise. In
fact, the 1982 United Nations Convention on the Law of
the Sea includes the word ‘‘energy’’ to define ‘‘pollution of
the marine environment,’’ as in ‘‘the introduction by man,
directly or indirectly, of substances or energy into the ma-
rine environment . . . which results or is likely to result in
such deleterious effects as harm to living resources and ma-
rine life . . .’’ (article 1.1.4). Energy in this context can in-
clude both thermal and acoustic or noise pollution (Dotinga
and Oude Elferink 2000).



Acoustic pollution is of special concern for cetaceans
(whales, dolphins, and porpoises), known to be a very vocal
taxonomic group, as they are highly dependent on sound not
only as their principal sense, but in critical areas of their so-
cial and sensory biology (Tyack and Miller 2002). Indeed,
most marine species such as fish use sound for almost all
aspects of their life, including reproduction, feeding, preda-
tor and hazard avoidance, communication, and navigation
(Popper 2003). In the marine environment, vision is only
useful over tens of metres, whereas sound can be heard for
hundreds, even thousands, of kilometres.



The potential area impacted by even one noise source can
be large. For instance, the US Navy’s low-frequency active
(LFA) sonar, used to detect submarines, has a potential area
of impact (over which received levels of 120 dB1 and above
can be heard) on cetaceans estimated to be around 3.9 mil-
lion km2 (Johnson 20032), though it is probably audible to
cetaceans over a much larger area. Noise from a single seis-
mic survey, used to discover oil and gas deposits under the
sea floor, can cover a region of almost 300 000 km2, raising
noise levels two orders of magnitude (20 dB) higher than
normal, continuously for days at a time (International Whal-
ing Commission 2005). Seismic survey noise from eastern
Canada measured 3000 km away in the middle of the Atlan-
tic was the loudest part of the background noise heard
underwater (Nieukirk et al. 2004). Ocean background noise
levels have doubled every decade for the last several deca-
des in some areas, probably as a result of increases in com-



mercial shipping (Ross 1993; Andrew et al. 2002;
International Whaling Commission 2005; McDonald et al.
2006).



Ocean noise has been a very controversial issue since it
first emerged in the early 1990s, when the wide media cover-
age of the ATOC (acoustic thermometry of ocean climate)
project, since renamed North Pacific Acoustic Laboratory,
brought anthropogenic noise to public attention. This basin-
scale project sent loud sounds from underwater speakers off
California and Hawai‘i to receivers as far away as New Zea-
land (10 500 km away) to study ocean climate and thus
global warming. After public opposition, the California
sound source, first located in the Monterey Bay National Ma-
rine Sanctuary, was moved outside of the Sanctuary bounda-
ries and finally removed after a few years of operation, but
the Hawai‘i source, off Kaua‘i, continues to operate.



Since then, much louder sources of sound have further
raised concern over the issue of undersea noise. A series of
beaked whale (family Ziphiidae comprising 20 species)
strandings that has occurred together with military sonar op-
erations have recently come to light (e.g., Frantzis 1998; Na-
tional Oceanographic and Atmospheric Administration and
US Department of the Navy 2001; Jepson et al. 2003; Fer-
nández et al. 2005), though the first published record that
connected beaked whale strandings to military events dates
back to 1991 (Simmonds and Lopez-Jurado 1991).



While such strandings can be acutely fatal, potential
chronic effects also are cause for concern. Increased stress
levels, abandonment of important habitat, and ‘‘masking’’ or
the obscuring or interference of natural sounds are some of
the ways populations may be threatened by noise. Such
population-level effects are, however, particularly hard to
detect in cetaceans, where only a handful of the approxi-
mately 84 species have population estimates that are more
precise than ±40% (Whitehead et al. 2000). The percentage
of serious population declines that would not be detected
in cetaceans ranged from 72% to 90% with current moni-
toring effort (Taylor et al. 2007). This level of uncertainty
and difficulty in conclusively documenting population-level
effects has contributed to much of the controversy sur-
rounding the impacts of noise on cetaceans. However,
noise has been thought to at least contribute to some spe-
cies’ declines or lack of recovery (National Marine Fish-
eries Service 2002; Weller et al. 2006a, 2006b;
International Whaling Commission 2007).



The lack of a definitive cause-and-effect relationship link-



1 Decibel levels throughout the paper are given as re 1 mPa and source levels as re 1 mPa at 1 m. Mostly, these will be root-mean-square
(rms) values unless otherwise stated. Received levels generally diminish with distance from the source and represent the sound level at the
animal.



2 J.S. Johnson. 2003. SURTASS LFA environmental compliance experience. Presentation at ECOUS (Environmental Consequences of Un-
derwater Sound), San Antonio, Texas, 12–16 May 2003.
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ing stressors to population-level effects is not restricted to
the noise issue. Even environmental contaminants known to
be harmful to cetaceans seldom produce incontrovertible
population impacts, as such connections are difficult to es-
tablish in wild cetaceans (O’Hara and O’Shea 2005). As
with beaked whale noise-induced strandings, acute, high-
dose episodes of contamination demonstrate clearer links to
environmental threats than more insidious, sublethal impacts
such as deaths occurring over months or gradual reproduc-
tive dysfunction in the form of decreased neonatal survival
over years or decades (O’Hara and O’Shea 2005). Yet, the
latter impact may be more serious than the former.



This review will mainly attempt to synthesize current
knowledge on ocean noise impacts on cetaceans and will
critically evaluate some of the arguments put forth regarding
this issue. Also, the potential population consequences of
noise will be discussed, along with which management
measures might be most successful in protecting cetaceans
and their habitat. In this review, I will only briefly list the
main sources of noise, both natural and anthropogenic, as
other reviews cover this topic more than adequately (e.g.,
Hildebrand 2005). I will, however, contrast natural with
anthropogenic noise sources, since such biologically impor-
tant distinctions are often overlooked, which can cause
much confusion and misleading conclusions. I will provide
a brief overview of cetacean sound production and hearing,
and then concentrate on the topic of the impacts of anthro-
pogenic underwater noise on cetaceans. A significant section
is devoted to noise-induced strandings and mortalities, with
a focus on the beaked whale family, which seems particu-
larly vulnerable to acoustic impacts. Here, I will discuss the
history of such strandings, the possible extent of the prob-
lem, some proposed mechanisms of injury, and the possible
consequences on populations. Other noise impacts are then
reviewed, including hearing impairment, blast injury, mask-
ing, and some consideration of the possible effects noise
might have on the auditory development of young animals.
I will address the various behavioral reactions to noise,
such as changes in vocal behavior, displacement from im-
portant habitat and avoidance, migration route deflections,
and stress, and review the variability of such responses. Ap-
parent tolerance of noise is also discussed, along with the
critical issue of whether responses, if observed, are biologi-
cally significant. Here, I will review some of the literature
on human disturbance of wildlife and consider the difficulty
of using short-term reactions to ascertain long-term impacts.
Also, there is a short overview of some indirect effects of
noise on cetaceans, specifically, the reactions of prey species
to noise. Finally, I will consider the management implica-
tions of noise impacts, including the difficulties in establish-
ing ‘‘safe’’ exposure levels, the shortcomings of some
mitigation tools, the need for precaution in the form of re-
ducing noise levels and distancing noise from biologically
important areas, and the role of marine protected areas and
monitoring in safeguarding cetaceans from especially cumu-
lative and synergistic effects.



This review is different from the recent review by Now-
acek et al. (2007) in that I do not limit myself to research
in which noise exposure levels at the animal are known or
estimated. I do not agree with Nowacek et al. (2007) that
‘‘. . . [received levels] are critical to the interpretation of the



animal(s) responses or lack thereof.’’ Certainly knowing the
levels of noise at the animal is helpful, but many other,
more important factors come into play, such as the animal’s
perception of the sound (including nonauditory effects), how
well it can deal with the potential masking effects of the
noise (by not only detecting signals of interest over the
noise, but distinguishing important content in the signal),
the context of the sound, the cumulative and synergistic ef-
fects of several noise sources and (or) other threats, and,
critically, the possible long-term impact on the population.
Nowacek et al. (2007) give the latter lip-service but no real
treatment in their review. Nowacek et al. (2007) claim that
management of noise cannot be undertaken without knowl-
edge of sound exposure levels, stating that this would be
like reporting responses of humans to drug trials without
knowing the dosage received. Again, I agree that exposure
information would be helpful, but many drug responses in
humans are, in fact, uncovered by long-term epidemiological
studies, rather than by research on acute reactions to partic-
ular dosages. Without knowledge of a patient’s history, life-
style, condition, etc., mere information on dosage will very
much limit the validity of any conclusions drawn. Cetaceans
are difficult enough to study, and the scientific literature is
therefore sparse enough, without restricting oneself to an
even narrower segment of it. Moreover, there are countless
examples of individuals of even the same species receiving
the same exposure levels of noise, yet reacting differently
(e.g., Nowacek et al. 2004). In some circumstances, ceta-
ceans also seem to react to the change in received level,
rather than the received level per se, or whether a noise
source is approaching the animal or not. Clearly, dosage is
not the only, or possibly even the most important, factor to
consider in noise impact studies.



As the ultimate objective of this review is to increase
knowledge and understanding of the impacts of noise on ce-
taceans in the hopes of furthering their protection and man-
agement, I will be viewing anthropogenic sound from the
point of view of the cetacean. Thus, unlike Nowacek et al.
(2007), I will generally assume that human additions of
sound into the marine environment are indeed perceived by
cetaceans as noise, i.e., are unwanted, in the same way that
a sonar operator legitimately views cetacean calls as ‘‘bio-
logical noise’’. Also, unlike Nowacek et al. (2007), who
‘‘. . . do not aim to assess the intentions of producers of
anthropogenic sound . . .’’, I will assume that noise producers
do not intend to harass or harm cetaceans. I will assume that
they simply want to get a job done.



Sources of ocean noise



There are many sources of natural and anthropogenic
noise in the marine environment. They vary according to
sound characteristics such as frequency (pitch), amplitude
(loudness), duration, rise time (time required to reach maxi-
mum amplitude), directionality (the width of the broadcasted
‘‘beam’’), duty cycle (percentage of time a sound is trans-
mitted), and repetition rate. Natural noise sources include
undersea earthquakes, volcanic eruptions, and lightning
strikes on the water surface, in addition to biotic noise sour-
ces from snapping shrimp (family Alpheidae), fish, and ma-
rine mammals. High wind speed causing breaking waves
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(Wilson et al. 1985) and precipitation (Nystuen and Farmer
1987) can contribute substantially to natural ocean noise.
Anthropogenic ocean noise is mainly the result of under-
water explosions (nuclear and otherwise), seismic explora-
tion (undertaken by the oil and gas industries to find
mineral deposits and by geophysicists to study the ocean
floor), naval sonar operations, and shipping. When compar-
ing the total energy output per year (in joules) of these vari-
ous noise sources, 2.1 � 1015 J is the contribution from
nuclear explosions and ship-shock trials (explosions used by
the Navy to test the structural integrity of their ships),
though these are very infrequent, especially nuclear under-
water explosions, 3.9 � 1013 J is added from air-gun arrays
(seismic exploration), 2.6 � 1013 J is from military sonars,
and 3.8 � 1012 J is the contribution from supertankers, mer-
chant vessels, and fishing vessels (Hildebrand 2005). Most
commercial vessels or recreational boats use some sort of
sonar such as a fish finder or depth sounder. These can be
quite loud (150–235 dB; Hildebrand 2005), but most tend to
use the higher frequencies (usually >70 kHz) that do not
carry as far as low frequencies, and are generally directed
in a narrowly focussed downward beam, further limiting
their horizontal propagation. Side-scanning sonars are an ex-
ception, however. The total energy output of navigational
and research sonars is 3.6 � 1010 J (Hildebrand 2005). Ob-
viously, other factors beyond total energy contribution, such
as the distribution of these noise sources and how sensitive
cetaceans are to them, must also be considered when evalu-
ating their impacts. Drilling, construction, ice breakers, oce-
anographic experiments, acoustic harassment devices (e.g.,
to repel marine mammals from aquaculture facilities or fish-
ing nets from which they may steal fish), and recreational
boating, among others, also contribute to man-made ocean
noise levels (see Hildebrand 2005).



Cetacean sound production
Cetacean vocalizations cover a wide range of frequencies,



from the infrasonic calls of the large mysticetes (baleen
whales) to the ultrasonic clicks of the odontocetes (toothed
whales). In general, the larger the body size, the lower the
frequency of calls produced by the cetacean species. Mysti-
cetes produce low-frequency sounds that are mostly around
10–2000 Hz, whereas odontocetes are more mid- and high-
frequency specialists, using principally frequencies of 1–
150 kHz (Richardson et al. 1995), though some biosonar or
echolocation clicks can go as high as 250 kHz (Rasmussen
et al. 2004). Whether animals actually use or even perceive
these extremely high frequencies of their clicks (>150 kHz)
is unclear. High-frequency clicks in general are used by
odontocetes to sense their environment and find prey. Sperm
whale (Physeter macrocephalus L., 1758) clicks can be de-
tected over ranges of almost 10 km (Leaper et al. 1992).
Mysticete calls, being lower in frequency, can travel over
larger distances of around ‡100 km (Payne and Webb
1971). Mysticetes are not thought to use echolocation,
though they may gain some general environmental informa-
tion from their low-frequency calls. On migration, for in-
stance, bowhead whales (Balaena mysticetus L., 1758)
appear to take evasive action around ice floes well ahead of
being able to detect them visually (Ellison et al. 1987;
George et al. 1989).



Cetacean hearing



Cetaceans have highly sophisticated auditory systems.
Just as cetacean calls span a broad range of frequencies, so
too does their hearing. Most odontocetes hear well between
1 and 150 kHz (Dehnhardt 2002). Audiograms are available
for only 11 species of odontocetes, out of a total of about 84
cetacean species (Dehnhardt 2002). Moreover, audiograms
of those 11 species are usually only based on data from one
or a few captive individuals. No audiograms for any mysti-
cete exist, and the sperm whale audiogram is based on one
newborn calf. Based on models incorporating call produc-
tion and inner ear structure, mysticete hearing is thought to
range from 5–20 Hz to 20–30 kHz. Uncertainty exists in the
sound transmission pathways from the water to the inner ear
in cetaceans, which has bearing on how vulnerable ceta-
ceans might be to loud sounds.



Because of the dearth of cetacean audiograms, extrapola-
tions between individuals, species, taxonomic suborders
(odontocetes or mysticetes), age classes, captive vs. free-
ranging animals, and marine vs. terrestrial animals are often
made. Such extrapolations are controversial, especially when
used in calculating ‘‘safe’’ exposure levels for cetaceans for
the purposes of noise regulation and policy decision-making.
When using auditory evoked potential to test the hearing of
62 free-ranging bottlenose dolphins (Tursiops truncatus
(Montagu, 1821)) from Sarasota Bay, Florida, Cook (2006)
found great individual variation in hearing abilities, i.e., up
to 80 dB differences in auditory thresholds. She thus con-
cluded that data from individual animals do not accurately
represent the entire population and there was a ‘‘. . . need
for larger sample sizes when making population-level as-
sessments or management decisions.’’ (Cook 2006). How-
ever, in the past, management decisions regarding hearing
damage have been based on hearing data from a few indi-
viduals of perhaps one or two cetacean species, and results
have been extrapolated to characterize populations, and
even species, to say nothing of whole taxonomic orders or
suborders (e.g., National Marine Fisheries Service 2006). In-
terestingly, in the Sarasota Bay dolphins, no relationship
was seen between hearing sensitivity and age (2–36 years),
gender, and PCB load (Cook 2006). Electrophysiological
measures of hearing such as auditory evoked potential or
auditory brainstem response must be used with caution,
however, as rigid stimulus control is required, masking
thresholds are not taken into account, and these measures
do not represent a ‘‘whole animal’’ response, including the
totality of the animal’s sound pathways, perception, and
processing abilities.



Auditory data from captive individuals cannot necessarily
be extrapolated to free-ranging cetaceans, as captive animals
must adjust to a radically different acoustical environment in
the form of a tank, which could conceivably influence their
hearing abilities over the long term, especially in younger
animals. Au (1993) noted that ‘‘unnatural and suboptimal
signals’’ may be used by captive dolphins (family Delphini-
dae) because the highly reverberant tank environment could
discourage dolphins from emitting high-intensity sonar sig-
nals so as to prevent the signals’ high energy from being re-
flected back at them. Moreover, it is probable that there are
considerable differences in how a captive cetacean in a tank
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perceives a noise playback compared with an animal in the
ocean environment, where, for instance, different propaga-
tion patterns (multipaths) exist, possibly making extrapola-
tions between the two environments invalid.



In reviewing her research results along with other cited
studies, Cook (2006) found that, in general, captive animals
showed more hearing impairment than similar-aged free-
ranging dolphins, even though the free-ranging dolphins
lived in the very urban environment of Sarasota Bay, which
is filled with large numbers of pleasure craft. The Sarasota
dolphins showed no substantial hearing losses (with one pos-
sible exception), though dolphins <2 years or >36 years
were not tested. One interpretation of these results, she
noted, was that individuals with profound hearing losses
may not survive because of their compromised echolocation
abilities (Cook 2006).



Tests using a food reward could also alter the motivation
of captive animals to show, for instance, more behavioral
tolerance to playbacks of high noise levels. Background
noise levels must be taken into account when testing the
hearing of whales or dolphins. Captive animals tested in the
higher background noise levels of San Diego Bay had much
higher hearing thresholds (poorer hearing) than those tested
in a pool, especially below 40 kHz (Finneran and Houser
2006). In this study, three out of the four captive bottlenose
dolphins showed high-frequency hearing loss. Moreover, the
hearing sensitivity of a stranded infant Risso’s dolphin
(Grampus griseus (G. Cuvier, 1812)) was much greater than
a previously tested adult of the same species. Not only did
the infant detect 100 kHz signals at nearly 60 dB lower
than the adult, but it also could detect higher frequencies
(Nachtigall et al. 2005). Thus, extrapolations between age
classes may not be valid.



Differences between natural and
anthropogenic noise



The argument is often made that because cetaceans them-
selves can produce very loud sounds, they should be able to
cope with loud anthropogenic ocean noise. However, it is
difficult to compare their sounds with man-made noise sour-
ces, since the two can vary in many characteristics (fre-
quency, duration, directionality, etc.) even if their loudness
is occasionally comparable. For instance, while a sperm
whale click may be as loud as some naval sonars, it is very
brief and extremely directional (Møhl et al. 2000; Møhl
2004). Imagine a pencil-thin flashlight beam, compared, in
the case of naval mid-frequency sonar, with a floodlight ra-
diating light in virtually all directions on a horizontal plane
(National Oceanographic and Atmospheric Administration
and US Department of the Navy 2001) . The chances of
being exposed to the full power of a sperm whale click are
comparatively small. Similarly, a sound source, such as a
porpoise (family Phocoenidae) click, may be very loud but
ultrasonic or above the human h.earing range. Such high fre-
quencies do not carry over the large distances that low
frequencies do, and more cetaceans are sensitive to the mid-
frequency range than high frequencies. Moreover, it is prob-
able that loudly vocalizing animals generally space them-
selves (e.g., as singing humpback (Megaptera novaeangliae
(Borowski, 1781)) males do; Frankel et al. 1995), with the



result that they do not normally expose each other to the
loud sounds of conspecifics. The human voice is also loud
enough to cause hearing damage in other humans, if one
were to yell or sing at close range to another’s ear over
hours, yet this is socially unacceptable. At the same time, it
should not be assumed that sounds produced by cetaceans
are always benign. It is very probable that cetaceans use
their sounds to threaten or even injure one another on occa-
sion, in competitive displays or fights (Tyack 1981; Connor
and Smolker 1985).



Natural background noise levels in the ocean can be quite
loud and variable. As such, it is possible that cetaceans have
developed mechanisms that protect them from the more
harmful effects of noise, such as hearing loss. There have
even been suggestions that, as cetaceans must cope with
pressure changes owing to diving, they may be more resil-
ient to pressure changes from noise (e.g., in Ketten 1995),
though there is little evidence to support this theory. It
might be assumed that cetaceans have adapted over evolu-
tionary time scales to at least some commonly encountered
natural noise sources, but the same does not necessarily ap-
ply to the relatively recent addition of anthropogenic noise.
Especially for long-lived species, such as whales, and in
cases of rapidly increasing background noise levels, animals
are highly unlikely to be able to genetically adapt at a pace
similar to that of habitat change (Rabin and Greene 2002).
Some natural and human-made sound sources share acoustic
characteristics, but usually cetaceans are probably able to
distinguish between them, especially considering factors
such as the context in which they are produced. Moreover,
there are probably biological constraints in the extent to
which animals are able to overcome challenges to their per-
ception and communication in the environment such that the
capacity for adaptation to noise is not limitless.



Impacts of ocean noise on cetaceans



Cetacean strandings
The US National Marine Fisheries Service defines a



stranding as a marine mammal found (i) dead on shore, (ii)
alive on shore but unable to return to the water, or (iii) in a
foreign habitat (river or shallow water) and unable to return
to its own habitat (e.g., deeper water) without assistance.
The reasons cetaceans strand are still largely unknown, but
some strandings are due to biotoxins or disease. Although
cetacean mass strandings (involving several animals) are un-
common, certain species, such as pilot whales (genus Globi-
cephala Lesson, 1828) or false killer whales (Pseudorca
crassidens (Owen, 1846)), are known to mass strand more
frequently and were recorded doing so long before the in-
dustrial revolution. Strandings of single animals are more
likely to occur because the animal is ill, diseased, or injured,
whereas in many mass strandings, the majority of animals
appear healthy.



History of noise-related beaked whale strandings
Recently, scientists have recognized a type of mass



stranding involving beaked whales, a family of whales that
do not typically mass strand (except for perhaps Gray’s
beaked whales, Mesoplodon grayi von Haast, 1876). Un-
usual aspects of these mass strandings have included the fol-
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lowing: (i) the involvement of beaked whales; (ii) mixed
species; (iii) animals spread out over several tens of kilo-
metres of coastline, yet stranded within several hours of
each other — a so-called ‘‘atypical’’ stranding pattern; (iv)
animals apparently disease-free in good body condition,
often with food in their stomachs; (v) the live stranding of
some animals; (vi) strandings very closely linked in space
and time to a noise event; (vii) evidence of acoustic trauma
discovered upon examination of the carcasses; and (viii) no
other explanations available for the stranding. Not all of
these strandings showed all of these features, other than the
involvement of beaked whales, the lack of disease, and the
nearby noise event.



Noise was first implicated in these strandings because
(i) no other threat could easily explain how, almost simul-
taneously, many whales could be affected over a large
area and (ii) the locations and timing of individual whale
strandings in a mass-stranding event would often closely
coincide with the track of a noise-producing vessel. In the
Bahamas stranding of 2000, the ‘‘smoking gun’’ of acous-
tic trauma was finally discovered. Hemorrhaging around
the brain, in the inner ears, and in the acoustic fats (i.e.,
fats that are located in the head, including the jaw and
‘‘melon’’ or forehead of cetaceans, which are involved in
sound transmission) showed up in stranded whales (Na-
tional Oceanographic and Atmospheric Administration and
US Department of the Navy 2001). This led the US Navy
and the National Oceanic and Atmospheric Administration
in their interim report (National Oceanographic and At-
mospheric Administration and US Department of the
Navy 2001) to conclude that ‘‘an acoustic or impulse
injury . . . caused the animals to strand . . . and subse-
quently die as a result of cardiovascular collapse . . .’’ and
that ‘‘. . . tactical mid-range frequency sonars aboard U.S.
Navy ships that were in use during the sonar exercise in
question were the most plausible source of this acoustic
or impulse trauma.’’



Exposure to military sonar was determined to be the prob-
able cause of a beaked whale stranding event in Greece in
1996, because of an ‘‘atypical’’ stranding pattern (Frantzis
1998). Similar stranding events occurred in the Bahamas in
2000 (see above), Madeira in 2000 (Freitas 2004), and the
Canary Islands in 2002 (Fernández et al. 2005). Since 1960,
more than 40 mass strandings, defined as two or more indi-
viduals, of Cuvier’s beaked whales (Ziphius cavirostris G.
Cuvier, 1823) have been reported worldwide (see Table 1,
as well as Hildebrand 2005; Brownell et al. 20043). About
28 of these occurred at the same time and place as naval
maneuvers or the use of active sonar or near naval bases
(Frantzis 1998; National Oceanographic and Atmospheric
Administration and US Department of the Navy 2001; Jep-
son et al. 2003; Brownell et al. 20043) or co-occurred with
other noise sources, such as seismic surveys (Hildebrand
2005; International Whaling Commission 2005).



While the co-occurrence of two events (noise and strand-
ings) is not enough to prove causation, the probability that



the two are not related grows smaller as more linked inci-
dents are observed. As both naval maneuvers and especially
beaked whale mass strandings are comparatively rare events,
the chance that these two rare events will repeatedly occur
together by coincidence is vanishingly low. In addition, the
historical record indicates that, aside from one exception,
Cuvier’s beaked whale mass strandings first began to appear
in the early 1960s (Table 1), when a different system of
more powerful naval sonars began to be used (Friedman
1989). Some of this increase in strandings may be due to an
enhanced effort to document strandings and the establish-
ment of better stranding networks, but as stranding records
for Cuvier’s beaked whales date back to around 1838
(Mead 20004), there has been at least some effort present to
document strandings since the 19th century. It is unlikely
that reports of mass strandings in the 1960s are the result of
a sudden jump in monitoring effort.



Possible underestimation of noise-induced strandings or
mortalities



For a number of reasons, it is difficult to assess the mag-
nitude of noise-induced strandings or mortalities, though
there are several factors that would cause the true extent of
strandings associated with noise to be underestimated. First,
many strandings will go undocumented, as will the associ-
ated noise events. Second, if animals can die at sea owing
to injuries sustained from a noise event and without any
stranding taking place, as seems likely (Fernández et al.
2005; International Whaling Commission 2005), then detec-
tion is even more improbable. Whale carcasses are difficult
to discover at sea, since, with few exceptions (e.g., right
(genus Eubalaena Gray, 1864), bowhead, and sperm
whales) (Whitehead and Reeves 2005), they usually imme-
diately sink. Some carcasses may later float or strand, but
even in well-studied inshore populations of cetaceans, only
a small proportion of carcasses are recovered (a total of 14
killer whale, Orcinus orca (L., 1758), carcasses has been re-
covered out of 200 individuals known to have died along a
well-populated coast — a 7% recovery rate; John K.B.
Ford, personal communication). Third, only mass strandings
of beaked whales are usually considered to be suspicious
and thus linked with noise, because single strandings of
beaked whales are more apt to be due to disease than mass
strandings. Yet, it is possible that noise events may at least
contribute to their stranding, though this has not been exam-
ined. Fourth, while acoustic trauma provides very convinc-
ing evidence to link a stranding with a noise event, the
absence of such trauma cannot be used to rule out such an
association. Whales may strand because they were near
shore when they heard the noise and panicked, dying from
the stranding alone without suffering additional acoustic
trauma. Overall, the fact that it has taken observers 40 years,
during which mid-frequency naval sonars have been widely
used, to discover a link between this technology and beaked
whale strandings underscores how easy it is to miss such
impacts from human activities, even for such relatively ob-
vious events as strandings.



3 R.L. Brownell, Jr., T. Yamada, J. Mead, and A.L. van Helden. 2004. Mass strandings of Cuvier’s beaked whales in Japan: U.S. Naval
acoustic link? Paper No. SC/56/E37 presented to the International Whaling Commission Scientific Committee, June 2004. Unpublished.
Available from the International Whaling Commission Scientific Committee, Cambridge, UK.



4 J.G. Mead. 2000. Historical mass mortalities of ziphiids. Unpublished paper. Available from Mead.James@nmnh.si.edu.
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On the other hand, strandings that occur together with
anthropogenic noise cannot immediately be assumed to be
caused by it. If animals later are discovered to have died as
a result of biotoxins, for instance, the noise event may be



truly coincidental to their stranding. Alternatively, several
factors may act together in a cumulative or synergistic way
to bring about a stranding. The relative contributions of each
of these stressors will likely be difficult to determine.



Table 1. Mass strandings of Cuvier’s (Ziphius cavirostris; Zc), Gervais’ (Mesoplodon europaeus; Me), and Blainville’s (Meso-
plodon densirostris; Md) beaked whales, in addition to species that stranded with them, namely the striped dolphin (Stenella
coeruleoalba), northern bottlenose whale (Hyperoodon ampullatus (Forster, 1770)), pygmy sperm whale (Kogia breviceps),
minke whale (Balaenoptera acutorostrata), and Atlantic spotted dolphin (Stenella frontalis (G. Cuvier, 1829)) (after Brownell et
al. 20043; Evans and Miller 2004; Hildebrand 2005; International Council for the Exploration of the Sea 2005; International
Whaling Commission 2005).



Year Location Species (numbers)
Associated activity (when
available)



1914 New York, USA Zc (2)
1960 Sagami Bay, Japan Zc (2) US fleet
1963 Gulf of Genoa, Italy Zc (15+) Naval maneuvers
1963 Sagami Bay, Japan Zc (8–10) US fleet
1964 Sagami Bay, Japan Zc (2) US fleet
1965 Puerto Rico Zc (5)
1966 Ligurian Sea, Italy Zc (3) Naval maneuvers
1967 Sagami Bay, Japan Zc (2) US fleet
1968 Bahamas Zc (4)
1974 Corsica Zc (3), striped dolphin (1) Naval patrol
1974 Lesser Antilles Zc (4) Naval explosion
1975 Lesser Antilles Zc (3)
1978 Sagami Bay, Japan Zc (9) US fleet
1978 Suruga Bay, Japan Zc (4) US fleet
1979 Sagami Bay, Japan Zc (13) US fleet
1980 Bahamas Zc (3)
1981 Bermuda Zc (4)
1981 Alaska, USA Zc (2)
1983 Galápagos Zc (6)
1985 Canary Islands Zc (~10), Me (1) Naval maneuvers
1986 Canary Islands Zc (3), Me (1), beaked whale species (1)
1987 Canary Islands Me (3)
1987 Italy Zc (2)
1987 Suruga Bay, Japan Zc (2) US fleet
1987 Canary Islands Zc (2)
1988 Canary Islands Zc (3), bottlenose whale (a beaked whale) (1), pygmy



sperm whale (2)
Naval maneuvers



1989 Sagami Bay, Japan Zc (3) US fleet
1989 Canary Islands Zc (15+), Me (3), Md (2) Naval maneuvers
1990 Suruga Bay, Japan Zc (6) US fleet
1991 Canary Islands Zc (2) Naval maneuvers
1991 Lesser Antilles Zc (4)
1993 Taiwan Zc (2)
1994 Taiwan Zc (2)
1996 Greece Zc (12) Naval low-frequency active



sonar trials
1997 Greece Zc (3)
1997 Greece Zc (9+) Naval maneuvers
1998 Puerto Rico Zc (5)
1999 Virgin Islands Zc (4) Naval maneuvers
2000 Bahamas Zc (9), Md (3), beaked whale species (2), minke whale (2),



Atlantic spotted dolphin (1)
Naval mid-frequency sonar



2000 Galápagos Zc (3) Seismic research
2000 Madeira Zc (3) Naval mid-frequency sonar
2001 Solomon Islands Zc (2)
2002 Canary Islands Zc (9), Me (1), Md (1), beaked whale species (3) Naval mid-frequency sonar
2002 Mexico Zc (2) Seismic research
2004 Canary Islands and Morocco Zc (4) Naval maneuvers
2006 Spain Zc (4) NATO naval maneuvers
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Mechanism of injury
The mechanisms by which beaked whales are killed or in-



jured by anthropogenic noise are still unknown (Cox et al.
2006). In contrast to the necropsies conducted in the Baha-
mas where principally only the heads of the carcasses were
examined, pathologists in the 2002 Canary Islands stranding
dissected the entire bodies of the whales. They found that
‘‘. . . whales had severe, diffuse congestion and hemorrhage,
especially around the acoustic jaw fat, ears, brain, and kid-
neys.’’ (Fernández et al. 2005). Additionally, they observed
‘‘gas bubble-associated lesions and fat embolism in the ves-
sels and parenchyma of vital organs.’’ This in vivo bubble
formation, which can block blood vessels (an embolism),
might have been the result of sonar exposure and may have
been further exacerbated by abnormal surfacing behavior,
such as too rapid ascents (Fernández et al. 2005). Alterna-
tively, the sonar alone may interact with tissues that are
supersaturated with nitrogen gas (as is possible in deep-
diving whales), causing the expansion of in vivo bubble
precursors or gas nuclei. The bubbles seen in the veins are
consistent with, but not diagnostic of, decompression sick-
ness (Fernández et al. 2005). Both gas and fat emboli
should be present for proper diagnosis of this newly dis-
covered syndrome, which seems related to noise exposure
(Fernández et al. 2005). The time between estimated sonar
exposure and death was short (around 4 h), and observa-
tions suggest that the animals were severely injured before
stranding, at least in the 2002 Canary Islands event (Fer-
nández et al. 2005).



Thus, the pathologies documented in the beaked whale
stranding events in the Bahamas, Madeira, and Canary Is-
lands may be the result of a physiological or behavioral re-
sponse or some combination of the two. Beaked whales may
be exhibiting the following: (i) a behavioral response to
noise that leads directly to stranding, such as swimming
away from the noise into shallow water; (ii) a behavioral re-
sponse such as altering their dive pattern, e.g., staying too
long at depth or near the surface, which leads indirectly to
tissue damage (e.g., because of decompression sickness or
lack of oxygen); or (iii) a direct physiological response to
noise exposure that is unmediated by behavior through, for
example, nonauditory effects such as gas bubble formation
and growth, vertigo, or resonance (Cox et al. 2006). Gas
bubble formation in at least partial combination with a be-
havioral response has been singled out as particularly plausi-
ble (Cox et al. 2006). If behavior is involved, responses will
be more difficult to predict because of high interindividual
variation.



By modeling the sound field (National Oceanic and At-
mospheric Administration and US Department of the Navy
2001) and by knowing the distribution of Cuvier’s beaked
whales in the area of the Bahamas based on previous stud-
ies, whales were thought to be exposed to relatively moder-
ate levels of noise, in the order of 150–160 dB re 1 mPa for
50–150 s (Hildebrand 2005). Such levels are too low to
cause permanent or probably even temporary hearing loss
(Hildebrand 2005), especially as beaked whales are likely
most sensitive to higher frequencies, though there may be
considerable interspecific variation. A juvenile Gervais’
beaked whale (Mesoplodon europaeus (Gervais, 1855)) was
tested, using auditory evoked potential, to show little sensi-



tivity at 5 kHz, around the frequency of the sonar (Cook et
al. 2006). Bubble growth, in contrast, could theoretically be
activated with exposure to sounds £150 dB under the right
conditions, and bubbles could grow significantly as the ani-
mal rises to the surface (Houser et al. 2001; Crum et al.
2005).



Crum and Mao (1996) found, however, that bubble
growth would be improbable from exposures <190 dB un-
less tissues were extremely supersaturated. Supersaturation
with nitrogen gas is considered a plausible condition for ce-
taceans, especially for deep-diving marine mammals
(Ridgway and Howard 1979; Houser et al. 2001). Deep-
diving whales, such as beaked whales and sperm whales,
would then theoretically be most vulnerable to injury
from bubble growth. Experiments involving bovine tissue
placed under pressure (equivalent to 40–70 m in diving
depth) and supersaturated with gas showed that extensive
bubble production resulted when exposed to short pulses
of low-frequency sound, supporting the possibility that
sound sources could cause gas emboli syndrome in ceta-
ceans under the right conditions (Crum et al. 2005). They
note that the physics of bubble nucleation (formation)
would not be expected to vary much with different fre-
quencies of sound exposure. Recent anatomical studies of
sperm whales and other species show that there may be
unavoidable costs to chronic deep-diving (Moore and Early
2004; but see also Mitchell 2005, Moore and Early 2005,
and Rothschild 2005) and that in vivo bubble formation is
indeed possible in cetaceans other than beaked whales
(Jepson et al. 2003; Jepson et al. 2005). Thus, cetaceans
may not be as immune to decompression sickness and
‘‘the bends’’ as was previously thought.



Tyack et al. (2006), however, argue that, based on their
calculations of diving physiology and observations of
beaked whale diving behavior, these whales are neither
chronically and highly supersaturated with nitrogen nor at
risk for decompression sickness and embolism. They believe
that the whales’ pattern of diving is not an adaptation to pre-
vent bubble formation and decompression sickness, since it
does not fit with the diving behavior required for recompres-
sion. Instead, they suggest that an unusual behavioral re-
sponse to noise could cause the observed emboli. Diving
behavior most likely to cause decompressions sickness, ac-
cording to their calculations, would be repeated, long, shal-
low dives between 30 and 80 m with only short periods at
the surface. Such a diving pattern could result in supersatu-
ration levels of up to 400%–900% (Tyack et al. 2006).



Population-level impact
The population consequences of acoustically induced



strandings and mortalities are unclear. The conservation sta-
tus of most beaked whales is listed as ‘‘data deficient’’ (In-
ternational Union for the Conservation of Nature and
Natural Resources 2004), as this family of whales tends to
be notoriously elusive and hard to study. However, the pop-
ulation structure of the few beaked whale populations that
have been studied long term indicates that even transient
and localized acoustic impacts could have prolonged and
serious consequences. Beaked whales appear to be found in
small local populations that are resident year-round (Bal-
comb and Claridge 2001; Wimmer and Whitehead 2004;
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McSweeney et al. 2007). Additionally, Cuvier’s beaked
whales exhibit a high degree of genetic isolation among oce-
anic and, in some cases, regional populations (Dalebout et
al. 2005). Such population characteristics make beaked
whales particularly vulnerable to disturbance and population
impacts.



In the case of the Bahamas March 2000 event, the only
stranding for which baseline survey data are available, there
were no sightings of Cuvier’s beaked whales for a 20 month
period (May 2000 to February 2002) following the strand-
ing, despite increased effort in 2000 and 2001 (Claridge
2006). Sighting rates since February 2002 appear to be back
to those from 1997 to 1999 or about 0.0006 sightings per
km surveyed (Claridge 2006; D.E. Claridge, personal com-
munication). Photographic data are limited for the genus Zi-
phius G. Cuvier, 1823 in this area, but of the 16 whales
photographed before March 2000, there was one adult fe-
male that was resighted (Claridge 2006). This female has
been photo-identified two more times since the stranding,
suggesting residency of individual Cuvier’s beaked whales
to the area (D.E. Claridge, personal communication). Addi-
tionally, one of the whales that stranded in the March event
had been photographed in the study area previous to the
stranding (Claridge 2006). This seems to indicate that the af-
fected local population of Cuvier’s beaked whales was iso-
lated from a larger population, implying that a population-
level effect may have resulted from the brief transit of five
naval vessels using sonar (Balcomb and Claridge 2001; In-
ternational Whaling Commission 2005). It is unknown how
many whales from the local population of the species were
killed during the naval exercise, but at minimum they were
displaced from their former habitat. For species such as
beaked whales whose rates of increase are low, even seem-
ingly minor effects may cause population declines (White-
head et al. 2000).



Nonbeaked whale strandings
While beaked whales appear particularly vulnerable to the



effects of noise, other cetaceans also have been involved in
noise-induced strandings. Some species, such as minke
whales (Balaenoptera acutorostrata Lacépède, 1804) (Ba-
hamas 2000) and pygmy sperm whales (Kogia breviceps
(Blainville, 1838)) (Canary Islands 1988), have stranded
concurrently with beaked whales, while others, such as
long-finned pilot whales (Globicephala melas (Traill,
1809)), minke whale, and dwarf sperm whales (Kogia sima
(Owen, 1866)) (North Carolina 2005), melon-headed whales
(Peponocephala electra (Gray, 1846)) (Hawai‘i 2004), and
harbor porpoises (Phocoena phocoena (L., 1758)) (Haro
Strait 2003), have stranded in noise-related events that did
not involve beaked whales (Table 2). In the Hawai‘i strand-
ing, Southall et al. (2006) concluded that active naval sonar
transmissions likely contributed to the stranding of the
melon-headed whales. Reports on the Haro Strait stranding
(National Marine Fisheries Service 2005) and the North Car-
olina stranding (Hohn et al. 2006) were less conclusive in
relating the strandings to naval sonar, though clear cetacean
behavioral reactions to the sonar were reported in the Haro
Strait event.



Which other species could be vulnerable to noise-induced
strandings is unknown. As previously mentioned, certain



species of cetaceans, such as pilot whales, are known as fre-
quent mass stranders. If these same species also occasionally
strand because of noise events, it would be easy to miss
such a connection and their susceptibility to noise-related in-
jury and mortality may be underestimated. Jepson et al.
(2005) found gas emboli, previously associated with sonar-
related strandings, in the livers and other organs of four Ris-
so’s dolphins, three short-beaked common dolphins (Del-
phinus delphis L., 1758), and one harbour porpoise, in
addition to one Blainville’s beaked whale (Mesoplodon den-
sirostris (Blainville, 1817)). While such lesions were more
common in deep-diving species, they were also present in
species inhabiting shallower waters, raising the possibility
that sonar, or other noise, impacts may be more widespread
than previously thought.



Other impacts of noise on marine mammals



Temporary or permanent hearing loss
Hearing loss can either be temporary (TTS or temporary



threshold shift) or permanent (PTS or permanent threshold
shift). Generally, with PTS, sensory hair cells in the inner
ear are lost. The relationship between the onset of TTS and
the onset of PTS is not well understood, but repeated TTS,
especially if the animal receives another sound exposure be-
fore full recovery of the previous TTS, is thought to result
in PTS. At which point TTS ceases to be recoverable is un-
certain. PTS, however, can be incurred even without TTS, if
the sound is intense enough. PTS has not purposely been in-
duced in cetaceans for ethical and legal reasons.



Even in humans, predicting hearing loss is difficult. It is
still unclear, for instance, how impulses add up over time
and which pattern of delivery of impulses is most damaging
to the human ear. Only recently have characteristics of noise
such as kurtosis, or the ‘‘peakedness’’ of the amplitude dis-
tribution of a noise environment, been shown to help predict
the magnitude of hearing loss from complex noise exposures
(Hamernik et al. 2003).



In general, the chances of TTS occurring are increased the
higher the sound level and the longer the duration. Using
captive cetaceans, Schlundt et al. (2000) found that beluga
whales (Delphinapterus leucas (Pallas, 1776)) and bottle-
nose dolphins showed masked TTS after being exposed to a
single very high intensity sound of 192–201 dB re 1 mPa for
1 s per day, though one animal showed masked TTS at
182 dB at 75 kHz. In a different study using impulsive noise
(seismic waterguns), 226 dB re 1 mPa (peak-to-peak) and
186 dB re 1 mPa2�s (total energy flux) produced masked
TTS in the beluga whale but not in the bottlenose dolphin
(Finneran et al. 2002). Another captive bottlenose dolphin
incurred TTS after at most once-a-week exposures to a max-
imum of 179 dB re 1 mPa for 55 min, as determined by be-
havioral means. Recovery was complete within 45 min
(Nachtigall et al. 2003). Using evoked auditory potentials (a
way to test hearing by assessing the auditory brainstem re-
sponse through passively measuring brainwave patterns
from the skin surface), the same animal showed TTS after
being exposed to 160 re 1 mPa (rms) for 30 min (Nachtigall
et al. 2004). The authors warned that TTS is highly variable
between individuals, as well as between species, and thus
caution should be used when extrapolating results to other
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bottlenose dolphins, let alone to other cetacean species
(Nachtigall et al. 2004). Cetaceans must have internal mech-
anisms to protect themselves from their own vocalizations,
as other species do, since the sounds they produce are often
above the levels shown, in the previously mentioned experi-
ments, to induce TTS.



Based on theoretical modelling, Erbe and Farmer (2000)
predicted that belugas would experience TTS after only
20 min of ice breaker noise at distances of 1–4 km. The
noise of fast whale-watching boats was modelled and pre-
dicted to cause TTS in killer whales after 30–50 min of ex-
posure within distances of 450 m (Erbe 2002). The noise
from several boats surrounding or following whales theoret-
ically would reach critical levels considered high enough to
cause permanent hearing loss with prolonged exposure (Erbe
2002).



There is currently a high degree of emphasis on TTS and
PTS when assessing the impacts of noise on marine mam-
mals. Certainly such impacts are of great concern. Even a
temporary loss in hearing (TTS can last from minutes to
days) can be fatal or injurious to animals in the wild, if the
detection of a predator or other significant hazard is missed.
A focus on TTS and PTS also has the advantage that these
effects are more easily modeled and predicted than other im-
pacts, in particular, behavioral ones. On the other hand, as
was demonstrated with the Bahamas 2000 stranding, a nar-
row concentration on TTS and PTS will not provide a full
picture of the potential harm to cetaceans. Exposures in this
case were below those thought to be able to cause even
TTS, yet beaked whales sustained damage to their inner
ears and other tissues, probably as a result of indirect behav-
ioral or nonauditory impacts. Thus, the most severe acoustic
impacts on cetaceans recorded to date were due to exposures
thought too low to induce TTS, according to current predic-
tive models.



In fact, it is unclear at this point whether the vertebrate
auditory system is indeed the most sensitive and vulnerable
sensory system or structure in the body to all forms of noise
exposure, though this is often assumed and appears logical
on the surface. In certain circumstances, however, it may
not be the best indicator for noise impacts. Depending on
the frequency and other features of the noise source, it could
be that nonauditory effects such as skin sensations, resonan-



ces in air sacs, vestibular responses such as vertigo, or gas
or fat emboli, for instance, could cause more of an impact
on a cetacean than any direct effect on its hearing. This
means that cetaceans may even be impacted by noise fre-
quencies outside of their range of hearing. Thus, I believe
that it is too limiting to claim, as Nowacek et al. (2007) do,
that ‘‘[i]t is in the shared frequency range that we are con-
cerned about the effects that anthropogenic sound may have
on cetaceans.’’ Though within human hearing range, human
divers responded to underwater sounds of 160 dB (240 Hz
center frequency) for 15 min in ways that did not affect their
hearing, namely disorientation, light-headedness, sleepiness,
shaking of the extremeties, an inability to concentrate, and
even a partial seizure, with some symptoms persisting for
weeks (Steevens et al. 1999).



Blast injury
Explosions, as used for coastal construction, the removal



of underwater structures (decommissioning oil rigs, for in-
stance), in naval exercises, or for naval ‘‘ship-shock’’ trials
to test the integrity of a ship’s hull, compose a separate cat-
egory of noise, as they contain a shock wave in addition to
an acoustic wave. Blast waves cause a dramatic pressure
drop over a very short duration (sharp rise time) and are rel-
atively broadband in frequency, resulting in mechanical im-
pact. Organ damage and the rupture of gas-filled cavities
such as lungs, sinuses, and ears can occur (Richardson et al.
1995). A 5000 kg explosion apparently caused severe injury
to the temporal bones of two humpback whales found dead
near the explosion site (Ketten 1995).



Masking
Masking refers to the interfering or obscuring effects of



noise, which limits animals from hearing signals important
to them. In particular, masking may affect cetaceans that
are thought to communicate over large distances of ocean.
Certain low-frequency whale sounds such as blue (Balae-
noptera musculus (L., 1758)) and fin (Balaenoptera physa-
lus (L., 1758)) whale calls can be heard over hundreds or
thousands of kilometres, and are thought to function in at-
tracting widely spread-out mates (Croll et al. 2002). If such
(presumably often faint) reproductive calls are masked,
widely distributed mates may not be able to find each other
and reproductive rates may fall as a consequence. The mere



Table 2. Associated mass strandings involving species other than solely Cuvier’s(Zc), Gervais’ (Me), or Blain-
ville’s (Md) beaked whales, namely pygmy sperm whale, northern bottlenose whale, minke whale, Atlantic
spotted dolphin, harbor porpoise (Phocoena phocoena), Dall’s porpoise (Phocoenoides dalli (True, 1885)), melon-
headed whale (Peponocephala electra), long-finned pilot whale (Globicephala melas), and dwarf sperm whale
(Kogia sima) (National Oceanographic and Atmospheric Administration and US Department of the Navy 2001;
Martı́n et al. 2004; National Marine Fisheries Service 2005; Hohn et al. 2006; Southall et al. 2006).



Year Location Species (numbers)
Associated activity (when
available)



1988 Canary Islands Pygmy sperm whale (2), Zc (3), bottlenose
whale (a beaked whale) (1)



Naval maneuvers



2000 Bahamas Minke whale (2), Atlantic spotted dolphin (1),
Zc. (9), Md (3), other beaked whale species (2)



Naval mid-frequency sonar



2003 Washington, USA Harbor porpoise (14), Dall’s porpoise (1) Naval mid-frequency sonar
2004 Hawai‘i, USA Melon-headed whale (~200) Naval mid-frequency sonar
2005 North Carolina, USA Long-finned pilot whale (34), dwarf sperm



whale (2), minke whale (1)
Naval maneuvers
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fact that a call can be heard over large distances does not
mean it is actually used to communicate with distant whales,
however. Yet assuming there is some cost (energetic or risk
in attracting predators) to loud sounds, animals would not be
expected to make calls louder than is necessary to achieve
their function (Stearns and Hoekstra 2000). In the case of
loud, low-frequency whale calls, their function may not just
be to increase their chances of being detected, but to adver-
tise such features as quality and fitness to prospective mates
(Croll et al. 2002). It is thus necessary to know the function
of a call before one can evaluate the full significance of
masking. In birds, for instance, there are indications that
masking can make it more difficult for a receiver to discrim-
inate between two signals (Leonard and Horn 2005).



Cetaceans may need to hear the sometimes very faint
sounds of their prey or predators, mates, or navigation cues.
Faint acoustic cues from distant sound sources may be im-
portant for navigation and orientation (e.g., Tyack and Clark
2000). Based on worst-case theoretical models, the ramming
noise from ice breakers was predicted to mask beluga calls
to ranges of 40 km and cause disturbance over ranges of
46 km (Erbe and Farmer 2000). The noise of fast whale-
watching boats was modeled and predicted to mask killer
whale calls over 14 km (Erbe 2002). The noise from a
nearby ship was estimated to reduce a Cuvier’s beaked
whale’s maximum range of echolocation by more than half
and the maximum range of communication by more than a
factor of five, assuming the whale auditory system is noise-
limited (Aguilar Soto et al. 2006).



It is likely that cetaceans have evolved some resilience re-
garding masking from at least natural noise sources. Direc-
tional hearing, for instance, can help to overcome masking,
as can shifting a call’s frequency, amplitude, or other fea-
tures to differentiate it from background noise. Indeed, cap-
tive beluga whales altered their vocal output in higher
background noise conditions (Au et al. 1985). When moved
to a high-noise environment, belugas shifted their sonar sig-
nals to higher frequencies (peak frequencies shifted from
50 kHz to over an octave higher at 110 kHz) and increased
their amplitude (from a maximum peak-to-peak of 202 to
210 dB re 1 mPa; Au et al. 1985). However, there seemed
to be an endpoint to some cetaceans’ ability to adjust to
masking. When captive bottlenose dolphins were experimen-
tally subjected to masking noise, they did not increase their
sonar signal level with increasing noise, perhaps because
they were already producing high-intensity signals and had
reached their limit (Au 1993). Increasing masking noise
also caused the dolphins’ accuracy in target detection to de-
crease monotonically. A 15–20 dB increase in the masking
noise spectrum level resulted in a drop in successful target
detection, from a 100% correct response rate to only 50%,
where dolphins stopped emitting sonar clicks and appeared
to start guessing whether the target was there or not (Au
1993).



Free-ranging belugas reduced their calling rate while ves-
sels (a small motorboat and a ferry) were approaching, but
at distances of <1 km, increased the repetition rate of spe-
cific calls. They also shifted the frequencies of their calls
up when vessels were close by and changed the types of
calls they used (Lesage et al. 1999). Comparing calls in the
presence or absence of boats, killer whales increased their



call durations once critical levels of annual whale-watching
boat traffic were reached, based on records of active boats
per year (Foote et al. 2004). Bottlenose dolphins whistled
more often when first approached by boats, perhaps to com-
pensate for masking (Buckstaff 2004). Groups of Pacific
humpback dolphins (Sousa chinensis (Osbeck, 1765)), which
contained mother–calf pairs, increased their rate of whistling
after a boat had transited the area (Van Parijs and Corkeron
2001). The authors postulated that the noise from vessels
disrupted group cohesion, especially between mother–calf
pairs, requiring the re-establishment of vocal contact after
masking from boat noise. Humpback mating songs length-
ened in response to LFA sonar, perhaps also in an effort to
cope with the noise interference (Miller et al. 2000). Fristrup
et al. (2003) additionally noted that higher source levels of
the LFA sonar playbacks resulted in longer songs. Differen-
ces in song length lasted up to 2 h after the last broadcast
(Fristrup et al. 2003). Such increases in signal duration or
repetition rate can improve the likelihood that the signal
will be heard over noise. The costs to the animals of such
alterations in their calls, both energetically and functionally,
are unknown.



Filtering and signal processing techniques may also ena-
ble cetaceans to cope with the effects of masking so that
the signal of interest is distinguished from the surrounding
noise. However, phenomena such as the ‘‘cocktail party ef-
fect’’ could also mean that cetaceans can ‘‘pick out’’ certain
noise sources (ones they find alarming, for instance, based
on past negative experiences) from background noise and
thus be affected by them at levels below ambient noise.
This could greatly extend a noise source’s range of potential
impact.



Noise does not need to be the same frequency as the
signal of interest to mask it. Low-frequency noise can
mask a much wider range of frequencies than can mid- or
high-frequency noise (Richardson et al. 1995).



Auditory development
The long-term consequences of continuous exposure to in-



creasing background noise levels in the ocean, especially on
the development of hearing in the young, are unknown. In-
fant rats raised in even moderately elevated levels of back-
ground noise showed delays in brain and auditory
developments (Chang and Merzenich 2003). These young
rats retained a primitively organized auditory cortex that
was similar to much younger infant control pups. As several
cetacean species learn their vocalizations by listening to
calls from conspecifics (Janik and Slater 1997) and as expo-
sure to human-made sounds can change cetacean vocaliza-
tions (see above), such potential impacts of anthropogenic
noise should be considered.



Effects of noise on cetacean behavior



Vocal behavior
Other than the vocal responses to masking already men-



tioned, the following changes in cetacean vocalizations to
noise have been documented. These, in contrast, are not
readily explainable in terms of techniques to overcome
masking, as the response is generally one of cetaceans fall-
ing silent in the presence of noise. For example, reduced
calling rates or a complete cessation of vocalizations have
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been documented for fin whales in response to boat noise
(Watkins 1986), for sperm whales in response to pingers
(Watkins and Schevill 1975) and military sonar signals
(Watkins et al. 1985), for pilot and sperm whales in re-
sponse to low-frequency ATOC-like sounds (Bowles et al.
1994), and for sperm whales and perhaps pilot whales in re-
sponse to a seismic survey (Bowles et al. 1994). Rendell and
Gordon (1999), in contrast, found that significantly more pi-
lot whale whistles occurred during and just after military so-
nar output. Based on a single individual Cuvier’s beaked
whale, significantly fewer creaks or buzzes (representative
of prey-capture attempts) were heard during a dive that was
exposed to ship noise (Aguilar Soto et al. 2006). This dive
was also shorter than the non-noise-exposed dives, with less
time spent in the echolocation (deep) phase of the dive. An
estimated reduced foraging efficiency of >50% occurred
during the noise-exposed dive compared with other dives of
the same animal (Aguilar Soto et al. 2006), as less time was
presumably spent attempting to capture prey by means of
creaks. Sperm whales in the Gulf of Mexico exposed to a
seismic survey also exhibited a change in their vocaliza-
tions. As with the above Cuvier’s beaked whale, sperm
whales reduced their rate of echolocation buzzes, an indica-
tion of prey-capture attempts, by an average of 19% (Inter-
national Whaling Commission 2007). This result was not
statistically significant, but probably a real effect according
to a Bayesian analysis (International Whaling Commission
2007).



Seismic surveys can raise low-frequency noise levels over
areas of >35 000 km2 for more than a month, exposing large
portions of a cetacean population to chronic noise. Around
250 male fin whales appeared to stop singing for several
weeks to months during a seismic survey, yet resumed sing-
ing within hours or days after the seismic noise stopped (In-
ternational Whaling Commission 2007). Assuming male fin
whale songs have a reproductive function (Croll et al.
2002), it would be difficult to imagine that such an effect
would not be biologically significant.



Displacement from important habitat and avoidance
Cetaceans have been shown to be displaced from impor-



tant habitat when exposed to noise. Nowacek et al. (2007)
note that a short-term or even long-term displacement may
not be of concern, if the quality of habitat cetaceans were
displaced from is poor. I think that it is more logical to as-
sume that cetaceans are in a particular habitat for a reason.
If they are present for some time, the habitat must provide
them with something they need and, moreover, something
they cannot easily find elsewhere (or they would be there).
While Nowacek et al. (2007) emphasized that displacement
may not be of significance to cetaceans, disturbingly, they
did not address the opposite condition, where a lack of dis-
placement should not mean that cetaceans are thriving. Ani-
mals may be forced to remain in an area of importance to
them, despite having to endure ‘‘costs’’ such as stress, mask-
ing, or even hearing impairment that would be hard to de-
tect.



Gray whales (Eschrichtius robustus (Lilljeborg, 1861))
were displaced for >5 years from one of their breeding la-
goons in response to industrial sounds, returning only sev-
eral years after the activities stopped (Jones et al. 1994).



Gray whales abandoned a breeding lagoon from the late
1950s to at least through 1970, during an increase in dredg-
ing and shipping (1957–1967) but returned once activities
ceased (Bryant et al. 1984). Killer whales and harbor por-
poises dramatically changed locations to avoid loud acoustic
harassment devices (Morton and Symonds 2002; Olesiuk et
al. 2002). Killer whales stayed away for about 6 years, only
returning when devices were discontinued in the area
(Morton and Symonds 2002). Critically endangered western
gray whales off Sakhalin Island, Russia, were displaced by
seismic surveys from their primary feeding area, returning
only days after seismic activity ceased (International Whal-
ing Commission 2005). This change in distribution closely
corresponded to the timing of the seismic surveys (Interna-
tional Whaling Commission 2005, 2007; Weller et al.
2006a). Whales receiving seismic noise levels of about
153 dB re 1 mPa zero-to-peak and 159 dB peak-to-peak on
their feeding grounds also swam faster and straighter over a
larger area with faster respiration rates during seismic oper-
ations (Weller et al. 2006b; International Whaling Commis-
sion 2007). Two different research teams and data from
several years showed that beluga whales typically avoided
icebreakers at distances of 35–50 km, at the point where
they could probably just detect them. They travelled up to
80 km from the ship track and usually remained away for
1–2 days (Finley et al. 1990; Cosens and Dueck 1993).
Sperm whales that were approached most closely by an ac-
tive seismic survey vessel did not make foraging dives.
Whales significantly reduced their fluke stroke effort by 6%
during exposure to seismic noise compared with after, and
all seven sperm whales studied reduced their fluke strokes
on foraging dives in the presence of seismic noise (Interna-
tional Whaling Commission 2007).



Stone and Tasker (2006) examined cetacean responses
from 201 seismic surveys around UK waters, concluding
that there was evidence of disturbance. All small odonto-
cetes, killer whales, and all mysticetes were found farther
from arrays that were active (shooting) than when they
were not. Small odontocetes showed the greatest horizontal
avoidance, which extended at least as far as the limit of vis-
ual observation (Stone and Tasker 2006). There was no de-
crease in sighting rates for mysticetes, sperm whales, pilot
whales, or killer whales when air guns were shooting vs.
not shooting. Instead, mysticetes and killer whales exhibited
more localized avoidance (Stone and Tasker 2006). There
were indications that fewer animals were feeding, that
smaller odontocetes swam faster, and that mysticetes re-
mained at the surface more where sound levels are thought
to be lower. Larger volume arrays produced stronger reac-
tions than did smaller ones. Stone and Tasker (2006) theor-
ized that smaller odontocetes may adopt a strategy of
moving out of the area entirely during seismic noise expo-
sure, whereas slower moving mysticetes may simply be
able to orient away from the seismic survey, increasing their
distance from the noise, but not vacating the area com-
pletely.



While few studies on displacement have been undertaken,
wind turbines have recently come under scrutiny for noise
impacts on cetaceans. Wind farms produce the loudest noise
from pile driving during their initial construction. Pile driv-
ing noise is probably audible to cetaceans over hundreds of
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kilometres or more (Madsen et al. 2006; Thomsen et al.
2006), and behavioral responses of harbor porpoises may ex-
tend to distances of 20 km (Thomsen et al. 2006). However,
operational noise from at least smaller turbines (of
~1.5 MW) is considered to have a minor impact on harbor
porpoises, as their ability to detect the noise over larger
ranges is probably low (Thomsen et al. 2006). Still, even
high-frequency specialists such as harbor porpoises can de-
tect the low-frequency noise generated by wind turbines, as
evidenced by their reaction to it (Koschinski et al. 2003).



Migrating animals have exhibited avoidance of noise by
detouring around sound sources. Two series of field studies
(Malme et al. 1983, 1984; Richardson et al. 1985, 1990)
demonstrated that gray and bowhead whales avoided contin-
uous industrial noise at average received levels of around
120 dB. Gray whales avoided LFA sonar transmissions at
similar received levels when the sound source was placed
inshore but not offshore (Tyack and Clark 19985).



Au and Green (2000) found that humpback whales in Ha-
wai‘i swam fastest in response to approaches by the loudest
boat they studied. Humpbacks approached by boats showed
abrupt course changes and remained submerged longer (Au
and Green 2000). Playbacks of alarm signals (received lev-
els of 133–148 dB, 18 min in duration) to North Atlantic
right whales (Eubalaena glacialis (Müller, 1776)) caused
whales to spend less time at the bottom during a foraging
dive, ascent vigorously, and increase their surface and near-
surface time (Nowacek et al. 2004). Two studies conducted
on humpback whales in Hawai‘i showed that both time and
distance between successive surfacings increased with in-
creasing estimated exposure level of ATOC noise (Frankel
and Clark 1998, 2000).



Subtle responses
Reactions of cetaceans to noise can be quite subtle.



Though summering bowheads showed no detectable avoid-
ance of seismic surveys, no change in general activities or
call types, and no obvious alteration of calling rate, they
dove for shorter periods and their respiration rate was lower
than bowheads not exposed to noise (Richardson et al.
1986). Such changes were observed up to 54–73 km from
seismic surveys at received levels that could be as low
as <125 dB re 1 mPa (Richardson et al. 1995). Similarly,
humpback whales exposed to explosions showed little or no
behavioral reaction to the noise. They were neither displaced
nor changed their overall movements, yet subsequently dis-
played an unusual pattern of greater fatal entanglement in
fishing gear, possibly because hearing impairment limited
their ability to detect the nets through passive acoustics or
some other compromise to their navigational or sensory sys-
tems (Todd et al. 1996). Entrapment rates increased during
the time and in the area of blasting, even though there were
fewer fishing nets in this area (Todd et al. 1996). Had these
whales not blundered into nets in an unusual pattern (some-
thing that was discerned only because of a good previous
baseline of whale entrapments in this area), this impact
would not have been detected.



Stress
Noise is a known stressor and can affect the neuroendo-



crine system. Rats exposed to mild irregular white noise
(~25 dB over background noise) for 9 h over 8 days exhib-
ited a significant increase in basal prolactin, corticosterone,
and noradrenaline levels, showing ‘‘subtle but significant
changes in hormonal regulation’’ (van Raaij et al. 1997).
Cardiovascular function in both animals and humans may
be permanently impacted over the long term from prolonged
exposure to noise (e.g., Altura et al. 1992). Stress effects or
physiological changes, if chronic, can inhibit the immune
system or otherwise compromise the health of animals.
These can be very difficult to detect in cetaceans. Stress
hormone levels increased with increasing noise-level expo-
sure in a captive beluga whale (Romano et al. 2004). Nore-
pinephrine, epinephrine, and dopamine levels were
significantly higher under high-noise conditions compared
with low-noise or control conditions. Dolphins also reacted
to a dolphin threat sound by changes in heart rate (Miksis
et al. 2001). For terrestrial animals at least, chronic stress
can have repercussions for the health of populations, as it
can affect fertility, mortality, and growth rates.



Variability of responses
Responses to noise can be highly variable, depending on



species, individuals, age, sex, physical state, presence of off-
spring, prior experience, characteristics of the noise source,
and other factors. Animals also react differently depending
on their behavioral state or situation (e.g., whether at depth,
resting, migrating, feeding, or breeding). Bowhead whales,
for instance, showed avoidance of seismic air-gun noise at
received levels of 120–130 dB (rms over pulse duration)
during their fall migration, but they were much more toler-
ant when feeding in the summer, avoiding levels of 158–
170 dB, which are roughly 10 000 times more intense (Ri-
chardson et al. 1995, 1999). Humpback cows and calves in
key habitat demonstrated avoidance of seismic air guns at
140–143 dB re 1 mPa mean squared pressure, which was
lower than the reaction of migrating humpbacks at 157–
164 dB re 1 mPa mean squared pressure (McCauley et al.
2000). Species with similar hearing capabilities and audio-
grams showed markedly different responses to air-gun noise
off British Columbia, with harbor porpoises appearing to be
the most sensitive, responding to seismic noise at distances
of >70 km, at received levels of <145 dB re 1 mPa rms (In-
ternational Whaling Commission 2007). Similarly, a harbor
porpoise showed a significant reaction to a pinger or acous-
tic deterrent device, though there was little response or
change in behavior in a striped dolphin (Stenella coeru-
leoalba (Meyen, 1833)) (Kastelein et al. 2006). Thus, the re-
action of one cetacean species to a noise source cannot
necessarily be extrapolated to other cetacean species.



Apparent tolerance
Cetaceans also exhibit many examples of apparent toler-



ance to anthropogenic noise. Adult male sperm whales for-
aging in polar waters did not alter their acoustic output in
response to seismic noise at received levels of up to 146 dB



5 P.L. Tyack and C.W. Clark. 1998. Quick-look report: playback of low-frequency sound to gray whales migrating past the central Califor-
nia coast. Unpublished report. Available from the National Marine Mammal Laboratory, Seattle, Washington (e-mail: nmml.library@noaa.
gov).
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re 1 mPa peak-to-peak (Madsen et al. 2002). Avoidance was
not observed with whales remaining in the area for at least
13 days of exposure. They also did not fall silent when arti-
ficial codas were presented to them (Madsen et al. 2002), in
contrast to previous research using pingers (Watkins and
Schevill 1975). The click rates and behavior of male sperm
whales did not change during the discharge of detonators off
Norway, exposing animals to received levels of around
180 dB re 1 mPa rms (Madsen and Møhl 2000). Croll et al.
(2001) found no obvious responses of foraging blue and fin
whales to LFA sonar transmissions at received levels of be-
tween 95 and 150 dB. Sperm whales in the Gulf of Mexico
showed no significant change in their swim direction when
exposed to seismic noise, and their horizontal movements
were random in relation to an active seismic vessel (Interna-
tional Whaling Commission 2007).



There are also many cases of cetaceans remaining in, or
repeatedly returning to, high-noise environments for pro-
longed periods. However, animals may be strongly moti-
vated to stay in an area for the purposes of foraging or
mating, even to the point of damaging their hearing. Sea
lions (Zalophus californianus (Lesson, 1828)) will some-
times stay in a prime feeding area despite the presence of
noise presumably loud enough to harm their hearing (Na-
tional Marine Fisheries Service 1996). Moreover, the num-
ber of animals visible at the surface near a loud sound
source may not be a reliable measure of their tolerance. In-
stead, they may be exhibiting vertical avoidance of the
noise, since sound levels are lower at the surface than at
depth (Würsig and Richardson 2002).



Short-term responses vs. long-term impacts
The biological significance (e.g., consequences for health,



survival, or reproduction) of behavioral responses to noise in
cetaceans is difficult to ascertain. For practical reasons,
often only short-term reactions to noise are studied. How or
whether short-term responses translate into long-term im-
pacts is often beyond current scientific knowledge, however,
especially for cetaceans. Short-term effects may indicate
serious population consequences or they may be insignifi-
cant. Conversely, long-term population impacts may occur
in the absence of dramatic or even observable short-term re-
actions, as has been demonstrated in bottlenose dolphins
(Bejder 2005) and caribou (Rangifer tarandus (L., 1758))
(Harrington and Veitch 1992). Bejder (2005) found a reduc-
tion in bottlenose dolphin calf survival with whale-watching
vessels, though short-term behavioral responses seemed very
moderate. Harrington and Veitch (1992) found that caribou
calf survival was reduced when females were exposed to
low-level jet overflights during certain critical periods, de-
spite exhibiting only an apparently minor short-term startle
response. Thus, short-term research may be of very limited
use in determining biologically significant effects of noise
on cetaceans. Long-term studies, however, have more suc-
cessfully related disturbance reactions to population impacts
(Bejder 2005).



In the past, short-term impact studies have been con-
ducted (e.g., the ATOC or LFA sonar research programs)
but have resulted in outcomes that simply lead to more con-
troversy about whether these responses are biologically sig-
nificant or are deemed inconsequential to the health of the



cetacean population. As such, it may be advisable to only
carry out short-term studies if there is prior agreement be-
tween researchers and regulators as to which short-term re-
actions would constitute a population-level effect. Ideally,
particular effect sizes that would be considered ‘‘biologically
significant’’ should be delineated prior to the study, e.g., a
1% reduction in indications of feeding may not be consid-
ered enough to impact a population, whereas a 5% reduction
may be. If such a size of effect (or at least a range of effect
sizes) cannot be agreed upon between researchers and regu-
lators, the study will have little chance of contributing to
management and, thus, may not be worth pursuing, espe-
cially in cases where the research poses some appreciable
risk to cetaceans.



Controlled exposure experiments or CEEs (or behavioral
response studies as they have been called more recently) are
an example of research that can place animals at risk. CEEs
purposely expose animals to an acoustic stimulus to assess
behavioral responses. In contrast to what is implied by the
name ‘‘controlled exposure cxperiment’’, these studies can-
not exactly control the exposure of noise (or dose) to the an-
imal in the wild, since the animal is moving in three
dimensions, not visible for most of the time, and the propa-
gation of the noise is not usually precisely predictable.
Rather, the experimenter controls the emission of the noise,
at the source. As such, it is unknown what levels of noise
the animal is actually receiving in real time. Even when a
cetacean has been tagged with a device that measures re-
ceived levels of sound (e.g., Dtag; Johnson and Tyack
2003), these levels can only be accessed once the tag has
been recovered from the whale as the data are archived.
Even then, received levels at the tag could be considerably
underestimated because of body shading, if the cetacean’s
body is between the sound source and the tag, causing
greater attenuation (Madsen et al. 2006). Thus, Nowacek et
al.’s (2007) contention that the interpretation of animal re-
sponses to noise is practically impossible without received
levels is somewhat problematic, not to mention overly nar-
row.



While CEEs can be valuable in improving our under-
standing of the effects of noise exposure, they raise animal
welfare concerns, especially as the exposure thresholds that
may cause pain or stress are not well understood. For great-
est validity, noise exposures must be realistic, with the same
characteristics of the sound as will be used in practice. How-
ever, to reduce risk to the animals, CEEs often start at levels
well below operational ones. This is safer but does not give
much insight into responses at the levels of interest, namely
under actual deployment conditions. While one can increase
the sound level of the exposure gradually, whales may ex-
hibit a threshold response that could occur without warning,
especially as exposure levels are unknown by the experi-
menter at the time of the playback of sound. Exposures at
the higher levels, on the other hand, place animals at risk,
particularly in the case of naval sonars and beaked whales,
where there may be fatal reactions that will be hard to pre-
dict. Thus, both scenarios (realistic but potentially hazardous
vs. unrealistic but safer) yield results of limited usefulness,
meaning that CEEs will remain problematic and controver-
sial and must be considered with great care.



Additional concerns about CEEs are that there are cur-
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rently insufficient baseline data to quantify the strength of
various different responses from noise exposure. As noted
above, to determine long-term effects, it is best to carry out
long-term research, yet it is difficult and impractical to carry
out a controlled experiment in the ocean over larger scales
of space (tens of kilometres) and time (many months). It is
also difficult to find controls that mimic the experimental
setting in all respects, except for the addition of noise, and
to eliminate confounding (spatio-temporal) factors such as
location, season, and oceanographic conditions. Using realis-
tic noise exposures and sources can be impractical and ex-
pensive, as some noise sources (e.g., military sonars) cannot
easily be replicated and would require a specifically outfit-
ted vessel. Alternatives to CEEs include systematic observa-
tions of populations in different noise conditions and
regimes using ongoing sound-producing activities that do
not require the artificial addition of noise. It must be recog-
nized, however, that observational studies that require ani-
mals to be followed closely and obtrusively by boats with
unpredictable patterns of movement are likely to cause har-
assment. This could be avoided in some situations by cliff-
top observations or remote sensing, e.g., bottom-mounted
acoustic sensors to detect changes in animal vocalizations
with noise. On the other hand, if the observation vessel is
maneuvered sensitively in ways that are predictable to the
study species, there does not seem to be a statistically signif-
icant behavioral impact on cetaceans, at least in certain en-
vironments and conditions (Lusseau 2003, 2006), though
masking effects from boat engine noise cannot be excluded.



The above is not meant to represent a blanket condemna-
tion of CEEs, but rather to highlight the risks and limitations
of this research method in certain situations. In cases where
the addition of noise from a CEE only represents a small
fraction of the same type of anthropogenic noise that the an-
imals in the area are receiving anyway, the risk is probably
inconsequential and much valuable knowledge can be
gained from such experiments. Also, playbacks of com-
monly encountered natural sounds to cetaceans (e.g., prey
sounds) are unlikely to be hazardous to them. However,
while researchers conducting CEEs usually argue that the
risk CEEs pose is counteracted by the potential conservation
benefit to the animals (and indeed, this is one of the ration-
ales behind the bona fide marine mammal research permit in
the US), the few directly relevant CEEs on wild marine
mammals have not clearly been translated into impact
thresholds or conservation measures in the US. I am not
aware of any CEE using LFA sonar, ATOC, or seismic
noise that resulted in any more stringent or protective man-
agement measures, despite clear (but difficult to interpret)
responses exhibited by the animals to the noise exposure.
On the contrary, allowable noise exposure levels have stead-
ily risen (become less protective) in recent years.



While Nowacek et al. (2007) argue strongly for the use of
CEEs and also cite Bejder et al. (2006a, 2006b), they do not
clarify sufficiently that the short-term CEE used in this re-
search would have, in fact, resulted in conclusions that were
contrary to what the long-term (non-CEE) study determined
(Bejder et al. 2006a). From the CEE alone, the moderate be-
havioral responses of the impact-site dolphins seemed to
show that long-term tourism vessel activity had no adverse
effect on resident dolphins (Bejder et al. 2006a). Only be-



cause of the long-term study of photo-identified dolphins,
however, were Bejder et al. (2006b) able to conclude that
dolphin-watching tourism contributed to a long-term decline
in abundance at the impact site. Adult females seem to stay
in the impact site and suffer reduced reproductive success
(Bejder 2005), though ecological contributing factors (e.g.,
prey abundance) could not be ruled out. Thus, CEEs lend
themselves to being more easily incorrectly interpreted than
long-term studies, further limiting the usefulness of CEEs.



Disturbance studies
Disturbance studies can be similarly difficult to interpret,



as they may yield counterintuitive or paradoxical results. For
instance, in some species and situations, the weaker the be-
havioral response, the more serious the impact on the popu-
lation. Individuals with lower energy reserves or no
alternative habitat cannot afford to flee repeatedly from dis-
turbance but are forced to remain and continue feeding, ap-
parently unresponsive to disruption (Gill et al. 2001;
Stillman and GossCustard 2002). Yet these individuals are
in fact more vulnerable to disturbance. Again, animals do
not always react in an observable or obvious manner even
if they are seriously impacted.



When repeatedly exposed to the same type of noise, ani-
mals may habituate or become accustomed to that particular
noise over time. Alternatively, animals may show a height-
ened responsiveness to noise over time, especially if it is as-
sociated with a negative experience. Unfortunately, hearing
impairment can be misinterpreted to represent habituation,
as both would appear to the observer as a decrease in re-
sponsiveness to noise. In addition, what appears to be habit-
uation may in fact be the most sensitive individuals
permanently vacating the area, while the least sensitive stay
(Bejder et al. 2006a). These two scenarios can only be dis-
tinguished if all individuals are known and tracked (Bejder
et al. 2006b). This is another reason why indepth long-term
studies are needed to clarify the full picture of impacts.



Cumulative and synergistic effects
The threats cetaceans are confronted with, such as fish-



eries bycatch, habitat degradation, chemical pollution, whal-
ing, vessel strikes, and global warming, do not often occur
in isolation. Such stressors may interact cumulatively or syn-
ergistically. For example, human impacts on marine ecosys-
tems such as overfishing, eutrophication, climate change,
and ultraviolet radiation interact to produce a larger effect
than simply the sum of their parts (Lotze and Worm 2002;
Worm et al. 2002). In the same way, anthropogenic noise
could interact with marine mammal bycatch or ship colli-
sions by preventing animals from sensing fishing gear or on-
coming vessels (through either hearing damage or masking),
making them more vulnerable to injury or death, as some
evidence seems to indicate (Todd et al. 1996; Andre et al.
1997). Multiple sources of noise could also interact cumula-
tively or synergistically, such as when several seismic sur-
veys take place in adjacent or even the same areas, or naval
sonars from multiple ships produce confusing sound fields.
Studies on fish have demonstrated that ‘‘. . . failure to prop-
erly account for interactions occurring between stressors can
lead to substantial underestimation of stressor effects, partic-
ularly as stressor intensity rises’’ (Power 1997). Of course,
synergistic interactions may also work in the opposite direc-
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tion, in that stressors may at least partially cancel one an-
other out. Regardless of the direction of the interaction, syn-
ergistic effects must be taken into account to properly
evaluate the impacts of multiple stressors, though this will
prove challenging when studying the consequences of noise
on cetaceans.



Indirect impacts of noise on cetaceans
Although public attention has focussed on the effects of



undersea noise on cetaceans, an increasing amount of re-
search has established impacts on a broad range of species
throughout the marine ecosystem, including fish and inverte-
brates. Cetaceans cannot be considered in isolation from
other marine species, and acoustic impacts on prey species
are of particular concern, as these may indirectly affect ceta-
cean populations. Even apparent short-term responses of ce-
taceans to noise, such as fewer prey-capture attempts, may
in reality represent reactions of the prey species to noise,
with cetaceans responding to the prey rather than directly to
the noise. Thus, a brief overview of selected studies on fish
and invertebrates is warranted.



Fish are very acoustic animals, in general, using sound to
perceive their environment, for mating, communication, and
predator avoidance (Popper 2003). Settling reef fish larvae
orient toward and select reefs based on sound (Simpson et
al. 2005).



A wide range of acoustic impacts on fish has been ob-
served. Seismic air guns extensively damaged fish ears at
distances of 500 m to several kilometres from seismic sur-
veys. No recovery was apparent 58 days after exposure
(McCauley et al. 2003). TTS has been induced in several
fish species, sometimes under fairly moderate levels of noise
exposure and with fish occasionally requiring weeks to re-
cover their hearing (Scholik and Yan 2002a; Amoser and
Ladich 2003; Smith et al. 2004). In other species (e.g., blue-
gill sunfish, Lepomis macrochirus Rafinesque, 1819), no sig-
nificant change in auditory sensitivity with noise was
observed (Scholik and Yan 2002b). Noise has been shown
to produce a stress response in some fish (Smith et al.
2004; Wysocki et al. 2006), but not in others (McCauley et
al. 2000). Behavioral reactions to anthropogenic noise in-
clude dropping to deeper depths, milling in compact schools,
‘‘freezing’’, or becoming more active (Dalen and Knutsen
1987; Pearson et al. 1992; Skalski et al. 1992; Santulli et al.
1999; McCauley et al. 2000; Slotte et al. 2004). Reduced
catch rates of 40%–80% and decreased abundance have
been reported near seismic surveys in species such as Atlan-
tic cod (Gadus morhua L., 1758), haddock (Melanogrammus
aeglefinus (L., 1758)), rockfish (genus Sebastes G. Cuvier,
1829), herring (Clupea harengus L., 1758), sand eel (Ammo-
dytes marinus Raitt, 1934), and blue whiting (Micromesis-
tius poutassou (Risso, 1827)) (Dalen and Knutsen 1987;
Løkkeborg 1991; Skalski et al. 1992; Engås et al. 1996;
Hassel et al. 2004; Slotte et al. 2004). Other studies have
shown no significant change in the hook-and-line catch rate
(Pickett et al. 1994) and no migration out of the seismic sur-
vey area (Pickett et al. 1994; Wardle et al. 2001; Hassel et
al. 2003). Popper et al. (2007) exposed rainbow trout (Onco-
rhynchus mykiss (Walbaum, 1792)), a nonhearing specialist,
to LFA sonar to a maximum received rms level of 193 dB re
1 mPa2 for 324 or 648 s. They found a 20 dB hearing thresh-



old shift at 400 Hz, but there was within-species variation in
different groups of trout obtained from the same supplier.
As a freshwater species, this species would not be exposed
to LFA sonar during operation.



There have also been indications that invertebrates are not
immune from the effects of anthropogenic noise. Nine giant
squid (Architeuthis dux Steenstrup in Harting, 1860) mass
stranded, some of them live, together with geophysical sur-
veys using air guns in 2001 and 2003 in Spain (Guerra et al.
2004). The squid all had internal injuries, some severe, with
internal organs badly damaged. Bruised ovaries and injuries
to the equilibrium receptor system or statocysts were also
observed. Fisheries and Oceans Canada (formerly the De-
partment of Fisheries and Oceans) held a scientific peer-
review meeting in September 2004 of a study of snow
crabs (Chionoecetes opilio (J.C. Fabricius, 1788)) under
seismic noise conditions. Crabs showed bruised organs and
abnormal ovaries, delayed embryo development, smaller
larvae, sediments in their gills and statocysts, and changes
consistent with a stress response compared with control an-
imals (Department of Fisheries and Oceans 2004). Differ-
ences in environmental conditions between control and
experimental sites may have accounted for some of the dif-
ferences in response, but reviewing scientists largely felt
these observations warranted concern. Brown shrimp
(Crangon crangon (L., 1758)) reared in tanks showed an
increase in metabolic rate with moderate increases in con-
tinuous background noise, leading to significant reduction
in growth and reproduction over 3 months (Lagardère
1982; Régnault and Lagardère 1983).



Management implications



Safe exposure levels
Regulators have often sought to establish a particular



noise level that would trigger management action, such as
temporary shut-down of the noise source until the cetacean
moves away. Such a noise level has been very difficult to
determine, particularly as there is such a wide variety of re-
sponses between species, situations, and noise sources to
name a few. Prior to 1994, the US National Marine Fisheries
Service used the ‘‘120 dB criterion’’ as a received level
above which potentially harmful noise effects may occur,
and thus attempted to limit exposures to animals to below
this level. The ‘‘120 dB criterion’’ was based on two series
of field studies (Malme et al. 1983, 1984; Richardson et al.
1985, 1990) in which gray and bowhead whales showed a
remarkable consistency in avoidance of continuous industrial
noise at average received levels of 120 dB re 1 mPa (SPL,
sound pressure level). Since then, allowable noise levels in
the US have increased to 195 dB re 1 mPa2�s received en-
ergy flux density for TTS and 215 dB re 1 mPa2�s received
energy flux density for PTS. Energy flux density (EL) is a
measure that incorporates duration of exposure which seems
appropriate, but is nevertheless based on very limited data
from a few individuals of a few species. For a sound of 1 s
duration, this level for only TTS (195 dB) is more than
10 000 000 times more intense than 120 dB (the decibel
scale is logarithmic). EL is calculated as SPL + 10 log10 T,
where T is the sound duration (s). Thus, the allowable expo-
sure level would be 185 dB re 1 mPa2�s for a 10 s exposure
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duration and 175 dB re 1 mPa2�s for a 100 s exposure dura-
tion. These exposure levels would only reach 120 dB re
1 mPa2�s after over 31 000 000 s or about 1 year (359 days).



Mitigation measures and their shortcomings
Mitigation measures are sometimes used to reduce the ex-



posure of cetaceans to noise, though the effectiveness of
many of these tools has not been established or even
studied. Mitigation guidelines also vary considerably be-
tween countries and noise sources. Weir and Dolman (2007)
compared marine mammal mitigation guidelines for seismic
surveys between regions, making recommendations for a
worldwide standard.



Safety zones are a common mitigation measure. Here, vis-
ual observers scan for cetaceans near the sound source and
temporarily shut it down or reduce its power if animals are
spotted within a prescribed distance. The size of a safety
zone is determined based on a particular noise level above
which cetaceans should not be exposed. Not only is this as-
sumed ‘‘safe’’ noise level difficult to determine (see above),
but ascertaining the safety zone distance corresponding to
this level is not always straightforward. Sound levels drop
with increasing distance from the source, but sometimes in
complex ways. For example, US regulations prohibit expos-
ing cetaceans to levels >180 dB rms re 1 mPa and establish a
safety zone of 500 m. While this has become standard prac-
tice in some jurisdictions, not only is there little scientific
justification for the 180 dB rms criterion, but several studies
have demonstrated that for some noise sources in some en-
vironments exposures >180 dB rms can occur well beyond
500 m (International Whaling Commission 2007). Madsen
et al. (2006) found that in the Gulf of Mexico received lev-
els can be as high at a distance of 12 km from a seismic
survey as they are at 2 km (in both cases >160 dB peak-to-
peak). Received levels, as determined from tags on sperm
whales, generally decreased at distances of 1.4 to 6–8 km
from the seismic survey, but then at greater distances, levels
increased again (Madsen et al. 2006). Moreover, Madsen
(2005) pointed out that it is inappropriate to specify ‘‘safe’’
noise levels (such as the 180 dB rms criterion) by rms pres-
sures for transients like seismic pulses. This measure de-
pends on the window of time used to average squared
pressures, resulting in differences of 2–12 dB in rms sound
pressure for the same waveform. Thus, to more accurately
characterize the energy of the pulse in the interest of pre-
venting exposures to damaging high-peak pressures, safety
levels for transients should be given by received peak-to-
peak SPLs and energy flux density, rather than rms SPLs
(Madsen 2005).



The frequency content and thus propagation of noise sour-
ces can also be different from what was originally thought,
requiring constant verification in the field, rather than sim-
ply acoustic modelling. For instance, Goold and Fish (1998)
and International Whaling Commission (2007) demonstrated
that significant high-frequency noise and horizontal propaga-
tion is produced by seismic surveys, despite air guns gener-
ally being designed to produce mainly low-frequency sound
directed vertically downward. Similarly, species can some-
times sense sounds that they would not be predicted to
sense. Low-frequency noise generated by offshore wind tur-
bines, for instance, is still audible to high-frequency special-



ists such as harbor porpoises, as evidenced by their reactions
to it (Koschinski et al. 2003). As mentioned above, it is con-
ceivable that animals may be able to detect other features of
noise (e.g., its ‘‘envelope’’) or may be sensing vibrations
through their skin or through resonance or other nonauditory
effects.



The effectiveness of visual safety zones in reducing the
exposure of cetaceans to harmful noise is also questionable
because visual detection rates for cryptic species such as
beaked whales are very poor, especially under conditions of
poor visibility (high winds, night, fog, etc.). For deep-diving
beaked whales, average detection rates are only 1%–2% of
all animals under typical survey conditions (Barlow and
Gisiner 2006).



Similarly, use of the mitigation tool known as ‘‘ramp-up’’
or ‘‘soft start’’ assumes that animals will move away if the
noise source is gradually increased in loudness. This has
never been proven, however. In fact, ‘‘ramp up’’ may do
more harm than good if animals approach the sound source
initially out of curiosity when levels are still low and then
become exposed to loud levels before they have a chance to
retreat. In addition, as sound fields can be complex, ‘‘ramp
ups’’ may not give the animal enough information to know
in which direction to swim to minimize their noise exposure.
Stone and Tasker (2006) found that the distance cetaceans
were from the seismic survey vessel during ‘‘ramp up’’ was
not significantly different from when the vessel was either
shooting at full power or not shooting at all. However, ceta-
ceans were generally seen heading away from the seismic
vessel during ‘‘ramp up’’, and some animals were seen to
startle during the beginning of the ‘‘ramp up’’, suggesting a
full-powered start up would perhaps have elicited an even
greater startle reaction.



Precaution
Because of the limited ability of scientific methods to de-



tect the full impacts of noise on cetaceans and especially on
the wider marine environment, and because of the potential
for harm to occur before it is detected, the noise issue has
been highlighted as a case where the application of precau-
tion in management is particularly warranted (Mayer and
Simmonds 1996). It is improbable that there will be conclu-
sive evidence of causality for many, especially subtle,
acoustically induced potential population-level impacts, par-
ticularly within the time frames where irreversible popula-
tion and ecosystem-level effects may occur (Weilgart 2007).
For instance, detecting precipitous declines in most marine
mammal stocks, let alone population decreases linked with
noise impacts, is all but impossible without substantially in-
creased monitoring effort. Taylor et al. (2007) noted that
72% of large whale declines, 90% of beaked whale declines,
and 78% of dolphin or porpoise declines would not be de-
tected under current monitoring effort, even if the declines
were so dramatic as to represent a 50% decrease in abun-
dance in 15 years.



For such reasons, increasing numbers of international
legislative fora have recognized that protective and preven-
tative action should not be delayed until full scientific cer-
tainty is established, the so-called precautionary approach.
For instance, as previously mentioned, the United Nations
Convention on the Law of the Sea defines ‘‘pollution of the
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marine environment’’ as ‘‘the introduction by man, directly
or indirectly, of substances or energy into the marine
environment . . . which results or is likely to result in such
deleterious effects as harm to living resources and marine
life . . .’’ (article 1.1.4). The reference to ‘‘is likely to result’’
in the definition indicates that ‘‘deleterious effects’’ do not
need to be evident yet but would reasonably be expected to
occur. Thus, precaution is inherent in the definition. This
definition of marine pollution has been incorporated verba-
tim into several international conventions and treaties, e.g.,
the OSPAR and Helsinki Conventions, UNEP Regional
Seas Program, etc. (Dotinga and Oude Elferink 2000). The
precautionary approach increases the chances of being able
to contain an environmental problem before irreversible
damage is done. As such, reducing overall noise levels (the
‘‘acoustic footprint’’) in the marine environment should be a
priority. Secondly, distancing noise events from biologically
important areas or concentrations of cetaceans should be
pursued. These two mitigation measures will probably go
furthest in protecting cetaceans from anthropogenic noise.



Source modification
Engineering modifications of the sound source and the



use of alternative technologies can reduce overall noise lev-
els. For instance, for seismic air guns, the International
Whaling Commission’s Scientific Committee recommended
additional research into other alternate signal sources or
techniques (International Whaling Commission 2007). In ad-
dition to reducing overall noise levels, changes to certain
characteristics of noise sources could make them less dam-
aging to cetaceans. It is unknown exactly which characteris-
tics are especially harmful, but some educated guesses can
be made based on the characteristics of the animals’ own
calls. For example, sound sources using mid-frequencies (1–
20 kHz) or low frequencies above ~5 Hz, those with longer
durations, rapid rise times, broad directionality (wide
beams), higher duty cycles (percentage of time actually
transmitting), and repetition rates would probably be most
problematic for cetaceans (Møhl 2004). Consequently, noise
producers could be developing alternatives that minimize
these characteristics to the extent possible. The following
are examples of ways in which overall noise levels could be
reduced:
. Quieter ships can be constructed, as this is well within



current technological knowledge and capability. Propel-
lers can be designed to limit cavitation, the formation
and collapse of tiny air bubbles, which is the source of
most shipping noise. Noncavitating, surface-piercing
drives are already available for smaller boats. Sound iso-
lating and absorbing techniques such as resilient isolation
mounts, flexible hoses, and pipe hangers can reduce ra-
diated mechanical energy (Southall 2005). Much mechan-
ical noise can be minimized by good engine maintenance.
Such measures would tend to increase efficiency, decrease
fuel usage, and reduce engine repairs, while providing
quieter, more comfortable living conditions for humans
onboard (Southall 2005). While retrofitting ships to make
them quieter is usually a much more expensive proposi-
tion than building them new using quieting technologies,
an exception is the use of large kites such as SkySails
(http://skysails.info/index.php?L=1 [accessed 23 Novem-



ber 2007]) that can be attached to the bow of practically
any ship to dramatically increase fuel efficiency and de-
crease engine noise at the same time. Especially slower
moving ships such as tankers could benefit from this tech-
nology. It is possible that some classes of ships, such as
tankers, may contribute disproportionately to shipping
noise, in which case such harnessing of wind power could
make a considerable difference in reducing ocean noise.
Altering shipping routes to distance them from biologi-
cally important cetacean habitats is another method for re-
ducing sound levels in critical areas, and this mitigation
would have the added benefit of reducing the risk of ship
collisions with whales. Reducing ship speed also mini-
mizes the chances of collisions with whales while redu-
cing noise output. Laist et al. (2001) found that most
serious or lethal injuries to whales from ship strikes oc-
curred when ships were travelling at or in excess of 14
knots (~26 km/h).



. As an alternative to air guns used for seismic surveys, a
quieter marine vibrator has been developed with substan-
tially less energy above 100 Hz (Deffenbaugh 2002). A
disadvantage of this technology is that, while quieter, the
duration of noise is longer. Other alternatives include a
mobile sea floor source with surface trawled receivers or
even a fully autonomous sea floor seismic survey vehicle,
as well as electromagnetic imaging or mapping. A highly
sensitive optical fibre hydrophone (underwater micro-
phone) developed in Australia may be a potential alterna-
tive to seismic air guns. This sensor could also be used
for security and submarine surveillance, though it requires
further testing. (http://theage.com.au/news/National/
New-sensor-to-boost-undersea-exploration/2005/08/18/
1123958156896.html [accessed 23 November 2007]).
Geophysicists have found that they can process back-
ground acoustic noise to gain information about the
earth’s crust, perhaps eventually obviating the need for
seismic air guns. (http://sciencedaily.com/releases/2006/
12/061207161055.htm [accessed 23 November 2007]). In-
creasing the number, configuration, and capacity of
hydrophone receivers in general or improving signal-
processing techniques could allow for reduced noise le-
vels or a smaller area of impact (less horizontal propa-
gation). The development of ‘‘suppressor’’ devices to
reduce the high-frequency noise content from air guns,
an unnecessary byproduct, has been recommended by
the Joint Nature Conservation Committee (2004).



. The Dutch and Norwegian navies are experimenting with
techniques to alter the characteristics of some of their so-
nars to reduce the risk to whales (Lok 2004). Levine et
al. (2004) advised the US Navy to explore the use of
complex waveforms that would retain Doppler sensitivity
but would have lower peak amplitudes (Levine et al.
2004). A new sensor using optical fibres has been devel-
oped that can detect quiet underwater targets such as en-
emy submarines, while also providing unambiguous
directional information without the addition of noise
(http://physorg.com/news89307791.html [accessed 23 No-
vember 2007]).
Many of the abovementioned new technologies are still in



development but are presented as possibilities or visions for
the future.
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Seasonal and geographic exclusions
Geographic areas or regions that are considered biologi-



cally important for cetaceans (breeding, feeding, and migra-
tory areas) should be distanced from noise events or
activities either seasonally, or year-round, depending on ce-
tacean abundance. In November 2004, for example, because
of the many past beaked whale strandings in the area, the
Spanish government announced a moratorium on the mili-
tary use of active sonar in waters around the Canary Islands
of Lanzarote and Fuerteventura, out to a distance of 50 km
(resolución 79/2004, 102 Boletı́n Oficial del Estado 16643-
45, Statement of Bono Martinéz, Senior Defense Minister
of Spain). Oil and gas explorations and, seasonally, vessel
traffic are not allowed in the Marine Mammal Protection
Zone in the Great Australian Bight (Anonymous 2005). The
Brazilian government has prohibited seismic surveys off the
Bahia and Espı́rito Santo coast during the humpback whale
breeding season, a measure considered positive by the Inter-
national Whaling Commission’s Scientific Committee (Inter-
national Whaling Commission 2007).



Marine protected areas
Marine protected areas (MPAs), if well-managed, offer



one of the most effective means to protect cetaceans and
their habitat. MPAs are also one of the only ways to safe-
guard cetaceans from the cumulative and synergistic impacts
of noise, as well as from other anthropogenic stressors.
Models of cetacean distribution could identify cetacean ‘‘hot
spots’’ globally, which can be used to determine the location
of suitable MPAs. Regulations surrounding MPAs should
extend toward the entire ecosystem if they are to achieve
their purpose. Noise buffer zones around existing and new
MPAs may be required for adequate protection from noise
sources.



Reduction in noise-producing activities
Different companies sometimes seismically survey the



same areas for competitive reasons. Some of this duplication
could be avoided by having companies share data or by em-
ploying a common surveyor. By maximizing the coverage of
seismic survey lines to reduce the number of passes, by us-
ing simulators wherever possible in naval training exercises,
and by attempting to fill every cargo ship to capacity for
every journey to minimize the number of trips needed, over-
all noise output can be reduced.



Monitoring
Monitoring and reporting are essential parts of manage-



ment since the effectiveness of management actions can
thus be determined. To adequately monitor the impacts of
noise-producing activities, the detection level of cetacean
strandings and mortalities at sea needs to be improved. Pas-
sive acoustic monitoring (PAM) is also useful to detect the
presence of vocalizing cetaceans (information which can be
used to determine whether or when a noise event should
proceed), to assess the sources and levels of anthropogenic
noise present, especially in important habitats such as
MPAs, and to ascertain how noise affects the distribution
and vocalizations of cetaceans. PAM can be undertaken us-
ing either towed hydrophones or remote autonomous record-
ing devices.



Research recommendations
While research on the effects of undersea noise on ceta-



ceans is undoubtedly worthwhile, it will be difficult to gain
enough insight into such impacts to protect cetaceans within
the foreseeable future. As such, perhaps the emphasis for fu-
ture research should instead be on how to make noise safer.
Improving mitigation tools would thus be a worthwhile goal.
(1) Research should be focussed on developing more effec-



tive mitigation tools, such as improving PAM, and engi-
neering modifications, such as finding quieter or safer
alternatives to noise sources (e.g., with shorter durations,
narrower directionality, eliminating unnecessary frequen-
cies, etc.).



(2) To avoid exposing concentrations of  cetaceans  and
other marine life to noise, baseline research needs to be
undertaken to identify such ‘‘hot spots’’. Conversely,
‘‘cold spots’’ or deserts for marine life could be more
suitable for noise-producing activities and should be
identified.



(3) Thorough  and complete retrospective analyses of strand-
ing data should be conducted, using suitable controls.
For greatest validity, noise events worldwide, including
naval maneuvers, should be disclosed and documented.
Stranding networks should be expanded worldwide and
data consolidated, while up-to-date protocols for strand-
ing necropsies should be established and distributed, to
better detect acoustic injuries.



(4) To gain the most indepth information on population-
level impacts, long-term, systematic observations of
known individual cetaceans in the wild are necessary.
Individuals should be studied in different noise condi-
tions using ongoing noise-producing activities to avoid
adding more noise to the environment.



(5) The effects  of noise on ecological processes and popula-
tion dynamics should be studied, along with the cumula-
tive and synergistic effects of noise together with other
environmental stressors.



(6) Stress hormones (e.g., in feces) should  be examined
from cetaceans in noisy and quiet areas.



(7) Hearing in more easily studied free-ranging cetaceans or
pinnipeds could be studied in high-noise areas compared
with suitable controls.



Conclusions
Anthropogenic ocean noise is clearly a serious issue for



cetaceans, though the full scale of the problem is difficult
to determine. Large areas of ocean can be affected by even
one noise source, and noise levels are steadily increasing,
dramatically so in some areas. Some strandings, especially
those involving beaked whales, are conclusively caused by
noise events such as military maneuvers involving naval so-
nars, and these strandings or mortalities at sea are likely
underestimated. Such strandings can and have produced at
least local population-level impacts in beaked whales. Other
ways cetacean populations can be impacted by noise are
through chronic effects such as increased stress levels, aban-
donment of important habitat, and masking, as well as vocal
responses that may reduce foraging efficiency or mating op-
portunities. While such reactions to noise have all been
documented in cetaceans, it is unclear whether they translate
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into population impacts, as such impacts are particularly dif-
ficult to prove for cetaceans. Much uncertainty still exists
about cetacean hearing, and extrapolations across individu-
als, species, age classes, etc., remain controversial. The ceta-
cean auditory system may also not be the most sensitive
system in the body to noise exposure, and a narrow focus
on hearing impairment may miss important nonauditory ef-
fects of noise such as skin sensations, resonance, and gas
and fat emboli.



Variability (between individuals, species, age classes, etc.)
in the behavioral response to noise makes the management
objective of establishing ‘‘safe’’ noise exposure levels diffi-
cult, in addition to the problems with using short-term re-
sponses to noise as an indication of long-term population
impacts. Noise impacts on other components of the ecosys-
tem, such as prey species, must also be considered for man-
agement purposes, especially as fish seem quite vulnerable
to noise. In addition, cumulative and synergistic impacts of
noise should be taken into account, as interactions between
environmental stressors may magnify their impacts on ceta-
ceans. In light of the many data gaps and uncertainties, a
precautionary approach to managing noise seems warranted.
While many mitigation tools are questionable in their effec-
tiveness, the two that will probably go furthest in protecting
cetaceans from noise are reducing noise levels and distanc-
ing noise from biologically important areas. Marine pro-
tected areas may be especially important in safeguarding
cetaceans from cumulative and synergistic effects. Monitor-
ing noise levels and cetacean vocalizations in such critical
areas will also be key to the success of any management ef-
fort. In any case, it is clear that ocean noise must be man-
aged both nationally and internationally to protect cetaceans
and the marine ecosystem before irreversible damage occurs.
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man, J., Gregg, M., Katz, J., Munk, W., and Weinberger, P.
2004. Active sonar waveform. Report from MITRE Corporation,
JASON program, JSR-03-200, to the Office of Naval Research,
Arlington, Va.



Lok, J.-J. 2004. Green issues loom larger in future blue-water ac-
tive sonar operations. Jane’s International Defense Review,
2004(Aug.): 44–47.



Løkkeborg, S. 1991. Effects of a geophysical survey on catching
success in longline fishing. ICES C.M. B: 40.



Lotze, H.K., and Worm, B. 2002. Complex interactions of climatic
and ecological controls on macroalgal recruitment. Limnol.
Oceanogr. 47: 1734–1741.



Lusseau, D. 2003. Male and female bottlenose dolphins Tursiops
spp. have different strategies to avoid interactions with tour
boats in Doubtful Sound, New Zealand. Mar. Ecol. Prog. Ser.
257: 267–274. doi:10.3354/meps257267.



Lusseau, D. 2006. The short-term behavioral reactions of bottle-
nose dolphins to interactions with boats in Doubtful Sound,
New Zealand. Mar. Mamm. Sci. 22: 802–818. doi:10.1111/j.
1748-7692.2006.00052.x.



Madsen, P.T. 2005. Marine mammals and noise: problems with
root mean square sound pressure levels for transients. J. Acoust.
Soc. Am. 117: 3952–3957. doi:10.1121/1.1921508. PMID:
16018497.



Madsen, P.T., and Møhl, B. 2000. Sperm whales (Physeter catodon
L. 1758) do not react to sounds from detonators. J. Acoust. Soc.
Am. 107: 668–671. doi:10.1121/1.428568. PMID:10641677.



Madsen, P.T., Møhl, B., Nielsen, B.K., and Wahlberg, M. 2002.
Male sperm whale behaviour during exposures to distant seismic
survey pulses. Aquat. Mamm. 28: 231–240.



Madsen, P.T., Johnson, M., Miller, P.J.O., Aguilar Soto, N., Lynch,
J., and Tyack, P. 2006. Quantitative measures of air-gun pulses
recorded on sperm whales (Physeter macrocephalus) using
acoustic tags during controlled exposure experiments. J. Acoust.
Soc. Am. 120: 2366–2379. doi:10.1121/1.2229287. PMID:
17069331.



Madsen, P.T., Wahlberg, M., Tougaard, J., Lucke, K., and Tyack,
P. 2006. Wind turbine underwater noise and marine mammals:
implications of current knowledge and data needs. Mar. Ecol.
Prog. Ser. 309: 279–295. doi:10.3354/meps309279.



Malme, C.I., Miles, P.R., Clark, C.W., Tyack, P., and Bird, J.E.
1983. Investigations of the potential effects of underwater noise
from petroleum industry activities on migrating gray whale be-
havior. Rep. No. NTIS PB86-174174 of Bolt Beranek & New-
man, Inc., Cambridge, Mass., to U.S. Minerals Management
Service, Anchorage, Alaska.



Malme, C.I., Miles, P.R., Clark, C.W., Tyack, P., and Bird, J.E.
1984. Investigations of the potential effects of underwater noise
from petroleum industry activities on migrating gray whale be-
havior. Phase II: January 1984 migration. Rep. No. NTIS PB86-
218377 of Bolt Beranek & Newman, Inc., Cambridge, Mass., to
U.S. Minerals Management Service, Anchorage, Alaska.



Martı́n, V., Servidio, A., and Garcı́a, S. 2004. Mass strandings of



beaked whales in the Canary Islands. In Proceedings of the
Workshop on Active Sonar and Cetaceans, Las Palmas, Gran
Canaria, 8 March 2003. Edited by P.G.H. Evans and L.A.
Miller. European Cetacean Society Newsletter No. 42, Special
Issue. pp. 33–36.



Mayer, S., and Simmonds, M.P. 1996. Science and precaution in
cetacean conservation. In The conservation of whales and dol-
phins. Edited by M.P. Simmonds and J.D. Hutchinson. Wiley
and Sons, New York. pp. 391–406.



McCauley, R.D., Fewtrell, J., Duncan, A.J., Jenner, C., Jenner,
M.N., Penrose, J., Prince, R.I.T., Adhitya, A., Murdoch, J., and
McCabe, K. 2000. Marine seismic surveys — a study of envir-
onmental implications. Australian Petroleum Production and Ex-
ploration Association Journal, 40: 692–708.



McCauley, R.D., Fewtrell, J., and Popper, A.N. 2003. High inten-
sity anthropogenic sound damages fish ears. J. Acoust. Soc.
Am. 113: 638–642. doi:10.1121/1.1527962. PMID:12558299.



McDonald, M.A., Hildebrand, J.A., and Wiggins, S.M. 2006. In-
creases in deep ocean ambient noise in the Northeast Pacific
west of San Nicolas Island, California. J. Acoust. Soc. Am.
120: 711–718. doi:10.1121/1.2216565. PMID:16938959.



McSweeney, D.J., Baird, R.W., and Mahaffy, S.D. 2007. Site fide-
lity, associations, and movements of Cuvier’s (Ziphius caviros-
tris) and Blainville’s (Mesoplodon densirostris) beaked whales
off the island of Hawai‘i. Mar. Mamm. Sci. 23: 666–687.
doi:10.1111/j.1748-7692.2007.00135.x.



Miksis, J.L., Grund, M.D., Nowacek, D.P., Solow, A.R., Connor,
R.C., and Tyack, P.L. 2001. Cardiac responses to acoustic play-
back experiments in the captive bottlenose dolphin (Tursiops
truncatus). J. Comp. Psychol. 115: 227–232. doi:10.1037/0735-
7036.115.3.227. PMID:11594491.



Miller, P.J.O., Biasson, N., Samuels, A., and Tyack, P.L. 2000.
Whale songs lengthen in response to sonar. Nature (London),
405: 903. doi:10.1038/35016148. PMID:10879521.



Mitchell, E.D. 2005. What causes lesions in sperm whale bones?
Science (Washington, D.C.), 308: 631–632. doi:10.1126/science.
1109805. PMID:15864831.



Moore, M.J., and Early, G.A. 2004. Cumulative sperm whale bone
damage and the bends. Science (Washington, D.C.), 306: 2215.
doi:10.1126/science.1105452. PMID:15618509.



Moore, M.J., and Early, G.A. 2005. Response: What causes lesions
in sperm whale bones? Science (Washington, D.C.), 308: 631–
632.



Morton, A.B., and Symonds, H.K. 2002. Displacement of Orcinus
orca (L.) by high amplitude sound in British Columbia. ICES J.
Mar. Sci. 59: 71–80. doi:10.1006/jmsc.2001.1136.



Møhl, B. 2004. Sperm whale sonar rivals tactical sonar with source
levels at 235 dB. In Proceedings of the Workshop on Active So-
nar and Cetaceans, Las Palmas, Gran Canaria, 8 March 2003.
Edited by P.G.H. Evans and L.A. Miller. European Cetacean So-
ciety Newsletter No. 42, Special Issue. pp. 41–42.



Møhl, B., Wahlberg, M., Madsen, P.T., Miller, L.A., and Surlykke,
A. 2000. Sperm whale clicks: directionality and source level re-
visited. J. Acoust. Soc. Am. 107: 638–648. doi:10.1121/1.
428329. PMID:10641672.



Nachtigall, P.E., Pawlowski, J.L., and Au, W.W.L. 2003. Tempor-
ary threshold shifts and recovery following noise exposure in the
Atlantic bottlenose dolphin (Tursiops truncatus). J. Acoust. Soc.
Am. 113: 3425–3429. doi:10.1121/1.1570438. PMID:12822812.



Nachtigall, P.E., Supin, A.Y., Pawlowski, J.L., and Au, W.W.L.
2004. Temporary threshold shifts after noise exposure in a bot-
tlenose dolphin (Tursiops truncatus) measured using evoked
auditory potentials. Mar. Mamm. Sci. 20: 673–687. doi:10.
1111/j.1748-7692.2004.tb01187.x.



Weilgart 1113



# 2007 NRC Canada











Nachtigall, P.E., Yuen, M.M.L., Mooney, T.A., and Taylor, K.A.
2005. Hearing measurements from a stranded infant Risso’s dol-
phin, Grampus griseus. J. Exp. Biol. 208: 4181–4188. doi:10.
1242/jeb.01876. PMID:16244176.



National Marine Fisheries Service. 1996. Environmental assess-
ment on conditions for lethal removal of California sea lions at
the Ballard Locks to protect winter steelhead. NMFS Environ-
mental Assessment Report. Available from Northwest Regional
Office, NMFS, NOAA, 7600 Sand Point Way NE, Seattle,
WA 98115, USA.



National Marine Fisheries Service. 2002. Status review under the
Endangered Species Act: southern resident killer whales (Or-
cinus orca). NOAA Tech. Mem. NMFS NWFSC-54. Available
from http://nwfsc.noaa.gov [accessed 28 February 2007] or by e-
mail at orders@ntis.fedworld.gov.



National Marine Fisheries Service. 2005. Assessment of acoustic
exposures on marine mammals in conjunction with USS Shoup
active sonar transmissions in the eastern Strait of Juan de Fuca
and Haro Strait, Washington, 5 May 2003. Available from
NMFS, 1315 East–West Highway, Silver Spring, MD 20910,
USA.



National Marine Fisheries Service. 2006. Small takes of marine
mammals incidental to specified activities; Rim of the Pacific
antisubmarine warfare exercise training events within the Ha-
waiian Islands Operating Area. Fed. Regist. 71: 38710–38738.



National Oceanographic and Atmospheric Administration and US
Department of the Navy. 2001. Joint interim report: Bahamas
marine mammal stranding event of 15–16 March 2000. US De-
partment of Commerce, Washington, D.C.



Nieukirk, S.L., Stafford, K.M., Mellinger, D.K., Dziak, R.P., and
Fox, C.G. 2004. Low-frequency whale and seismic airgun
sounds recorded in the mid-Atlantic Ocean. J. Acoust. Soc. Am.
115: 1832–1843. doi:10.1121/1.1675816. PMID:15101661.



Nowacek, D.P., Johnson, M.P., and Tyack, P.L. 2004. North Atlan-
tic right whales (Eubalaena glacialis) ignore ships but respond
to alerting stimuli. Proc. R. Soc. Lond. B Biol. Sci. 271: 227–
231. doi:10.1098/rspb.2003.2570.



Nowacek, D.P., Thorne, L.H., Johnston, D.W., and Tyack, P.L.
2007. Responses of cetaceans to anthropogenic noise. Mammal
Rev. 37: 81–115. doi:10.1111/j.1365-2907.2007.00104.x.



Nystuen, J.A., and Farmer, D.M. 1987. The influence of wind on
the underwater sound generated by light rain. J. Acoust. Soc.
Am. 82: 270–274. doi:10.1121/1.395563.



O’Hara, T.M., and O’Shea, T.J. 2005. Assessing impacts of envir-
onmental contaminants. In Marine mammal research: conserva-
tion beyond crisis. Edited by J.E. Reynolds III, W.F. Perrin,
R.R. Reeves, S. Montgomery, and T.J. Ragen. Johns Hopkins
University Press, Baltimore, Md. pp. 62–83.



Olesiuk, P.F., Nichol, L.M., Sowden, M.J., and Ford, J.K.B. 2002.
Effect of the sound generated by an acoustic harassment device
on the relative abundance and distribution of harbor porpoises
(Phocoena phocoena) in Retreat Passage, British Columbia.
Mar. Mamm. Sci. 18: 843–862. doi:10.1111/j.1748-7692.2002.
tb01077.x.



Payne, R., and Webb, D. 1971. Orientation by means of long range
acoustic signaling in baleen whales. Ann. N.Y. Acad. Sci. 188: 110–
141. doi:10.1111/j.1749-6632.1971.tb13093.x. PMID:5288850.



Pearson, W.H., Skalski, J.R., and Malme, C.I. 1992. Effects of
sounds from a geophysical survey device on behavior of captive
rockfish (Sebastes spp.). Can. J. Fish. Aquat. Sci. 49: 1343–1356.



Pickett, G.D., Eaton, D.R., Seaby, R.M.H., and Arnold, G.P. 1994.
Results of bass tagging in Poole Bay during 1992. Laboratory
Leaflet No. 74, Ministry of Agriculture, Fisheries and Food, Di-
rectorate of Fisheries Research, Lowestoft, UK.



Popper, A.N. 2003. The effects of anthropogenic sounds on fishes.
Fisheries (Bethesda), 28: 24–31. doi:10.1577/1548-8446(2003)
28[24:EOASOF]2.0.CO;2.



Popper, A.N., Halvorsen, M.B., Kane, A., Miller, D.L., Smith,
M.E., Song, J., Stein, P., and Wysocki, L.E. 2007. The effects
of high-intensity, low-frequency active sonar on rainbow trout.
J. Acoust. Soc. Am. 122: 623–635. doi:10.1121/1.2735115.
PMID:17614519.



Power, M. 1997. Assessing the effects of environmental stressors
on fish populations. Aquat. Toxicol. 39: 151–169. doi:10.1016/
S0166-445X(97)00020-9.



Rabin, L.A., and Greene, C.M. 2002. Changes in acoustic commu-
nication systems in human-altered environments. J. Comp.
Psychol. 116: 137–141. doi:10.1037/0735-7036.116.2.137.
PMID:12083606.



Rasmussen, M.H., Wahlberg, M., and Miller, L.A. 2004. Estimated
transmission beam pattern of clicks recorded from free-ranging
white-beaked dolphins (Lagenorhynchus albirostris). J. Acoust.
Soc. Am. 116: 1826–1831. doi:10.1121/1.1775274. PMID:
15478450.
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Thomsen, F., Lüdemann, K., Kafemann, R., and Piper, W. 2006.
Effects of offshore wind farm noise on marine mammals and
fish. biola, Hamburg, Germany on behalf of COWRIE Ltd.
Available from: http://offshorewind.co.uk/Downloads/
BIOLAReport06072006FINAL.pdf [accessed 28 February
2007].



Todd, S., Stevick, P., Lien, J., Marques, F., and Ketten, D. 1996.
Behavioural effects to underwater explosions in humpback
whales (Megaptera novaeangliae). Can. J. Zool. 74: 1661–1672.



Tyack, P.L. 1981. Interactions between singing Hawaiian hump-
back whales and conspecifics nearby. Behav. Ecol. Sociobiol. 8:
105–116. doi:10.1007/BF00300822.



Tyack, P.L., and Clark, C.W. 2000. Communication and acoustic
behavior of dolphins and whales. In Hearing by whales and dol-
phins. Edited by W. Au, A.N. Popper, and R. Fay. Springer
Handbook of Auditory Research Series. Springer-Verlag, New
York. pp. 156–224.



Tyack, P.L., and Miller, E.H. 2002. Vocal anatomy, acoustic com-
munication and echolocation. In Marine mammal biology. Edi-
ted by A.R. Hoelzel. Blackwell Science Ltd., Oxford, UK.
pp. 142–184.



Tyack, P.L., Johnson, M., Aguilar Soto, N., Sturlese, A., and Mad-
sen, P.T. 2006. Extreme diving of beaked whales. J. Exp. Biol.
209: 4238–4253. doi:10.1242/jeb.02505. PMID:17050839.



Van Parijs, S.M., and Corkeron, P.J. 2001. Boat traffic affects the
acoustic behaviour of Pacific humpback dolphins, Sousa chinen-
sis. J. Mar. Biol. Assoc. U.K., 81: 533–538. doi:10.1017/
S0025315401004180.



van Raaij, M.T., Dobbe, C.J., Elvers, B., Timmerman, A., Schenk,
E., Oortigiesen, M., and Wiegant, V.M. 1997. Hormonal status
and the neuroendocrine response to a novel heterotypic stressor
involving subchronic noise exposure. Neuroendocrinology, 65:
200–209. PMID:9088001.



Wardle, C.S., Carter, T.J., Urquhart, G.G., and Johnstone, A.D.F.
2001. Effects of seismic air guns on marine fish. Cont. Shelf
Res. 21: 1005–1027. doi:10.1016/S0278-4343(00)00122-9.



Watkins, W.A. 1986. Whale reactions to human activities in Cape
Cod waters. Mar. Mamm. Sci. 2: 251–262. doi:10.1111/j.1748-
7692.1986.tb00134.x.



Watkins, W.A., and Schevill, W.E. 1975. Sperm whales (Physeter
catodon) react to pingers. Deep-Sea Res. 22: 123–129.



Watkins, W.A., Moore, K.E., and Tyack, P. 1985. Sperm whale
acoustic behaviors in the southeast Caribbean. Cetology, 49: 1–
15.



Weilgart, L.S. 2007. The need for precaution in the regulation and
management of undersea noise. J. Int. Wildl. Law Policy, 10(3–
4).



Weir, C.R., and Dolman, S.J. 2007. Comparative review of the re-
gional marine mammal mitigation guidelines implemented dur-
ing industrial seismic surveys, and guidance towards a
worldwide standard. J. Int. Wildl. Law Policy, 10: 1–27. doi:10.
1080/13880290701229838.



Weller, D.W., Rickards, S.H., Bradford, A.L., Burdin, A.M., and
Brownell, R.L., Jr. 2006a. The influence of 1997 seismic sur-
veys on the behavior of western gray whales off Sakhalin Island,
Russia. Paper No. SC/58/E4 presented to the International Whal-
ing Commission Scientific Committee, Cambridge, UK. Avail-
able from the Office of the Journal of Cetacean Research and
Management, Cambridge, UK.



Weller, D.W., Tsidulko, G.A., Ivashchenko, Y.V., Burdin, A.M.,
and Brownell, R.L., Jr. 2006b. A re-evaluation of the influence
of 2001 seismic surveys on western gray whales off Sakhalin Is-
land, Russia. Paper No. SC/58/E5 presented to the International
Whaling Commission Scientific Committee, Cambridge, UK.



Weilgart 1115



# 2007 NRC Canada











Available from the Office of the Journal of Cetacean Research
and Management, Cambridge, UK.



Whitehead, H., and Reeves, R.R. 2005. Killer whales and whaling:
the scavenging hypothesis. Biol. Lett. 1: 415–418. doi:10.1098/
rsbl.2005.0348. PMID:17148221.



Whitehead, H., Reeves, R.R., and Tyack, P.L. 2000. Science and
the conservation, protection, and management of wild cetaceans.
In Cetacean societies. Edited by J. Mann, R.C. Connor, P.L.
Tyack, and H. Whitehead. University of Chicago Press. Chi-
cago. pp. 308–332.



Wilson, O.B.J., Wolf, S.N., and Ingenito, F. 1985. Measurements
of acoustic ambient noise in shallow water due to breaking surf.
J. Acoust. Soc. Am. 78: 190–195. doi:10.1121/1.392557.



Wimmer, T., and Whitehead, H. 2004. Movements and distribution



of northern bottlenose whales, Hyperoodon ampullatus, on the
Scotian Slope and in adjacent waters. Can. J. Zool. 82: 1782–
1794. doi:10.1139/z04-168.



Worm, B., Lotze, H.K., Hillebrand, H., and Sommer, U. 2002.
Consumer versus resource control of species diversity and eco-
system functioning. Nature (London), 417: 848–851. doi:10.
1038/nature00830. PMID:12075351.
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West Coast Harmful Algal Bloom
NOAA responds to unprecedented bloom that stretches from central California to the Alaska
Peninsula.



Clam diggers along the Washington state coast. So far this year, the presence of harmful algal bloom toxin in Washington state water's has
resulted in fishery closures, which can have tremendous economic and ecological effects. In May, the razor clam fishery closed resulting in an
estimated $9.2 million in lost income. The state's commercial crab fishery, worth roughly $84 million annually, has also been affected.



Over the past few months, a massive toxic bloom of the marine diatom Pseudo-nitzschia , stretching from central California to the Alaska Peninsula, has



resulted in significant impacts to coastal resources and marine life. NOAA has been working closely with federal, state, tribal, academic, and other partners to



respond to this unprecedented harmful algal bloom (HAB).



Blooms of Pseudo-nitzschia  occur annually at "hot spots" along the U.S. West Coast and produce a potent neurotoxin, domoic acid, which can accumulate in



shellfish, other invertebrates, and sometimes fish, leading to illness and death in a variety of seabirds and marine mammals. Human consumption of shellfish



contaminated with domoic acid can result in Amnesic Shellfish Poisoning, which can be life threatening but is also rare. For finfish like salmon, tuna, and



pollock, levels in edible portions of the animal are well below levels of concern for human consumption. Greatest human risk is from recreationally-harvested



shellfish; commercial shellfish and finfish are closely monitored and safe to eat. Each state maintains public websites indicating where harvesting shellfish can



be safely conducted.



The current bloom was detected in early May 2015, when Washington closed its scheduled razor clam digs on coastal beaches. Scientists quickly recognized



that the bloom extended from California's Channel Islands to as far north as Alaska. The bloom is the largest and longest-lasting in at least the past 15 years.



Concentrations of domoic acid in seawater, some forage fish, and crab samples have been among the highest ever reported for this region. By mid-May,
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domoic acid concentrations in Monterey Bay, California, were 10 to 30 times the level that would be considered high for a normal Pseudo-nitzschia  bloom.



Other HAB toxins also have been detected on the West Coast. For example, shellfish closures in Puget Sound currently are protecting consumers from Paralytic



Shellfish Poisoning and Diarrhetic Shellfish Poisoning.



Coastal Impacts
Impacts to coastal resources and marine life include shellfish and Dungeness crab harvesting closures in multiple states, anchovy and sardine fishery closures



in some areas of California, and sea lion strandings in California and Washington. Other marine mammal and bird mortalities have been reported in multiple



states, but domoic acid has not been confirmed as the cause. On August 20, 2015, NOAA declared an Unusual Mortality Event



(http://alaskafisheries.noaa.gov/newsreleases/2015/whales-ume082015.htm) for large whales in the Western Gulf of Alaska. Since May 2015, scientists have



recorded the mortality of 30 large whales. The HAB event is suspected of playing a role in the deaths of these whales given the noted warmer than usual ocean



temperatures in the Gulf of Alaska and the algal bloom documented in neighboring areas (Kachemak Bay). However, there is no conclusive evidence at this date



linking the whale deaths to HAB toxins.



While exact causes of the severity and early onset of the bloom are not yet known, unusually warm surface water in the Pacific is considered a factor. First



reported along the West Coast in the 1990s, Pseudo-nitzschia  blooms have also been observed off the U.S. East Coast and in the Gulf of Mexico.



NOAA's Response
At the outset of this event, NOAA already had multiple HAB projects underway along the West Coast. NOAA responded quickly after the bloom was detected to



determine its geographic extent and causes. Specific efforts by NOAA include:



NOS's National Centers for Coastal Ocean Science (NCCOS)  funded work to determine why there are Pseudo-nitzschia hot spots on the West Coast



(http://www.coastalscience.noaa.gov/projects/detail?key=152). The researchers were already conducting a field study in Monterey Bay and extended their sampling



of Pseudo-nitzschia and domoic acid to waters off of Orange County, California, in order to determine the geographic extent of the bloom. They are trying to determine



what combination of water movements and nutrients derived from either human activities (agriculture or sewage) or natural sources (upwelling), cause Pseudo-nitzschia hot



spots.



With NASA funding, NOAA and its academic partners are collaborating to provide experimental forecasts of the probability of Pseudo-nitzschia blooms and elevated domoic



acid levels along the California coast. Results are disseminated by the Central and Northern California Ocean Observing System (http://oceanservice.noaa.gov/exit.php?



url=http%3A%2F%2Fwww.cencoos.org%2F), a regional component of the U.S. Integrated Ocean Observing System (http://www.ioos.noaa.gov/) (U.S. IOOS ).



NOAA's Phytoplankton Monitoring Network (http://products.coastalscience.noaa.gov/pmn/) and Northwest Fisheries Science Center (http://www.nwfsc.noaa.gov/) helped



establish the Southeast Alaska Tribal Toxins monitoring partnership and trained Alaska tribal natural resource specialists for improved HAB detection.



NCCOS' Kasitsna Bay Laboratory (http://www.nurp.noaa.gov/Spotlight/KasitsnaBay.htm) and the Phytoplankton Monitoring Network are monitoring HAB species and



domoic acid levels in Kachemak Bay using field test kits developed from NOAA research.



The Olympic Region Harmful Algal Blooms (http://oceanservice.noaa.gov/exit.php?url=http%3A%2F%2Fwww.orhab.org%2F) partnership, established with NCCOS funding, is



monitoring Pseudo-nitzschia and domoic acid along beaches on the Washington coast.



NOAA coordinated Pseudo-nitzschia and domoic acid sampling on NOAA Fisheries survey (http://www.nwfsc.noaa.gov/news/features/west_coast_algal_bloom/index.cfm)



and ocean acidification cruises this summer from California to Alaska to identify Pseudo-nitzschia hotspots and assess the overall extent of the bloom.



The National Centers for Coastal Ocean Science and U.S. IOOS program office funded the Northwest Association of Networked Ocean Observing Systems



(http://oceanservice.noaa.gov/exit.php?url=http%3A%2F%2Fwww.nanoos.org%2F) (Pacific Northwest regional component of IOOS) to work with the Northwest Fisheries



Science Center and University of Washington researchers to provide experimental HAB forecasts for coastal Washington this summer and fall, distribute domoic acid test



kits to tribes, and develop understanding of the environmental causes of this large-scale event in order to improve future HAB forecasting efforts.



The Southern California Coastal Ocean Observing System (http://oceanservice.noaa.gov/exit.php?url=http%3A%2F%2Fsccoos.org%2F) (Pacific Southwest regional



component of IOOS) maintains the Harmful Algae and Red Tide Regional Map (http://oceanservice.noaa.gov/exit.php?



url=http%3A%2F%2Fwww.sccoos.org%2Fdata%2Fhabs%2Findex.php%3FaSiteName%3DScripps%2520Pier%26aActiveLayer%3DSCCOOS%2520Harmful%2520Algal%2520Blooms),



which disseminates HAB monitoring data from eight piers between Santa Cruz and San Diego, California.
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In July, 2015, NOAA committed $88,000 in grant and event response funding for Washington state to monitor and analyze an unusually large bloom of
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Attached please find comments from the Center for Biological Diversity on the Rose Canyon
 Fisheries offshore aquaculture project. I will be sending several additional emails with the
 references cited in the comments attached.
 
A copy of the comments and cited references are also being sent via first class mail.
 
Cheers,
Kristen
 
Kristen Monsell
Staff Attorney
Center for Biological Diversity
1212 Broadway, Ste. 800
Oakland, CA 94162
(510) 844.7100 x337
www.biologicaldiversity.org
 
This e-mail message is for the sole use of the intended recipient(s) and may contain confidential and privileged
 information. Any unauthorized review, use, disclosure, or distribution is prohibited by law. If you are not the
 intended recipient, please contact the sender by reply e-mail and destroy all copies of the original message.
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From: Teufel, Cassidy@Coastal
To: Sablad, Elizabeth
Subject: Rose Canyon Comment Letter
Date: Thursday, January 14, 2016 3:19:00 PM
Attachments: removed.txt


CCC Comments - Rose Canyon Scoping Notice.pdf


Hi Elizabeth –
Please find the attached comment letter in response to the Notice of Scoping for the Rose Canyon
 Project.  If you have any questions, please don’t hesitate to contact me.
Thanks,
Cassidy
 
 
Cassidy Teufel
Senior Environmental Scientist
Energy, Ocean Resources
and Federal Consistency
California Coastal Commission
45 Fremont Street, Suite 2000
San Francisco, CA 94105-2219
(415) 904-5502; FAX (415) 904-5400
http://www.coastal.ca.gov/


 
Every Californian should conserve water.  Find out how at:


SaveOurWater.com · Drought.CA.gov
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STATE OF CALIFORNIA—NATURAL RESOURCES AGENCY EDMUND G. BROWN, JR.,  GOVERNOR 



CALIFORNIA COASTAL COMMISSION 
45 FREMONT, SUITE 2000 
SAN FRANCISCO, CA 94105- 2219 
VOICE AND TDD (415) 904- 5200 
FAX ( 415) 904- 5400 



 



 
 



 



 
 
 
January 14, 2016 
 
 
Elizabeth Sablad 
NPDES Permits Office 
U.S. EPA Region 9 
75 Hawthorne St. (WTR-2-3) 
San Francisco, CA 94105 
 
 
Re: Notice of Scoping for the Rose Canyon Sustainable Aquaculture Project
 
 
Dear Ms. Sablad: 
 
Staff of the California Coastal Commission (“Commission”) appreciates this opportunity to 
comment on the U.S. Environmental Protection Agency’s Notice of Scoping for the Rose 
Canyon Sustainable Aquaculture Project’s Environmental Assessment (“EA”).  This proposed 
project would result in the installation and operation of the first ever commercial open-ocean 
marine finfish cultivation facility off the coast of California.   
 
In addition to seeking authorizations from the U.S. Army Corps of Engineers (“USACE”) and 
U.S. Environmental Protection Agency (“EPA”), the applicants of the Rose Canyon Sustainable 
Aquaculture Project (“Rose Canyon”) have also committed to submitting a consistency 
certification to the Commission so that it may expedite the evaluation of the proposed project 
under the federal consistency review authority provided to the Commission through the Coastal 
Zone Management Act.  As development of the EA proceeds, Commission staff will coordinate 
with Rose Canyon on the appropriate timing of this submittal so that the Commission’s review 
can consider the EA’s discussion and analysis of the project’s potential environmental impacts 
and reasonable alternatives.  We hope to be able to make use of the project EA as a key source of 
information during the Commission’s evaluation of the project’s conformity with the resource 
protection and use policies of the Coastal Act.  We also hope to continue coordinating this 
review with the USACE, EPA, U.S. Coast Guard, National Marine Fisheries Service and the 
Commission’s state resource agency partners, including the California Department of Fish and 
Wildlife and Regional Water Quality Control Boards.   
 
As the first of its kind in California, this project presents an opportunity to use this inter-agency 
coordination to establish a model review process that can be used for other similar projects in the 
future.  Commission staff therefore looks forward to working closely with EPA staff both on the 
development of this model process and evaluating the project’s potential environmental impacts.  
Along those lines, we want to draw particular attention to Senate Bill No. 201, California’s 
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Sustainable Ocean’s Act.  This forward-thinking legislation was authored in 2005 by former-
State Senator Joe Simitian and signed into law in 2006 to provide guidance and structure for 
finfish aquaculture in California so that the development and growth of this industry may be 
achieved in an environmentally sustainable manner.   
 
Among its provisions, the Sustainable Oceans Act calls for the environmental review of coastal 
marine finfish projects to consider, at a minimum, the following ten specific factors: (1) 
appropriate areas for siting marine finfish aquaculture operations to avoid adverse impacts, and 
minimize any unavoidable impacts, on user groups, public trust values, and the marine 
environment; (2) the effects on sensitive ocean and coastal habitats; (3) the effects on marine 
ecosystems, commercial and recreational fishing, and other important ocean uses; (4) the effects 
on other plant and animal species, especially species protected or recovering under state and 
federal law; (5) the effects of the use of chemical and biological products and pollutants and 
nutrient wastes on human health and the marine environment; (6) the effects of interactions with 
marine mammals and birds;  (7) the cumulative effects of a number of similar finfish aquaculture 
projects on the ability of the marine environment to support ecologically significant flora and 
fauna; (8) the effects of feed, fish meal, and fish oil on marine ecosystems; (9) the effects of 
escaped fish on wild fish stocks and the marine environment; and (10) the design of facilities and 
farming practices so as to avoid adverse environmental impacts, and to minimize any 
unavoidable impacts. 
 
Although this law applies only to finfish aquaculture facilities in state waters – and thus the Rose 
Canyon project is exempt from its requirements, we nevertheless believe the common sense 
baseline it presents for evaluating the potential impacts of such projects in the marine 
environment is worth the EPA’s consideration.  Building off of the Sustainable Oceans Act’s ten 
factors listed above, Commission staff therefore recommends that the proposed EA identify and 
evaluate the following potential environmental impacts associated with the construction and 
operation of the Rose Canyon offshore marine aquaculture facility:  
 
1. Escape of Cultured Organisms 
Despite a variety of engineering and management solutions that have been tried, most floating 
fish pens have resulted in the escape of some cultured organisms.  Please therefore evaluate in 
the EA the following issues associated with the escape of reared fish: 
 



o Genetic Pollution - Escaped organisms can interbreed with and undermine the 
genetic integrity of wild populations.  Many organisms used in aquaculture are 
raised from a limited number of broodstock, which therefore results in captive 
populations with limited genetic diversity.  In addition, the selection pressures 
placed on aquaculture organisms differ substantially from those placed on their 
wild counterparts.  Inter-breeding between escaped organisms and wild 
populations has the potential to undermine the genetic diversity of wild stock, and 
can reduce the fitness of wild populations through the loss of adaptations and the 
breakup of beneficial gene combinations. 



 
o Disease Vectors - Escaped organisms can come into contact with wild 



populations, leading to the transfer of disease and parasites.  Caged fish or 
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cultured invertebrates (imported from other areas) may be infected with pathogens 
to which wild stocks have not previously been exposed, and to which they have 
no natural immunity or resistance.  Additionally, because many aquaculture 
operations maintain target organisms at high densities and low diversities, 
parasitic and pathogenic organisms can thrive in and around these operations.  
Offshore aquaculture operations in areas of strong ocean current activity can 
allow pathogens and parasites to extend their ranges and be distributed over large 
areas, which can negatively affect non-cultured species and populations.  
Aquaculture operations in areas with less water movement can serve as reservoirs 
of parasites and pathogens, allowing them to reach levels of local abundance that 
can begin to negatively affect non-cultured organisms within the same area.   



 
o Exotic Invasive Species - California law currently prohibits raising non-native fin-



fish species and transgenic freshwater and marine fishes, invertebrates, 
crustaceans or mollusks in State waters (Fish and Game Code 15007 as amended 
in 2003 by Senate Bill 245).  Commercial rearing of exotics is a serious concern 
as escaped exotics can become an invasive species that could potentially out-
compete native species for habitat and food resources and irreversibly change 
local and regional ecosystems.  Because the Rose Canyon project proposes to 
include the cultivation of striped bass (Seriola lalandi), a fish species that is not 
native to California, please consider the particular environmental impacts 
associated with its escape from cultivation.  Although striped bass has been 
present in northern California since its introduction many decades ago and it is 
cultivated and intentionally released to the wild as part of a recreational fishing 
enhancement program there, the presence of this species in the project area and 
wider southern California region has not been well documented.  Due to its 
anadromous nature and known ability to feed on young salmonids (for example, 
studies on both east and west coasts have found that trout and salmon fry and 
fingerlings can make up a substantial portion of the diet of wild striped bass1), if 
this species were to escape from cultivation and establish a viable population in 
southern California, it may have deleterious effects on other anadromous species 
such as steelhead and could alter the ecological state of coastal streams.  



 
2. Ecosystem Concerns 
Many industrially cultured marine finfish species are carnivorous and consume large amounts of 
fish meal and fish oil.  For example, between two and five pounds of wild fish are typically 
required to produce one pound of farmed marine finfish (including seabass, cod, haddock, 
halibut and flounder).2  Therefore, the ecological footprint of culturing some commercial fish 
may be large.  Raising these fish may potentially deplete wild stocks of low-trophic level species 
that are used as feed for the cultured species.  Increased fishing pressures may be directed 
towards these low-trophic level species (such as krill, menhaden, sardines, mackerel, anchovies 



                                                      
1 Morgan, M.D., and A.R. Gerlach. 1950. Striped bass studies on Coos Bay in 1949 and 1950. Report of the 
Oregon Fish Commission and Oregon Game Commission to the Forty-sixth Legislature; Blackwell, B. F., 
and F. Juanes. 1998. Predation on Atlantic salmon smolts by striped bass after dam passage. N. Am. J. 
Fish. Manage. 18:936–939. 
2 Naylor et al. 2000. “Effect of aquaculture on world fish supplies.”  Nature, Volume 405, pgs. 1017-1024. 
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and herring) which may result in adverse impacts to the wild populations of fish, seabirds and 
marine mammals that rely on these species for high quality forage.  Please therefore include in 
the EA an evaluation of the potential ecological footprint of the proposed project, in particular 
the source(s) of feed for the finfish facility and the direct and indirect environmental effects of 
providing this feed. 
 
3. Organic Pollution and Eutrophication 
Discharges of waste and excess feed can cause impacts to the benthic environment underneath 
and down-current of fish pens and grow-out facilities.  The amount of waste and unconsumed 
feed depends not only on the digestibility of the food, but also on a range of other environmental 
and husbandry factors such as water temperature, current speed, disease status of cultured 
organisms and feeding frequency, timing and amount.   
 
Fish feeds are often fish meal/oil based, but they also contain a wide range of components 
including wheat, soy meal, crustacean meal, vitamins, amino acids, minerals, pigments and 
nutrients.  Fish and shellfish wastes often contain plant nutrients such as nitrogen and 
phosphorus.  The accumulation of these discharges has been shown to result in extensive 
bacterial mats, to cause anaerobic “dead zones” around fish pens due to the chemical 
requirements of the decomposition process, and to contribute to plankton and algal blooms in 
surrounding waters.  Nutrient pollution around aquaculture pens can alter the species 
composition and density of benthic and planktonic organisms and trigger cascading ecosystem 
health effects.  Species of toxic diatoms and dinoflagellates can increase in abundance due to 
nutrient pollution and as a result, the health of both humans and marine life that consume these 
organisms can be negatively affected.   
 
Please include in the EA an evaluation of the amount of organic pollution resulting from the 
operation of the proposed facility and the potential adverse environmental impacts associated 
with this pollution.  
 
4. Use of Chemicals 
Antibiotics, anti-fouling treatments for fish pens, and other chemicals such as parasiticides 
(parasite-killing drugs), pesticides, hormones, anesthetics, pigments, minerals, and vitamins are 
routinely used and discharged into the marine environment during aquaculture operations.  The 
use of these chemicals has raised concerns centering on both their potential effects on human 
health and on natural ecosystems.  Therefore, please evaluate in the EA the effects of chemical 
use associated with the proposed project.   
 
Regarding the use of antibiotics, if such use is proposed, please specifically include in the EA an 
assessment and analysis of the environmental consequences of the presence of antibiotics in 
sediments and aquatic biota, the presence and prevalence of antibiotic-resistant organisms in 
sediments and indigenous species, and the presence and prevalence of antibiotic residues in fish 
and non-target aquatic organisms.  In addition, please also evaluate in the EA how the 
accumulation of antibiotics in sediments may potentially interfere with bacterial communities 
and affect the mineralization of organic wastes.  Furthermore, although there is yet no direct 
evidence that demonstrates antibiotic use in aquaculture significantly threatens the marine 
environment, the use of antibiotics presents a potential health risk for people and farmed fish, 











Page 5 of 7 
 



since it promotes the spread of antibiotic-resistance in both human and fish pathogens.  Several 
strains of bacteria associated with fish, including Streptococcus, can also be pathogenic to 
humans and if strains of these bacteria develop higher levels of resistance to antibiotics, 
infections may be more difficult to treat.  Also, due to the gene transfer abilities of bacteria, 
antibiotic resistance can potentially spread to other types of bacteria, including human pathogens.   
 
The growing and potential use of toxic parasiticides including cypermethrin and ivermectin to 
control parasites such as sea lice in finfish aquaculture operations can negatively affect benthic 
communities in surrounding areas.  Because these treatments are often administered to fish in the 
water, they can remain within the water column and (depending on current conditions) drift up to 
several miles from the point of discharge, thereby affecting large numbers of non-target 
organisms.   
 
The use of anti-fouling chemicals, such as copper, on aquaculture pens, nets and other structures 
often results in elevated concentrations of these chemicals in sediments under and around 
aquaculture facilities.  Changes to benthic community structure and diversity may be attributed 
to anti-fouling leaching and pollution and anti-fouling chemicals may remain at elevated 
concentrations within benthic sediments for long periods of time, resulting in long-term 
ecosystem affects. 
 
5. Space/Use Conflicts 
The physical presence of aquaculture operations can conflict with existing uses, such as 
shipping, commercial and recreational fishing and boating, and naval exercises.  Poorly sited 
aquaculture operations can also interfere with marine life migratory routes and aggregation areas.  
Please evaluate existing use patterns at the proposed project site and how these uses may be 
affected by the long-term presence and operation of the proposed facility.  In particular, please 
evaluate the proposed project location in relation to the various impact and control sampling sites 
associated with the Point Loma Ocean Outfall facility (including those water quality, fisheries, 
and benthic monitoring locations in the immediate vicinity of the project site) and analyze how 
inputs and discharges from the proposed project may affect the continued use of these 
monitoring sites and the relevance of the data collected at them.     
 
6. Physical Impacts to the Seafloor 
The physical presence of net pens and other equipment can cause physical impacts to sensitive 
seafloor habitat, such as rocky reefs.  The mooring and anchoring requirements of many 
aquaculture operations can result in the disturbance of substantial amounts of benthic habitat and 
can also reduce habitat values and displace non-cultured marine organisms.  Please evaluate in 
the EA the amount and type of anchoring devices proposed for the facility and the impacts to 
seafloor habitats associated with the installation and presence of these devices. 
 
7. Anti-predation 
Natural predators, such as seals, sea lions, dolphins, porpoises and birds can be attracted to 
aquaculture facilities, where they can become a nuisance to facility operators.  Anti-predation 
measures such as acoustic deterrent devices, aerial and underwater netting, and vessel chases can 
harm both targeted and non-targeted marine life.  In addition, please also evaluate in the EA the 
potential conflicts that may arise between the protections provided to seals, sea lions and other 
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marine mammals under the Marine Mammal Protection Act and the operational and economic 
needs of the proposed aquaculture operation. 
 
8. Marine Mammal Entanglement 
Entanglement with ropes, fishing gear and other lines in the ocean is increasingly acknowledged 
as a significant source of injury and mortality for some marine mammal populations.  Off the 
coast of California, Oregon, and Washington, there have been 308 large whales documented as 
entangled in such gear from 1982 through 2012 with gray whales (Eschrichtius robustus) and 
humpback whales (Megaptera novaeangliaes) the most frequently reported species.3  Please 
evaluate the entanglement risk posed to marine mammals from the proposed placement of lines, 
ropes, and nets associated with the project facility. 
   
9. Marine Debris 
The proposed size and location of the aquaculture facility as well as the cultivation equipment 
that it would include suggests that it would likely be subjected to powerful and destructive ocean 
forces.  Accordingly, it appears likely that a large amount of the proposed facility would be 
susceptible to damage, deterioration, and breakdown over time.  These processes may result in 
the release of project materials into the environment as marine debris.  Debris from the facility 
such as plastic materials, nets, lines, ropes, and cables, would present additional sources of 
entanglement risk for marine wildlife throughout southern California and may also adversely 
affect recreational and fishing activities.  In addition, given the proposed size of the facility, 
significant storm damage or a catastrophic failure of its anchoring or buoy system could cause 
the entire facility or large sections of intact infrastructure to drift, resulting in a substantial threat 
to marine life and habitats both at the project site and along its drift trajectory.  Due to its size, 
uncontrolled shoreward movement of large parts of the facility in such an event would be likely 
to put at risk coastal marine habitats and species as well as coastal recreational resources such as 
boating facilities, beaches, piers, and marinas.  Clean-up and emergency response to such an 
event would be difficult, complex, and expensive.  Please therefore include in the EA an 
evaluation of the potential small- and large-scale release of marine debris from the facility and 
the impacts associated with such events.   
 
10. Ship Strikes 
Given the proposed size of the aquaculture facility and its anticipated production levels, an 
assumption of daily visits by multiple project vessels would appear to be reasonable.  Marine 
wildlife species with surface oriented behavior such as the sea turtles and marine mammals that 
inhabit and/or travel through the project area are known to be vulnerable to ship strikes and many 
ship strike related injuries and deaths to these types of animals have been documented in the 
southern California region.  Please evaluate in the EA the increase in vessel traffic in the project 
area that would be associated with the proposed project as well as the changes in existing traffic 
patterns that the siting of the facility may result in and the resulting risk of ship strikes to marine 
wildlife associated with this increased and altered marine traffic.   
 
 
                                                      
3 Saez et al. 2013. Understanding the co-occurrence of large whales and commercial fixed gear fishieres off 
the west coast of the United States. National Oceanic and Atmospheric Administration's National Marine 
Fisheries Service, Southwest Regional Office. Technical Memorandum. NOAA-TM-NMFS-SWR-044. 
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11. Clean-up and Removal 
Commercial endeavors in the marine environment should include adequate end-of-life 
contingency planning and funding to address the risk and impacts of incomplete removal, 
dereliction, and abandonment in place.  Please evaluate how removal and clean-up of the facility 
would be achieved at the end of the project life or if it is abandoned or unsuccessful.     
 
Commission staff appreciates the opportunity to comment on the proposed EA for the Rose 
Canyon Sustainable Aquaculture Project.  Please contact me at (415) 904-5502 if you have any 
questions or need clarification on any of the points in this letter. 
 
 
Sincerely, 
 



 
 
CASSIDY TEUFEL 
Senior Environmental Scientist  
Energy, Ocean Resources and Federal Consistency Division 













From: Levin, Lisa
To: R9RoseCanyon
Subject: comments on Rose Canyon Sustainable Aquaculture
Date: Tuesday, January 05, 2016 9:56:18 PM


Comments by Lisa Levin, Center for Marine Biodiversity and Conservation, Scripps 
Institution of Oceanography.


 Offshore Aquaculture offers much promise and may eliminate some of the problems 
characteristic of nearshore/coastal aquaculture.  However it raises many new issues as well.  
Below I have listed some of the key issues that need to be addressed.


I. Direct environmental impacts:


A. Physical impacts on regional flow, turbulence, sedimentation, oxygenation.


B. Biogeochemical and consequences of organic enrichment in the underlying water column 
and seafloor


C. Ecological consequences of organic enrichment in the underlying water column and 
seafloor – changes in community composition, diversity, productivity, food webs and other 
functional attributes.


D. Effects of noise, light, electromagnetic and other non-natural aspects associated with 
operations. Impacts of boat activity to and from shore.


II. Indirect environmental impacts.


A  Reef effects – attraction of fish and invertebrate species to the pen structures, fish 
aggregations and attraction of the predators of those species.


--[if !supportLists]-->B.    <!--[endif]--> B. Are there effects on or attraction of non-native 
species.


--[if !supportLists]-->C.    C. Impacts on long-distance migratory species (marine mammals), or 
local - vertical migrating plankton.


--[if !supportLists]-->D.   D/ <!--[endif]-->Genetic impacts – altered connectivity of the target or 
affected species. Will the site act as a larval source or sink?  Will the farmed population 
exchange genes with resident populations?


--[if !supportLists]-->E.    E. Energy efficiency and use… what is the carbon footprint of the 
farmed fish.


--[if !supportLists]-->F.    <!--[endif]--> 


III. Interaction with Climate Change


A. How will environmental changes interact with secular trends in declining oxygen/ 
intensified CA undercurrent, increased onshore/upwelling events, ENSO, storms etc. 



mailto:llevin@ucsd.edu

mailto:R9RoseCanyon@epa.gov





B. Can instrumentation on the pens be used as long-term climate monitoring facilities? Or as 
early warning to avoid catastrophic results from changes in conditions.


C. Will kelp drifts and other debris released during storms get trapped on the pens?  Are the 
pens stable under storm conditions?


D. Can multitrophic culturing (plants, bivalves in addition to fish) ameliorate some of the 
potential climate hazards such as ocean acification or hypoxia?


IV. What are the social benefits and disadvantages? 


    Jobs?  Food availability?  Competition with wild fisheries or reduced pressure on wild 
fisheries?


 


 


 


 


 








From: In Defense of Animals on behalf of Raquel Medina
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Friday, November 27, 2015 9:14:54 PM


Nov 27, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Raquel Medina
thirfd street
san rafael, CA 94901-3581
raquelm4@yahoo.com



mailto:takeaction@idausa.org
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From: In Defense of Animals on behalf of karen Perez
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Monday, November 23, 2015 6:37:02 PM


Nov 23, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Ms. karen Perez
15013 Jonas Ave
Allen Park, MI 48101-1852
karenaperez11@sbcglobal.net



mailto:takeaction@idausa.org
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From: Neil Anthony Sims
To: R9RoseCanyon
Cc: DKent@hswri.org; amyrhammer@aol.com; "Kate Eagles"
Subject: Ocean Stewards Institute comments on Rose Canyon Fisheries
Date: Thursday, January 07, 2016 1:07:43 PM
Attachments: removed.txt


Ocean Stewards comments to EPA on Rose Canyon Fisheries.pdf
OSI Water Quality White Paper 1 P FINAL.pdf


Dear Ms Sablad,
 
Please find attached Ocean Stewards Institute comments on the Rose Canyon Fisheries application
 for permits for their proposed offshore operation.
 
Please let us know if you have any additional questions.
 
Thanks, and aloha,
 
Neil
 
Neil Anthony Sims
President
Ocean Stewards Institute


 
 
 



mailto:neil@kampachifarm.com
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January 7, 2016 
Ms. Elizabeth Sablad 
Environmental Scientist 
US EPA Region 9 
75 Hawthorne Street (WTR‐5) 
San Francisco, CA 94105 
 



Sent by email to:  R9RoseCanyon@epa.gov 



 
Re: NEPA Review for Rose Canyon Fisheries Sustainable Aquaculture Project 



 
Dear Ms. Sablad, 
 
The Ocean Stewards Institute is the open ocean aquaculture industry’s trade association. We are 
strongly supportive of the advancement of this industry in U.S. waters, but we recognize that this 
growth must be conducted in a measured, considered manner. We believe that an increase in the 
environmentally responsible culturing of the seafood that we Americans consume is a national 
imperative, but that we need to approach these much‐needed developments with a sense of 
stewardship. We need a consciousness for the long‐term ecosystem health in all our activities in the 
oceans.  
 
Over 90% of seafood consumed in America comes from imports, and around half of these imports are 
derived from aquaculture. Americans are increasingly concerned about the healthfulness and 
environmental consequences of the food we eat, yet we have minimal control over the inputs, 
operations and impacts of these foreign seafood production systems, and similarly minimal control over 
the harvest practices and processing plants, and the eventual pricing of these products.  
 
We believe that we in America have both an economic opportunity and a moral obligation to culture our 
own seafood. The U.S. has the largest EEZ on the planet, and is the largest importer of seafood (by dollar 
value) of all nations, yet there has never been a commercial aquaculture operation in U.S. Federal 
waters. Never! That is a powerful condemnation of our domestic aquaculture policy, and a sad reflection 
on the history of emotion‐based, unscientific, anti‐aquaculture bias in this country. This needs to be 
rectified, if U.S. consumers are going to continue to enjoy the health and nutritional benefits of seafood. 
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This simply must be rectified. The Rose Canyon Fisheries project is an important step in the right 
direction, and it needs to be approved so that it can move forward.  
 
The Ocean Stewards therefore wish to make the following comments in full endorsement of the Rose 
Canyon Fisheries project proposal. We offer these comments in the interest of the public good ‐ from 
the perspectives of our collective public interest in the common property resource of our nation’s 
waters, and the shared responsibility that we all have for sustaining access to healthful diet choices for 
American consumers. The following points are most salient: 
 



1. Economic importance: The public good is greatly served by increasing the domestic production 
of seafood, and reducing our reliance on imports. This both creates jobs in America, and 
improves the national seafood balance of trade (currently running at a deficit of around $11 
billion annually). The Rose Canyon project can demonstrate the wider economic benefits to the 
local community and the nation of establishing a domestic marine fish culture industry. By 2022, 
Rose Canyon will generate more than $50 million in total economic impact annually, and will 
generate an estimated $93.2 million in new state and local taxes. At peak employment, Rose 
Canyon expects to directly employ 72 people, and support more than 300 direct and induced 
jobs in the region. 
 



2. Environmental oversight: Production of seafood in U.S. waters – such as is proposed by Rose 
Canyon – can provide for greater assurances of the humane and environmentally responsible 
production practices than if these fish were to be grown overseas. It allows for better oversight 
of the conditions of culture of the fish, and more rigorous monitoring and more transparent 
reporting of the ecological impacts of the operation. In addition, production of seafood in U.S. 
waters reduces the carbon footprint of the seafood that we eat, by reducing imports (much of 
which – if fresh – is airfreighted, at great carbon‐cost).    
 



3. Working waterfronts: The decline in wild stock fisheries – which is particularly acute in regions 
such as San Diego – has led to a decline in working waterfronts across the U.S., which has long‐
term impacts on the viability of domestic seafood production and employment opportunities in 
coastal communities and the seafood sector. The Rose Canyon project is again, an important 
demonstration of how we can begin to reverse these declines. Rose Canyon Fisheries will create 
hundreds of jobs and significantly benefit the economy  
 



  
There has been, in the past, much deliberate distortion and misrepresentation of the impacts of net pen 
culture of marine fish on the environment, and of the quality and health benefits of aquacultured 
product on consumers. We presume that there will also be similar emotion‐based besmirching of the 
industry among some of the other public comments on the Rose Canyon proposal. We would like to 
ensure that EPA, in considering the Rose Canyon Fisheries proposal, is sufficiently informed of the best 
available science upon which to base your decision‐making. We therefore would like to draw your 
attention to a series of peer‐reviewed publications that support the increased production of marine 
domestic aquaculture, and that underscore the vital importance of this industry for the health of the 
planet, for the health of the oceans, and for the health of American consumers. Consider, please: 
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Planetary health: A 2012 study by Conservation International and Worldfish Center, titled ‘Blue 
Frontiers’ (all citations are fully referenced below) concluded ‐ on the basis of full Life‐Cycle Analysis of 
all water, land and feed resource use, and impacts on greenhouse gas emissions – that aquaculture was, 
far and away, the least impactful of all animal protein production systems. We should therefore be 
increasing aquaculture production not just to meet the increases in population, or the greater per capita 
consumption recommended by health professionals, but we should also be growing more seafood to 
supplant the anticipated growth in demand for terrestrial livestock. If the 3 billion people that are 
projected to rise into the middle class by 2050 are eating beef, then the prospects for managing global 
climate change are beyond grim.   
 
Ocean health: Reduced reliance on wild‐caught seafood is – in both the short term and long term ‐ 
better for our oceans, as it reduces the demand pressure for fishing of wild stocks, and also allows for 
establishment of marine protected areas without diminishing seafood availability. At the same time, the 
accusations by anti‐aquaculture activists that net pen culture is detrimental to the marine environment 
have been soundly and roundly refuted by two recent seminal studies: Price and Morris (2013; both 
authors are from the National Ocean Service of NOAA), evaluated the impact of net pen culture on 
water quality and surrounding benthic substrates, and concluded that ‐ so long as the water depth is at 
least twice the depth of the net pens used in the production system, and so long as the currents in the 
area are moderate (over 0.25 knots) ‐ there is no significant detriment on the water quality or benthos 
at any distance away from the net pens, and that there is often no measureable impact whatsoever.  
 
Subsequently, Rust, et al. (2014, the authors are employees of the National Marine Fisheries Service), 
reviewed an extensive set of data on marine net pen operations throughout U.S. state waters, and had 
concluded that – so long as the regulations and Best Management Practices were adhered to – there 
was no significant impact from operations on other marine biota, including marine mammals and other 
charismatic megafauna, nor any significant impact from transfer of diseases to wild stocks, nor of 
escapees impacting wild stock genetics or wild food chains. In short, so long as net pens are sited 
correctly, and are operated in accordance with accepted Best Management Practices, open ocean 
aquaculture operations such as those proposed by Rose Canyon Fisheries are environmentally benign, or 
even beneficial. The Rose Canyon site abundantly exceeds these criteria.  
 
The biological inputs of the Rose Canyon operation are able to be modeled by a scientifically‐valid, 
adequately ground‐truthed methods (such as those developed by Rensel and Associates), which should 
give us all confidence that the predicted impacts of effluent waters on the surrounding ecosystem will 
indeed be within acceptable, insignificant limits. We would caution that some previous modeling work 
(such as Venayagamoorthy, et al, 2011) is purely a mathematical conjecture, and has never been applied 
in the real world, and has never been adequately ground‐truthed.    
 
We would also like to draw your attention to the Ocean Stewards White Paper on water quality 
monitoring around open ocean aquaculture operations (a copy of this publication is attached), which 
further underscores the benign – or frequently immeasureable – impacts from properly managed net 
pens, and calls for a more rational, science‐based approach to determining which water quality 
parameters should be part of the monitoring protocols for an NPDES permit, and where Best 
Management Practices might be more effectively applied.  
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Consumer health: There has also been a concerted activist campaign over the last 10 or 20 years to 
impugn the health benefits of farmed seafood, fanning the flames of consumer concerns about the 
potential risks of mercury and persistent organic pollutants such as PCBs. This fear‐mongering is grossly 
irresponsible, and has probably resulted in more Americans dying from heart disease because they have 
not been including seafood in a balanced diet. Consumer fears about the risks of seafood have been one 
of the primary drivers that has led to a decrease in per capita seafood consumption in the U.S. over the 
last decade. Yet the preponderance of scientific evidence – and the recent official recommendations by 
the FDA (cited below) – assert that Americans need to be eating more seafood, not less. Mozzafarrian 
and Rimm (2006) conducted the definitive meta‐study of the risks and benefits of seafood consumption 
in the U.S., and concluded that if Americans would double their seafood consumption (to two meals of 
oily fish per week), there would be a 35% reduction in heart disease, and a 17% reduction in overall 
mortality among Americans. This conclusion should rank alongside seatbelts and smoking as a public 
health policy priority. It implies that those activists who would – consciously or otherwise – attempt to 
dissuade Americans from eating more seafood are, in fact, causing significant loss of life.         
     
The Rose Canyon Fisheries proposal – at a predicted peak production level of 5,000 tons – is modest in 
its ambitions, but it is an important first step towards opening up U.S. Federal waters to responsible, 
well‐managed production of domestically‐grown fish for Americans.  
 
We heartily endorse this initiative, and look forward to working with EPA and other Federal agencies in 
bringing the benefits of the Blue Revolution to America’s economy, to our working waterfronts, and to 
U.S. consumers.   
 
Thank you for the opportunity to comment on this proposal.  
 
Sincerely,  



 
 
Neil Anthony Sims 
President 
 
Attachments:  
 
Citations on following page 
 
Ocean Stewards Water Quality White Paper attached.  
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can create environmental problems such as eutrophication or harmful algal blooms, 



resulting in severe consequences for fish farms operating in those waters. We therefore 



see no incompatibility between our advocacies for robust protection of water quality in 



offshore waters, and for responsible, sustainable open ocean aquaculture. In actuality, 



the latter is highly dependent on the former.  



 



The Ocean Stewards firmly refute the old adage that dilution is the solution to pollution. 



We instead believe that nutrient inputs must be managed so as to stay within the 



ecosystem’s ability to process and assimilate them, so as to minimize impacts of any 



potential localized enrichment. With proper siting, and feed management, these 



nutrient additions to the water column from net pens should not cause significant 



impacts to the environment. The extensive review by NOAA (Price and Morris, 2013) 



confirms that this is the case. At truly open ocean mariculture sites, the water depth and 



currents can provide even greater assimilative capacities, and therefore ample 



assurances of no significant impact on water quality.  



 



2. Current water quality regulatory process 



 



Under the Clean Water Act the U.S. Environmental Protection Agency (EPA) is charged 



with protection of the nation’s water quality through The National Pollutant Discharge 



Elimination System (NPDES). NPDES permits are required to regulate point source 



pollution in US Waters, by identifying numerical limitations to substances discharged by 



industrial, municipal, agricultural, or other entities.  Net pen aquaculture falls under the 



“concentrated aquatic animal production” category. If a farm produces greater than 



100,000lbs of fish per year, and discharges “waste water” into the surrounding 



environment (streams, rivers, oceans) the operation is required to hold an NPDES 



permit that will specifically outline what can be discharged. NPDES permits also typically 



require monitoring effluent from and reporting of the use of therapeutants; monitoring 



the surrounding benthic substrate; monitoring the infrastructure of the farm (cages, 
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mooring lines, etc); and reporting of escapes, vandalism, failure of components, etc.  To 



date, most NPDES permits for marine fish aquaculture have been issued by state 



governments rather than EPA, as they are vested to do so by the federal governments.  



For open ocean locations more than three miles offshore, it is likely that EPA will issue 



these permits.  



 



NPDES permits usually encompass a range of possible impacts and scenarios resulting 



from fish farm operations. For example, the NPDES permit for Blue Ocean Mariculture in 



Kona, Hawaii, requires reporting of escapes, vandalism, and failures of engineering or 



structural components. Blue Ocean is required to test ten separate water quality 



parameters (temperature, salinity, dissolved oxygen, pH, turbidity, total  nitrogen, total 



ammonia, nitrate and nitrite, total phosphorus) at three different depths (surface, mid‐



water and bottom depths), at seven different sampling stations (two control sites, an 



effluent‐origin site, and four nearby zone‐of‐mixing sites). The surrounding open ocean 



water is classified as Class AA. There are numerical limitations imposed on Blue Ocean’s 



Zone of Mixing sites, compatible with this classification, as the permit allows for the 



assimilative processes to take effect. The farm is not able to treat effluent water 



immediately adjacent to the net pens, but can manage farm densities and feeding 



practices to ensure that there is minimal perturbance of background conditions.    



In Maine and Washington State, there is a clearly established procedure for 



determination of terms and conditions for aquaculture projects within State waters, 



with an emphasis on Best Management Practices. However, for most other states and 



for US Federal waters, the principles and procedures are not well defined, and NPDES 



permits may have vastly different testing requirements, sampling frequency or 



parameters that they are required to sample. For projects in State waters, the NPDES 



permits are issued by State agencies responsible for water quality, occasionally in 



consultation with regional EPA offices. In Federal waters, it appears that EPA would have 



sole jurisdiction. Draft NPDES permits are made available for public comment, though 



public perceptions on aquaculture are usually rooted in misinformation.  
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Outside of Washington and Maine’s Best Management Practices approach, the 



monitoring requirements for NPDES permits in other state waters are excessive. Most of 



the frequently regulated metabolites are naturally‐occurring nutrients in the open 



ocean, and only become pollutants through excessive enrichment or eutrophication in 



sites where effluent is entrained towards nearshore, or where there is poor circulation 



such as persistent gyres or slow water current speeds. This does not describe most open 



ocean sites, which in Federal waters must be – by definition – at least 3 NM offshore.   



Total organic nitrogen, nitrates, nitrites and ammonia are often required to be 



monitored separately under NPDES terms, yet there is no rationale for their 



differentiation. Fish excrete ammonia and urea, which is quickly broken down in open 



ocean conditions to nitrate ‐ a less harmful natural nutrient. Nitrate is then taken up by 



marine primary producers (macroalgae or phytoplankton) through photosynthesis, and 



then becomes part of the nutrient recycling in the open oceans.  



 



In states outside of Washington and Maine, NPDES permits for aquaculture have 



required that the farms monitor salinity, pH and temperature, on the (presumed) 



rationale that these parameters affect ammonia toxicity. In closed systems, this is 



certainly true. However, in the dynamic systems in the open ocean, it is inconceivable 



that ammonia would ever reach toxic levels in or around a net pen. While these 



parameters (S, pH and T) also provide some fundamental understanding of the 



oceanographic conditions, no farm could ever affect these parameters in any significant 



manner in such a large, stable system as offshore waters. Monitoring of phosphates is 



similarly unnecessary in open ocean conditions, where these nutrients will never 



become concentrated in any significant manner.   



 



NPDES permits – outside of Washington and Maine ‐ have also required that Whole 



Effluent Toxicity monitoring tests (WET tests) are conducted when therapeutants such 



as hydrogen peroxide or antibiotics are used on fish farms. Only two antibiotics are 
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approved for use in aquaculture for marine fish species: their use is heavily regulated by 



FDA, and is restricted to only those species that have been tested and approved, or to 



species under an Investigational New Animal Drug (INAD) permit, with oversight by 



USFWS. Extensive testing of potential environmental impacts of these therapeutants is 



already an integral part of any FDA approval process for their use, and so the 



requirement for ongoing monitoring is redundant in open ocean situations.  



 



Many of these inconsistencies and irrelevancies in permitting for open ocean 



aquaculture could be resolved with closer coordination between EPA and NOAA. Under 



the existing regulatory structure, this is not required. Recently, however, some NOAA 



officers have begun to establish a process of informal integrated permitting consultation 



between the various Federal and State agencies, and to ask what parameters should be 



monitored, and what the numerical limitations should be (Mike Rust, Alan Everson, 



pers. comm.). The ultimate goal is to create a federal standard and regional subsets. This 



is in line with the position of some NGOs (such as Ocean Conservancy), who have, in the 



past, advocated for a single national standard for fish farm permitting and monitoring 



requirements in Federal waters (Fox, 2009).  



 



3. NPDES permits in US aquaculture 



 



In Maine, in 2003, two salmon farming companies – Atlantic Salmon of Maine (ASM), 



and Stolt Seafarms ‐ were effectively shut down by a Federal District Court order, for 



lack of the appropriate effluent monitoring permits (a National Pollutant Discharge 



Elimination System, or NPDES permit).   The lawsuit was brought by the U.S. Public 



Interest Research Group, an environmental NGO.  However, ASM and Stolt had filed 



timely NPDES permit applications, dating back to 1990, and neither state nor Federal 



agencies had acted on them. The Federal Environmental Protection Agency (EPA) or the 



vested state government agencies involved at that time, had not yet established NPDES 



regulations for marine fish farms.  EPA’s response to the lawsuit acknowledged that the 
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companies had applied for NPDES permits in a timely fashion and that “EPA had not 



considered the sea farm discharges to be a significant environmental concern, falling 



into the “minor” permit category that EPA could not address due to resource 



constraints.” (Anonymous, 2003).   Losses from the closure of the farms were estimated 



to be “upwards of $350 million,” (Edgecomb, 2003, p B1).     



 



More recently, Open Blue Sea Farms ‐formerly Snapper Farms of Puerto Rico – has 



moved to Panama, due to regulatory restrictions on water quality monitoring in federal 



waters. EPA's office in New York refused to give Snapper Farms an NPDES permit, so the 



company was restricted to production of no more than 100,000 lbs of fish annually. This 



production level, around 50 tons per year, is far below the generally‐accepted scale for 



profitable fish farm sites, of around 1,500 – 3,000 tons.  Open Blue Sea Farms has 



invested tens of millions of dollars in Panama, and now has around 150 people on their 



payroll. This investment and these jobs could have been in the U.S., but for want of an 



NPDES permit.   



 



Similarly, other US companies are either selling their technologies overseas, or are 



relocating their operations to foreign jurisdictions, because of the stifling of 



opportunities in US waters. Ocean Spar, LLC and Ocean Farm Technologies, Inc., 



manufacturers of innovative submersible fish cages ‐ respectively, the Sea Station™ and 



the Aquapod™ ‐ are both American companies. Since 2010, only two Sea Stations and 



no Aquapods have been deployed on U.S. fish farms.   



 



In 2012, a tuna farming operation proposed for offshore of Hawaii Island was issued a 



State of Hawaii NPDES permit that required that the company collect bottom water 



samples monthly, at seven sampling stations, one of which is to be within 10 m of the 



net pen perimeter, in a depth of 1700 ft. From an oceanographic perspective, this is an 



exceedingly challenging requirement, the expense of which would only be matched by 



its futility from an ecological perspective. This NPDES also included mercury among the 
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parameters to be assessed in the effluent water. Mercury may be a concern in the flesh 



of long‐lived wild fish, including tunas but it has never been cited as a potential issue in 



the effluent of tuna ranching or other fish farming. There appears to be no sound 



scientific basis for this monitoring requirement. Its inclusion instead appears to be a 



response to public perceptions and to the opposition to the proposed farm itself. Yet 



again, NPDES has been used to effectively quash innovative offshore aquaculture.   



 



US companies now have over 10 years of experience with commercial open ocean fish 



pen operations (in Oahu and Kona, Hawaii; New Hampshire; Puerto Rico and Panama), 



and extensive experience since the early 1970’s with salmon net pens in Maine and 



Washington State. Along with this wealth of data, we now also have available powerful 



new modeling tools that can help anticipate potential impacts on water quality, and to 



allow farms to minimize these impacts by judicious siting and scaling of facilities. It is 



therefore now appropriate for us, as an industry, and as a community, to review the 



available evidence of impacts on water quality of open ocean fish farm operations, and 



to recommend how monitoring and regulations in Federal waters might best be 



structured and implemented, to ensure that the industry grows, and that it grows in a 



sustainable, scalable manner.   



 



4. Existing scientific data 



 



Price and Morris (2013) and Rust, et al. (in press) have recently completed extensive 



reviews of environmental impacts of net pen aquaculture. These authors note the 



significant progress over the past twenty years to reduce or eliminate adverse impacts 



on water and sediment quality at net pen farm sites.  This is being achieved through 



better siting practices and modeling, which allows the potential impacts from a net pen 



facility to be predicted in advance. Farm sites that are well‐flushed by currents, and 



have water depths at least twice that of the net pen depth, have been shown to have no 
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measureable impacts on sediment or water quality beyond 30 meters from the net pen 



(ibid) and in many cases no adverse impact at all.  



 



Objections to fish farms often cite the increased potential for eutrophication or Harmful 



Algal Blooms (HABs) from excessive nutrient inputs. Again, however, Rust, et al, (ibid) 



and Price and Morris (ibid) find no evidence of any linkage between aquaculture and 



HABS or eutrophication. These events are usually caused by either natural upwelling of 



nutrient rich, deeper water, or nutrient loading from runoff from land‐based sources. 



Both HABs and eutrophication can have severe impacts on fish growth, survival and 



farm profitability, by either lowering oxygen levels, or toxicity to fish.   



 



Publicly available data on fish farm operations supports these conclusions (e.g. Lovatelli, 



et al., 2013). Some of the few open ocean fish farms in US waters have voluntarily made 



this information available to the public. Water quality monitoring data from the Kona 



offshore fish farm site is available online (http://www.bofish.com/responsibility/water‐



quality/). Even with production of over 500 T of kampachi in 2008 and 2012 there has 



been no detectable impact on any of the nine parameters of water or sediment quality 



from this operation. Therapeutic treatments of the fish with dilute hydrogen peroxide 



solutions (to control ectoparasitic skin flukes) have no measureable effect on water 



quality, as determined by regular WET tests.   



 



Similarly, the extensive monitoring data from the Open Blue Water Farms cobia 



operation in Panama is being made available through formal scientific publication 



(Welch, et al., in prep.).  



 



 



5. Siting, modeling and feed monitoring 
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There are two major advances over the past two decades that have reduced fish farms’ 



impacts on water quality to de minima: understanding of siting requirements, and 



improved feeding practices.  



 



Siting decision‐making can now be aided by science through application of sophisticated 



physical and biological models. Data on depths, currents, water temperature and 



projected farm biomass and feed rates can be reliably integrated for specific regions and 



cultured fish species into tools such as AquaModel™.  These models demonstrate how 



rapidly the nutrients downcurrent of a fish farm net pen are distributed and assimilated 



(Rensel, et al, 2007). Ground‐truthing of model outputs is essential to reliability and 



utility.   All areas of the U.S. have far field (broad) physical oceanographic models, many 



of which are supplemented with real time buoy, radar and satellite information. 



AquaModel uses these data to model and predict sea bottom and water column effects 



in both near and far field distances, and has been tested in over a dozen different 



ecoregions worldwide.  Models are now used routinely in site assessment by both 



industry and governments in major net pen fish farm areas (e.g., Eastern Canada and 



Scotland with the model Depomod, see Cromey et al. 2002 and subsequent publications 



about this benthic only impact model) and major producing countries such as Chile, the 



European Union, North African and Arabian Peninsula governments are rapidly moving 



in that direction (Jack Rensel, pers. comm., 1/17/2014).    



 



Because open ocean current velocities and directions may be highly variable it is 



typically more accurate to estimate the waste production rates and spatial patterns with 



modeling than it is to attempt to measure it in the field. This differs from tidally 



influenced inshore or nearshore environments, where most existing net pens are 



located.  Variable conditions are a benefit for dispersion of wastes from open ocean fish 



farms in many directions, and for their rapid assimilation by the food web with little or 



no perturbation of natural species composition. 
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Some prior models of fish farm effluent dispersal patterns (e.g.	Venayagamoorthy, et al. 



2011), have been based solely on mathematical calculations that considered the fish 



farm effluent as a conservative material, i.e., as a refractive chemical that will  not be 



assimilated by the food web.  This model was used in a theoretical application to predict 



extensive, but undefined impacts on shoreline resources.   The result indicated a highly 



unrealistic plume of some undefined waste that was subject to very little dispersion, 



dilution or food web assimilation.  However, all research and monitoring to date shows 



that ‐ if siting and fish production is optimized ‐ inorganic nutrients and organic wastes 



of fish farms, composed largely of carbon, nitrogen and phosphorus, are readily 



assimilated into oceanic food webs without perturbing naturally‐occurring species 



composition.  The Venyagamoorthy model has therefore projected impacts that have no 



bearing on reality, yet was widely publicized by those who are opposed to aquaculture, 



furthering the distortions about fish farming in the media and the public consciousness.  



Improvements in feed delivery systems and feed monitoring over the past two decades 



have been largely driven by the industry’s focus on increasing economic efficiency. Feed 



usually constitutes well over 50% of the operating costs of an efficiently‐run fish farm, 



and so reduced feed wastage has been a key goal of farmers. A number of systems are 



now available for active feed loss monitoring in net pens, which greatly reduce the 



possibility of overfeeding. EPA requires this for all farms in the US, both inshore or 



offshore.  Feed formulations are now also highly refined, to increase the digestibility of 



the extruded pellets. Greater digestibility means more cost‐effective feed for the 



farmer, and less particulates in the effluent. These developments have provided the 



concomitant benefits of reducing potential impacts on water quality from excess feed, 



and from less digestible feed. 	



 



6. Recommendations  



 



Previous applications of the NPDES permit process for net pens were not designed for 



effectively dealing with monitoring open ocean fish farm effluents. However, given that 
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this framework is already in place, the Ocean Stewards believe that the system can be 



adapted to become a useful tool for open ocean monitoring. This will require:  



 identification of a standardized permit template for open ocean fish farms,  



 designation of fewer, more meaningful parameters, regionally relevant 



numerical limitations and broader narrative limitations such as Best 



Management Practices,  



 adaptive management of permit conditions, and 



 closer collaboration between NOAA and EPA in developing permitting and 



monitoring protocols and standards that are reasonable and meaningful for 



open ocean conditions.   



 



The Ocean Stewards make the following specific recommendations: 



 



i. EPA needs to establish a template for standardized monitoring requirements 



around open ocean fish farm sites in US waters, so that individual permits are 



not subject to bureaucratic whim or uninformed influence during the public 



comment process. The standardized template would include details on the 



number and frequency of sample collection, the parameters to be evaluated 



from each sample, and a maximum depth for water quality sample collection.    



 



ii. These standards for data collection should cover only those parameters which 



are potentially impacted by the farm operations, may have deleterious impacts 



on the surrounding ecosystems, and are demonstrably sampled with reasonable 



effort and expense. Although properly‐sited and managed open ocean fish farm 



operations have been shown to have no measureable impact on offshore water 



quality, some monitoring of effluent and surrounding waters is probably 



appropriate, given the need to be able to continue to demonstrate nil effect.  
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iii. Dissolved nutrients are not going to be significantly impacted by fish farms in the 



open ocean, as there is no mechanism by which they may be concentrated to the 



point where they are problematic. However, if some assurance of minimal 



impacts is desired (say, on initial start‐up of a farm operation), monitoring might 



focus on turbidity or total suspended solids (TSS) as the most visible parameters, 



of greatest concern to the public, and that which are, in conventional 



conception, most likely to be impacted from farm operations.  



 



iv. Additionally, feed monitoring should be required, to ensure that there is no 



excess feeding. (Excess feed will impact the substrate beneath the farm well 



before any impact on surrounding water quality. Ocean Stewards are preparing a 



subsequent White Paper to review monitoring and management of benthic 



impacts around fish farm sites.)  



 



v. NPDES permits should also include narrative limitations that impose restrictions 



on any discernible impacts on water quality, such as discoloration, sheens, 



proliferation of undesirable or nuisance species, or other visible impairment of 



the receiving waters or surrounding ecosystem.  Such narrative limitations are 



already included in most open ocean fish farm NPDES permits, as Best 



Management Practices (see Appendix).  



 



vi. While the goal of nationally consistent standards is prima facie appealing, there 



is a need to accommodate the vast baseline differences in water quality and 



nutrient assimilation rates at the eco‐regional level, such as between, say, the 



turbid waters of the Gulf of Mexico and the oligotrophic waters of the Pacific 



Islands. Overarching national standards are therefore NOT appropriate for 



NPDES permits for open ocean fish farms. However, NOAA and EPA should 



establish national guidelines for the development of regionally relevant 



numerical limitations on turbidity and TSS.   
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vii. Where FDA has reviewed the potential environmental impacts on effluent 



waters of any therapeutant, and approved such therapeutant for use, whole 



effluent toxicity testing should not be required for use of such therapeutants in 



offshore aquaculture.  



 



viii. NOAA and EPA should establish an adaptive management policy that 



automatically reduces the frequency and number of monitoring requirements 



over time at any one site (“sunsetting”), so long as there is no significant change 



in operational parameters such as species and biomass, and so long as levels do 



not exceed some established threshold for each region.  



 



ix. To prevent bureaucratic inaction, EPA should establish a time limit on 



consideration of issuance of NPDES permits, between the time of acceptance of 



the NPDES permit application as complete, and a determination on its issuance. 



If no decision is made, then a project would be allowed to proceed without an 



NPDES permit, but with generic monitoring requirements. 



 



x. In light of the importance of fish farm siting, then EPA should request, at the 



time of filing of the NPDES application, model simulation or other assessment of 



the assimilative capacities of the surrounding waters. This should include, at a 



minimum, some evaluation of the anticipated organic and inorganic inputs as a 



result of fish food, and the dilutive effects of water currents and water depth 



that are linked to the aerobic assimilation of the wastes by the food web.   



 
xi. As so much of the opposition to open ocean aquaculture seems to be based on 



misinformation or distortion of facts by activists, NOAA and EPA should both 



work proactively to disseminate information on water quality monitoring around 



fish farm sites in US waters. The work by Rust and colleagues is an admirable 
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advance in this area, but it needs to be supported by a more vigorous public 



information campaign.  
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APPENDIX: Best Management Practices from NPDES PERMIT NO. HI 0021840 



(Hawaii Oceanic Technologies permit) 



 



March 30, 2012 



E. BEST MANAGEMENT PRACTICES (BMP) 



 



1. Feed Management 



a. The Permittee shall employ efficient feed management and feeding strategies that 



limit feed input to the minimum amount reasonably necessary to achieve production 



goals and sustain targeted rates of fish growth. 



b. The Permittee shall ensure that these strategies minimize the accumulation of 



uneaten food beneath the pens through the use of active feed monitoring and 



management practices. These practices may include one or more of the following: 



(1) Use of real‐time feed monitoring, including devices such as video cameras, digital 



scanning sonar, and upweller systems. 



(2) Monitoring of sediment quality beneath the pens. 



(3) Monitoring of benthic community quality beneath the pens. 



(4) Capture of Waste feed and feces. 



(5) Other good husbandry practices approved by the Director. 



 



c. The Permittee shall submit a feed composition analysis to the Director no later than 



30 calendar days after the type of feed is determined and at least 60 calendar days prior 



to any changes to the feed are made. 



 



2. Waste Collection and Disposal 



a. The Permittee shall collect, return to shore, and properly dispose of all feed bags, 



packaging materials, waste rope, and netting. 
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b. The discharge of sanitary and solid wastes, either floating or sinking, into the 



receiving waters is strictly prohibited. 



 



3. Transport or Harvest of Discharge 



The Permittee shall minimize any discharge associated with the transport or harvesting 



of fish including blood, viscera, carcasses, or transport water containing blood. 



 



4. Carcass Removal 



The Permittee shall remove carcasses from the facility on a daily basis. The 



Permittee shall collect carcasses in leak‐proof containers and transport for 



rendering and/or disposal to an approved land‐based facility. The Permittee 



shall not dispose of carcasses into the receiving waters. 



 



5. Materials Storage 



a. The Permittee shall ensure proper storage of drugs, pesticides, and feed in a 



manner designed to prevent spills that my result in its discharge to receiving 



waters. 



b. The Permittee shall implement procedures for properly containing, cleaning, 



and disposing of spilled material. 



c. The Permittee shall not stow nets on the sea floor or allow nets to remain on 



the sea floor if accidently dropped or lost. The Permittee shall report all nets 



lost and not immediately recovered to the Director within 30 calendar days of 



the loss. 



 



6. Fouling Organisms Cleaning 



a. The Permittee shall utilize air‐drying, mechanical, and other non‐chemical 



procedures to control fouling organisms. 



b. The Permittee shall perform fouling organism cleaning in a manner that 



captures the wastes. 
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7. Operations 



a. The Permittee shall operate the facility to minimize fouling organisms. 



b. The Permittee shall not use materials containing or treated with tributylin 



(TBT) compounds. 



c. The Permittee shall secure or remove all predator and grower nets not in use. 



d. The Permittee shall not deploy additional net pens if discharge limitations are 



being exceeded or if bottom biological communities monitoring shows 



adverse impacts caused by the facility. 



 



8. Maintenance 



a. The Permittee shall inspect the production system on a routine basis in order 



to identify and promptly repair any damage. 



b. The Permittee shall conduct regular maintenance of the production system in 



order to ensure that it is properly functioning. 



c. The Permittee shall not use biocides to clean nets and related gear. 



 



9. Recordkeeping 



a. The Permittee shall maintain records documenting the feed amounts and 



estimates of the numbers and weight of the fish in order to calculate 



representative feed conversion ratios. 



b. The Permittee shall keep records of the net changes, inspections, and 



repairs. 



 



10. Training 



a. The Permittee shall adequately train all relevant facility personnel in spill 



prevention and response to ensure proper clean‐up and disposal of spilled 



material. 



b. The Permittee shall train staff on the proper operation and cleaning of 
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production systems including training in feeding procedures and proper use 



of equipment 



 



11. Disease Control 



a. The Permittee shall only administer medications and disease control 



treatments as needed to treat a disease or disease‐causing condition. 



b. The Permittee shall not use prophylactic disease control medications 



(preventive treatment) except with the approval from the Director. 



c. The Permittee shall use vaccines as a means to control disease, unless 



otherwise authorized by the Director. 



d. The Permittee shall only use antibiotic chemicals that are either approved by 



the FDA or authorized by the FDA for use during studies conducted under the 



Investigational New Animal Drug Program. The Permittee shall use antibiotic 



chemicals in compliance with 21 CFR Parts 529, 556, and 558. 



e. The Permittee shall store and handle medications and other disease control 



chemicals and treatments in accordance with the instructions provided on 



product labels and with OSHA regulations. 



f. The Permittee shall administer medications and other disease control 



chemicals and treatments in accordance with the practices and 



concentrations prescribed on the product labels. Orally‐applied medications 



shall be premixed into the fish‐feed by the feed supplier at the time of 



manufacture or mixed off‐site by the Permittee or its agents if the supplier is 



unable to comply. 



 



12. Spill Control 



a. The Permittee shall prepare and submit a Spill Prevention Control and 



Countermeasure (SPCC) Plan to Regional Administrator within 



180 calendar days from the effective date of this permit. At a minimum, the 



plan shall include the following information: 
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(1) Complete and up‐to‐date list of all petroleum products and other 



hazardous materials stored at, and transferred between the facility, its 



support crafts, and its shore‐based storage facilities. 



(2) Procedures used to prevent, control, and/or treat spills and unplanned 



discharges of petroleum products and other hazardous materials 



according to the type and magnitude of spill or discharge. 



(3) Supplies and equipment which prevent, control, and/or treat spills and 



unplanned discharges. 



(4) Compliance schedule to install any necessary items to prevent, control, 



and/or treat spills and unplanned discharges. 



(5) Reporting system which will be used to alert responsible facility 



management and appropriate legal and regulatory authorities. 



 



b. The Permittee shall provide training on the SPCC Plan to all members of the 



facility’s staff to ensure that everyone has a working knowledge of the plan. 



The Permittee shall provide documentation of staff training to the Director 



and the Regional Administrator. 



 



‐‐‐‐‐‐‐‐  ///  ‐‐‐‐‐‐‐‐ 
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January 13, 2016 



U.S. Environmental Protection Agency, Region 9 



ATTN: (WTR-2-3) 



75 Hawthorne St. 



San Francisco, CA 94106 



R9RoseCanyon@epa.gov 



Sent via email 



 



Re: San Diego Coastkeeper Comments on NEPA Scoping for Rose Canyon 



Aquaculture Project 



 



Dear Elizabeth Sablad: 



 



Thank you for the opportunity to provide comments on scoping pursuant to the 



National Environmental Policy Act (NEPA) and applicable federal regulations.1  



Founded in 1995, San Diego Coastkeeper (“Coastkeeper”) is a non-profit organization 



working to protect and restore the fishable, swimmable, drinkable waters of San Diego 



region’s bays, watersheds, beaches, and ocean.   



 



The EPA Should Deny the Application 



 



The proposed project constitutes a first of its kind offshore finfish farm of 



unprecedented size and scope located in federal waters and starting approximately 3.6 



miles off the San Diego coastline.  Nothing like this project exists or has been permitted 



in federal waters of the United States.  This is due in large part to the fact that currently 



neither comprehensive environmental regulations nor express Congressional authority to 



review and permit such activities in federal public trust waters exists.  As such, 



significant legal and regulatory impediments stand in the way of this project moving 



forward.  For these reasons, and those stated in previous letters addressing Army Corps 



permitting2, the EPA should deny this permit unless and until both comprehensive 



environmental regulations ensuring environmental protection and express Congressional 



delegation for offshore aquaculture activities exist. 



 



If, despite the lack of clear legal and regulatory authority, the EPA decides to 



move forward with environmental review of the permit, an EIS, rather than an EA, 



                                                        
1 See generally NEPA (42 USC 4321-4370h); 40 CFR Part 1500-1508; and 40 CFR Part 6. 
2 Coastkeeper’s comments on Army Corps Permit No. SPL-2014-00600-MBT are included as 
Attachment 1 and incorporated by reference.  See, for example, pp. 17-23 of our comments 



specifically discussing the lack of Corps authority and regulations to approve open ocean 



aquaculture projects.  There exist similar questions regarding whether EPA has jurisdiction or 



authority to permit the proposed project without a property right or express Congressional 
authorization. 
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should be prepared.  As discussed in detail below, there is a substantial likelihood that 



this project would result in significant environmental impacts.   



 



Finally, Coastkeeper suggests that the EIS be conducted as a joint EIR/EIS with 



the California Coastal Commission acting as lead state agency, as there is a strong 



likelihood that coastal resources associated with the project’s activities such as supply 



piers and other infrastructure would be necessary.  The impacts of such coastal dependent 



development would require approval by the Coastal Commission.  Thus, a joint EIR/EIS 



should be conducted. 



 



Preparation of an Environmental Impact Statement is Required 



 



The purpose of NEPA and its relevant implementation regulations is, quite 



simply, “to promote efforts which will prevent or eliminate damage to the 



environment…”3.  To achieve that purpose NEPA requires that federal agencies, 



“consider every significant aspect of environmental impact of a proposed action…[and] 



inform the public that it has indeed considered environmental concerns,” and it imposes, 



“requirements designed to force agencies to take a “hard look” at environmental 



consequences.”4 “NEPA procedures must insure that environmental information is 



available to public officials and citizens before decisions are made and before actions are 



taken. The information must be of high quality. Accurate scientific analysis, expert 



agency comments, and public scrutiny are essential to implementing NEPA”.5 Finally, 



“the NEPA process is intended to help public officials make decisions that are based on 



understanding of environmental consequences, and take actions that protect, restore, and 



enhance the environment”.6 



 



To achieve NEPA’s purposes of protection, restoration, and enhancement of the 



environment it is imperative that the proper level of environmental review be conducted.  



This examination must include a detailed, rigorous identification and analysis of the 



foreseeable consequences of an action.  This is especially true with projects and impacts 



that are without precedent in our country, as is the case here. 



 



NEPA requires the preparation of an Environmental Impact Statement (“EIS”) in 



circumstances where an action, “significantly affects the quality of the human 



environment”.7  An assessment of whether an action is “significant” hinges on both the 



“context” and “intensity” of the action.  Context “means that the significance of an action 



must be analyzed in several contexts such as society as a whole (human, national), the 



                                                        
3 42 U.S.C. 4321. 
4 Earth Island Institute v. U.S. Forest Service, 351 F.3d 1291. 
5 40 C.F.R. § 1500.1 
6 40 C.F.R. § 1500.1(c), emphasis added. 
7 42 U.S.C. §4332(2)(C) 
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affected region, the affected interests, and the locality. Significance varies with the 



setting of the proposed action”.8 



 



Intensity refers to the severity of the impact and “relates to the degree to which 



the agency action affects the locale and interests identified in the context part of the 



inquiry.”9  In evaluating intensity, the following factors are to be considered: 



 



(1) Impacts that may be both beneficial and adverse; 



(2) The degree to which the proposed action affects public health or safety; 



(3) Unique characteristics of the geographic area such as proximity to 



ecologically critical areas; 



(4) The degree to which the effects on the quality of the human environment are 



likely to be highly controversial; 



(5) The degree to which the possible effects on the human environment are highly 



uncertain or involve unique or unknown risks; 



(6) The degree to which the action may establish a precedent for future actions 



with significant effects or represents a decision in principle about a future 



consideration 



(7) Whether the action is related to other actions with individually insignificant 



but cumulatively significant impacts; 



(8) The degree to which the action may cause loss or destruction of significant 



scientific, cultural, or historical resources; 



(9) The degree to which the action may adversely affect an endangered or 



threatened species or its habitat; and 



(10) Whether the action threatens a violation of Federal, State, or local law or 



requirements imposed for the protection of the environment. 



 



NEPA Regulations Require the Preparation of an EIS 



 



It is clear that most, if not all, of the NEPA factors of significance are met in this 



case and preparation of an EIS is required. 



 



(5) Uncertainty and Unknown and Unique Risks 



Preparation of an EIS is mandated where uncertainty may be resolved by further 



collection of data, or where, “the collection of such data may prevent ‘speculation on 



potential…effects. The purpose of an EIS is to obviate the need for speculation by 



insuring that available data are gathered and analyzed prior to the implementation of the 



proposed action’.”10   



                                                        
8 40 C.F.R. § 1508.27 
9 40 C.F.R. § 1508.27 and Nat'l Parks & Conservation Ass'n v. Babbitt, 241 F.3d 722, 731 (9th 
Cir. 2001). 
10 Nat'l Parks & Conservation Ass'n v. Babbitt, 241 F.3d 722, 732 (9th Cir. 2001) 











4 
 



The applicant’s own environmental document points out in several places that 



important project elements and impacts are “unknown”11 and that, “impacts on receiving 



waters from offshore aquaculture facilities have not been characterized to date.”12  



Additionally, the Report acknowledges the unresolved nature of impacts and effects, as 



well as the difficulty in controlling these impacts and effects, in stating, “excess feed, 



fecal material, and therapeutics generated by the net-pen system can impact both water 



and sediment quality, and are difficult to assess and control.”13  Scientific literature 



indicates that the benthic effects of fish farming in deep water are poorly understood.14  



As such, there exists a significant degree of uncertainty, and unknown and unique risks 



are associated with project impacts. 



 



(3) Unique characteristics of the geographic area such as proximity to…ecologically 



critical areas; and… 



 



(8) The degree to which the action…may cause loss or destruction of significant 



scientific, cultural, or historical resources. 



 



The proposed project is located in close proximity to one, and moderate proximity 



to several, California Marine Protected Areas (MPAs).  MPAs were established as a 



network, in part, “to help sustain, conserve, and protect marine life populations…and 



rebuild those that are depleted,” to, “protect the natural diversity and abundance of 



marine life...and integrity of marine ecosystems,” and to, “improve recreational, 



education, and study opportunities provide by marine ecosystems.”15  MPAs, by 



definition, are unique ecologically critical areas and significant scientific and cultural 



resources. 



 



Escapes are common in the aquaculture industry and can be massive.16  Among 



the impacts of escapes are genetic contamination of the wild genome, competition with 



                                                        
11 For example, the applicant’s Final Report: Rose Canyon Fisheries, Sept. 2014 (“Final Report”) 
states, “the potential for use of antibiotics for the proposed project is unknown at this time,”(p. 



59) and “the breeding population origins and migratory habits of olive ridley turtles frequenting 



waters off the west coast of the U.S. are unknown” (p.77). 
12 Final Report, p. 17.  The Report continues, recognizing the uniqueness and precedential nature 
of this project, “this is largely due to the lack of offshore facilities.”  Id. 
13 Final Report, p. 28.  
14 Holmer M. Environmental issues of fish farming in offshore waters: perspectives, concerns and 
research needs. Aquac Environ Interact. 2010;1:57-70.  See also Environmental Best 



Management Practices for Aquaculture, Edited by Tucker and Hargreaves, 2008 on p 263: “Most 



net pens are operating in coastal marine environments, and the complexity of that ecosystem 
makes it difficult to accurately assess risks.”   
15 California Marine Life Protection Act, Section 2853. 
16 Naylor R, Burke M. Aquaculture and Ocean Resources: Raising Tigers of the Sea. Annu Rev 



Environ Resour. 2005;30:185-218., and Issue Brief, February 2013 from Food and Water Watch, 
listing numerous examples of mass escapes. 
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wild fish for food and favorable space, predation on wild fish, and disease and parasite 



transmission, to name a few.17  The applicant’s own report points out just some of the 



significant impacts that may result from escapes when it states, “escapees may present a 



genetic threat to locally adapted natural populations,”18 and: 



“Escaped fish may compete with wild populations for mates and nesting sites.  



They may compete with native fish species for forage and habitat space, predate 



on endemic fish populations, and act as vectors for the introduction of bacterial or 



viral pathogens or parasites.  The effects of these processes can be a reduction in 



the numerical or genetic fitness of the wild population, and possibly a reduction in 



the fitness of other fish populations.”19 



 



 It is well established that fish feed and fecal waste can have significant adverse 



impacts on the environment.20 The applicant’s Final Report acknowledges as much in 



stating, “unconsumed feed and fecal waste can result in organic buildup that produces a 



variety of physical, chemical, and biological changes within the benthos,”21 and that, 



“studies have repeatedly implicated excessive feed as a cause of changes in benthic 



community structure around aquaculture facilities.”22  The scientific literature supports 



the likelihood of significant impacts and indicates that, as opposed to operations in 



shallower and less dynamic locations, expected increased dispersal of waste products in a 



deep, dynamic location results in potential effects at a much larger spatial scale.23  



Numerous examples of both near- and far-field aquaculture-derived nutrient and 



contaminant loading of sediments exist in the literature.24  



                                                        
17 Holmer M. Environmental issues of fish farming in offshore waters: perspectives, concerns and 



research needs. Aquac Environ Interact. 2010;1:57-70., Toledo-Guedes K, Sanchez-Jerez P, 



Benjumea ME, Brito A. Farming-up coastal fish assemblages through a massive aquaculture 
escape event. Mar Environ Res. 2014;98:86-95., and Noble T, Smith-Keune C, Jerry D. Genetic 



investigation of the large-scale escape of a tropical fish, barramundi Lates calcarifer, from a sea-



cage facility in northern Australia. Aquac Environ Interact. 2014;5:173-183.. 
18 Final Report, p. 85. 
19 Id. 
20 Sarà, G., M. Lo Martire, M. Sanfilippo, G. Pulicanò, G. Cortese, A. Mazzola, A. Manganaroc, 
and A. Pusceddu. 2011. Impacts of marine aquaculture at large spatial scales: Evidences from N 



and P catchment loading and phytoplankton biomass. Marine Environmental Research. 71(5): 



317-324.  
21 Final Report, p. 55. 
22 Id.  See also Attachments 1 and 4 to these comments. 
23 Bannister RJ, Valdemarsen T, Hansen PK, Holmer M, Ervik A. Changes in benthic sediment 



conditions under an atlantic salmon farm at a deep, well-flushed coastal site. Aquac Environ 
Interact. 2014;5:29-47. 
24 See, for example, Sarà G, Scilipoti D, Mazzola A, Modica A. Effects of fish farming waste to 



sedimentary and particulate organic matter in a southern Mediterranean area (Gulf of 
Castellammare, Sicily): A multiple stable isotope study (δ13C and δ15N). Aquaculture. 



2004;234:199-213., Yokoyama H, Abo K, Ishihi Y. Quantifying aquaculture-derived organic 



matter in the sediment in and around a coastal fish farm using stable carbon and nitrogen isotope 



ratios. Aquaculture. 2006;254:411-425., Holmer M, Marba N, Diaz-Almela E, Duarte CM, 
Tsapakis M, Danovaro R. Sedimentation of organic matter from fish farms in oligotrophic 
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Aquaculture practices have been known to attract large and persistent 



aggregations of fish25, thereby having potentially large impacts on wild fish feeding 



behavior, energetics26, fecundity27, and migratory behavior28, as well as the increased 



potential for disease transmission29 or genetic introgression30 between wild and farmed 



fish stocks.   



 



The location of a massive fish farm in fairly close proximity to, and within the 



network of, San Diego MPAs that are meant to collectively, “help conserve biological 



diversity, provide a sanctuary for marine life, and enhance recreational and educational 



opportunities,”31 may have a significant impact on the unique ecologically critical Marine 



Protected Areas and may result in the loss and destruction of scientific and cultural 



resources present in those Areas and beyond. 



 



(9) The degree to which the action may adversely affect an endangered or threatened 



species or its habitat that has been determined to be critical under the Endangered 



Species Act of 1973.  



 



                                                        
Mediterranean assessed through bulk and stable isotope (δ13C and δ15N) analyses. Aquaculture. 



2007;262:268-280, Bannister RJ, Valdemarsen T, Hansen PK, Holmer M, Ervik A. Changes in 
benthic sediment conditions under an atlantic salmon farm at a deep, well-flushed coastal site. 



Aquac Environ Interact. 2014;5:29-47 Debruyn AMH, Trudel M, Eyding N, et al. Ecosystemic 



effects of salmon farming increase mercury contamination in wild fish. Environ Sci Technol. 
2006;40(11):3489-3493., Nikolaou M, Neofitou N, Skordas K, Castritsi-Catharios I, Tziantziou 



L. Fish farming and anti-fouling paints: a potential source of Cu and Zn in farmed fish. Aquac 



Environ Interact. 2014;5:163-172.. 
25 See, for example, Dempster T, Uglem I, Sanchez-Jerez P, et al. Coastal salmon farms attract 
large and persistent aggregations of wild fish: An ecosystem effect. Mar Ecol Prog Ser. 



2009;385(Fao 2008):1-14., and Bustnes JO, Nygård T, Dempster T, et al. Do salmon farms 



increase the concentrations of mercury and other elements in wild fish? J Environ Monit. 
2011;13:1687-1694.  Aquaculture facilities may act as ecological traps, where wild populations 



prefer low quality habitat that acts as a population sink over high quality source habitats. Battin J 



(2004) When good animals love bad habitats: Ecological traps and the conservation of animal 
populations. Conserv Biol 18:1482–1491. doi: 10.1111/j.1523-1739.2004.00417.x 
26 Abaad M, Tuset VM, Montero D, et al (2016) Phenotypic plasticity in wild marine fishes 



associated with fish-cage aquaculture. Hydrobiologia 765:343–358. doi: 10.1007/s10750-015-



2428-5. 
27 Uglem I, Karlsen Ø, Sanchez-Jerez P, Sæther B (2014) Impacts of wild fishes attracted to open-



cage salmonid farms in Norway. Aquac Environ Interact 6:91–103. doi: 10.3354/aei00112. 
28 Ottera H, Skilbrei OT (2014) Possible influence of salmon farming on long-term resident 
behaviour of wild saithe (Pollachius virens L.). ICES J Mar Sci 71:2484–2493. doi: 



10.1093/icesjms/fst176. 
29 Krkosek M, Lewis M a, Morton A, et al (2006) Epizootics of wild fish induced by farm fish. 
Proc Natl Acad Sci U S A 103:15506–15510. doi: 10.1073/pnas.0603525103. 
30 Skjæraasen JE, Meager JJ, Karlsen Ø, Mayer I, Dahle G, Rudolfsen G, Fernö A (2010) Mating 



competition between farmed and wild cod Gadus morhua. Mar Ecol Prog Ser 412:247-258. 
31 California Fish and Wildlife MPA website; 
https://www.wildlife.ca.gov/Conservation/Marine/MPAs, last accessed December 9, 2015. 





https://www.wildlife.ca.gov/Conservation/Marine/MPAs
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The proposed location for this project provides habitat to numerous marine 



species listed under the Endangered Species Act (“ESA”), including blue whales, 



humpback whales, fin whales, sperm whales, Guadalupe fur seals, loggerhead sea turtles, 



green sea turtles, and leatherback sea turtles.32  It is also home to listed bird species 



including the California least tern and the western snowy plover.33  Aggregations of fish 



will attract predators, including protected marine mammals, fish, and birds, and may have 



significant adverse effects on such species.34   Additionally, an increase in shipping 



traffic from project activities may lead to increased ship strikes to endangered and 



threatened species, resulting in adverse effects.35 



 



(7) Whether the action is related to other actions with individually insignificant but 



cumulatively significant impacts. 



 



The proposed location of the project falls directly within the monitoring and 



sampling zone for Pt. Loma Wastewater Treatment Plant (“PLWWTP”).  Currently the 



PLWWTP discharges treated effluent at less-than-secondary treatment and continues to 



receive a waiver from secondary treatment under Section 301(h) of the Clean Water Act.  



That section and the NPDES permit for PLWWTP contain specific requirements for 



monitoring and for attainment of benthic health and water quality standards.  The Point 



Loma Permit Monitoring and Reporting Program (Attachment E to that permit) lists 



specific GPS longitude and latitude locations for offshore monitoring stations required to 



be monitored as part of the NPDES waiver.36   One monitoring station in particular is 



situated directly within the planned footprint of this project37, while several others are in 



close proximity to the project.38   



 



                                                        
32 50 C.F.R. § 17.11 
33 Id. 
34 Jiménez JE, Arriagada AM, Fontúrbel FE, Camus PA, Ávila-Thieme MI (2013) Effects of 



exotic fish farms on bird communities in lake and marine ecosystems. Naturwissenschaften 



100:779–787, and Papastamatiou, Yannis P., Itano, David G., Dale, Jonathan J., Meyer, Carl G., 
and Holland, Kim N. (2010). Site fidelity and movements of sharks associated with ocean-



farming cages in Hawaii. Marine and Freshwater Research 61, 1366–1375. 
35 See, for example: “Mortality from ship strikes has been identified as a threat to population 



recovery of these vulnerable whale species.”  NOAA, 
http://sanctuaries.noaa.gov/protect/shipstrike/welcome.html (last accessed January 6, 2016); and, 



“Commercial vessel traffic along the coast of California may negatively impact large whales, 



both through chronic exposure to engine and propeller noise, and the increased risk of ship 
strike.” NOAA, “Of Ships and Whales”, found at 



http://sanctuaries.noaa.gov/protect/shipstrike/pdfs/poster.pdf.  This, despite the fact that, 



“mortality of whales due to vessel collision is likely underestimated and under-documented…”  
Id. 
36 NPDES Permit No. CA 0107409 (Order No. R9-2009-002), Attachment E, Pages E4-E6. 
37 Site F-23.  NPDES Permit No. CA 0107409 (Order No. R9-2009-002), Attachment E. 
38 See, for example, monitoring sites F-34, F-26, F33, F22, F35, SD13, B8, and F24, to name a 
few.  NPDES Permit No. CA 0107409 (Order No. R9-2009-002), Attachment E. 





http://sanctuaries.noaa.gov/protect/shipstrike/welcome.html


http://sanctuaries.noaa.gov/protect/shipstrike/pdfs/poster.pdf
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NEPA defines “cumulative impact” as, “the impact on the environment which 



results from the incremental impact of the action when added to other past, present, and 



reasonably foreseeable future actions regardless of what agency (Federal or non-Federal) 



or person undertakes such other actions.”39  “Cumulative impacts can result from 



individually minor but collectively significant actions taking place over a period of 



time.”40  The applicant’s own Report indicates that, “benthic effects should be anticipated 



with the culture or natural aggregation of any large biomass of animals.”41  Additionally, 



oxygen depletion, eutrophication, and harmful algae blooms may occur as a result of 



aquaculture activities.42  There is already evidence of anthropogenic nutrient loading 



rivaling the naturally occurring upwelling sources at regional scales in the Southern 



California Bight, a pattern of declining oxygen content along the southern California 



coast, and potential links between anthropogenic nitrogen sources and HABs.43  



Continued discharges from the PLWWTP, in combination with discharges from a 



massive factory fish farm and its associated waste, feed, and antibiotics, may 



cumulatively result in significant impacts.  



 



(6) The degree to which the action may establish a precedent for future actions with 



significant effects or represents a decision in principle about a future consideration 



 



 It is undisputed that this project would be, “the first commercial-scale, offshore 



fish farm in the federal waters of the United States.”44  In fact, the applicant proposes this 



project to specifically, “serve as a model for the development of additional marine 



aquaculture projects in the waters offshore the United States.”45  Thus, approval of an 



NPDES permit for this project is certain to establish a precedent for future actions with 



significant effects, or represents a decision in principle about a future consideration. 



 



(10) Whether the action threatens a violation of Federal, State, or local law or 



requirements imposed for the protection of the environment 



                                                        
39 40 C.F.R. § 1508.7.  The proposed project is a self-described demonstration project, and 



therefore “reasonably foreseeable actions” should include other similarly scaled projects. 
40 Id. 
41 Final Report, p. 56. 
42 Final Report, p. 52.   
43 Howard, M. D. A. , Sutula M. , Caron D. A. , Chao Y. , Farrara J. D. , Frenzel H. , Jones B. , 
Robertson G. , McLaughlin K. , Sengupta A. (2014) Anthropogenic nutrient sources rival natural 



sources on small scales in the coastal waters of the Southern California Bight, Limnology and 



Oceanography, 59, doi: 10.4319/lo.2014.59.1.0285, and Booth J. A. T. , Woodson C. B. , Sutula 
M. , Micheli F. , Weisberg S. B. , Bograd S. J. , Steele A. , Schoen J. , Crowder L. B. , (2014), 



Patterns and potential drivers of declining oxygen content along the southern California coast, 



Limnology and Oceanography, 59, doi: 10.4319/lo.2014.59.4.1127., and Nezlin, N. P., M. A. 
Sutula, R. P. Stumpf, and A. Sengupta (2012), Phytoplankton blooms detected by SeaWiFS 



alongthe central and southern California coast, J. Geophys. Res., 117, C07004, 



doi:10.1029/2011JC007773. 
44 Final Report, p. 1. 
45 Id., at p. 2. 
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Because state waters will be impacted by the proposed project due to the nature of 



the proposal and the close proximity of the project, any environmental review that occurs 



must be done in the context of ensuring consistency with California law under the Coastal 



Zone Management Act (CZMA), California Coastal Act, the California Sustainable 



Oceans Act (S.B. 201), and other state laws governing coastal management.  The 



proposed project would violate, or threaten to violate, these applicable Federal and State 



laws. 



 



For example, the California Coastal Act requires that, “marine resources shall be 



maintained, enhanced, and, where feasible, restored,” and that “uses of the marine 



environment shall be carried out in a manner that will sustain the biological productivity 



of coastal waters and that will maintain healthy populations of all species of marine 



organisms.”46  Further, the Act requires that, “the biological productivity and the quality 



of coastal waters…appropriate to maintain optimum populations of marine organisms and 



for the protection of human health shall be maintained and, where feasible, restored.”47  



The Act requires that, “the economic, commercial, and recreational importance of fishing 



activities shall be recognized and protected.”48  Finally, the California Ocean Plan 



prohibits degradation to marine and benthic communities.49  Yet, detrimental impacts to 



the seafloor, benthic communities, and marine life should be expected.50   



 



(2) The degree to which the proposed action affects public health or safety 



 



 High nutrient levels associated with the proposed action can stimulate harmful 



algae blooms, which can significantly impact public health. According to the applicant’s 



Final Report, “nutrient loads from coastal aquaculture farms may contribute to the growth 



of these blooms,” and, “laboratory studies of fish farm wastes indicate that they can 



stimulate dinoflagellate growth.”51  Further potential public health threats stem from the 



                                                        
46 Cal. Pub. Res. Code § 30230 
47 Cal. Pub. Res. Code § 30231 
48 Cal. Pub. Res. Code § 30234.5.  “Aquaculture” is distinguished from “fishing” in the Coastal 



Act in Section 30100.2, and is instead categorized as agriculture: “’Aquaculture’ means a form of 



agriculture as defined in Section 17 of the Fish and Game Code. Aquaculture products are 



agricultural products, and aquaculture facilities and land uses shall be treated as agricultural 
facilities and land uses in all planning and permit-issuing decisions governed by this division”.  



Cal. Pub. Res. Code § 30100.2 (West) 
49 See California Ocean Plan 2012, p. iv, “The Ocean Plan is clear that there shall not be 
degradation of marine communities…due to waste discharges.”   
50 See Final Report Rose Canyon Fisheries Sustainable Aquaculture Project, Marine Research 



Specialists, September 2014, p. 55.  “The most commonly reported and measurable effects of net 
pen aquaculture involve the near field excessive loading of bottom sediments with particulate 



organic matter,” and, “It is an accepted fact that seafloor accumulations of consumed feed and 



fecal waste can result in organic buildup that produces a variety of physical, chemical, and 



biological changes within the benthos.”    
51 Final Report, p. 52.  See also Kudela et. al, 2008. 
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use of antibiotics, pesticides, antifoulants, metals, and other organic pollutants, which 



have been shown to persist in the surrounding environment.52   



 



(4) The degree to which the effects on the quality of the human environment are likely to 



be highly controversial 



 



 The existing scientific literature on expected or known negative impacts, in 



addition to the unknown and unstudied risks of large-scale, offshore aquaculture 



activities, contribute to the highly controversial nature of effects on the environment.   



Additionally, the lack of existing offshore aquaculture environmental regulations and 



serious questions surrounding agency authority to regulate activities in public trust waters 



without express Congressional authorization all contribute to the highly controversial 



nature of the proposed project.   



 



While the lack of comprehensive regulations and standardized best management 



practices and mitigation requirements for offshore aquaculture alone justifies preparation 



of an EIS, when coupled with the scientific literature on impacts that result from marine 



aquaculture projects, many, if not all, of the above requirements of significance are met.  



As such an EIS is required.   



 



Finally, courts have consistently held, “that an EIS must be prepared if 



‘substantial questions are raised as to whether a project…may cause significant 



degradation,”53 and that an interested party, “need not show that significant effects will in 



fact occur.”54  Instead, “raising ‘substantial questions whether a project may have a 



significant effect’ is sufficient.”55  If an interested party, “raises substantial questions 



whether a project may have a significant effect, an EIS must be prepared. This is a low 



standard.”56 



 



EPA Regulations Require an EIS 



 



Similar to general NEPA regulatory requirements, EPA’s own NEPA regulations 



require the preparation, “of an environmental impact statement…for major federal 



                                                        
52 Cabello FC, Godfrey HP, Tomova A, et al (2013) Antimicrobial use in aquaculture re-
examined: its relevance to antimicrobial resistance and to animal and human health. Environ 



Microbiol 15:1917–42. doi: 10.1111/1462-2920.12134; and Sapkota A, Sapkota AR, Kucharski 



M, et al (2008) Aquaculture practices and potential human health risks: Current knowledge and 
future priorities. Environ Int 34:1215–1226. doi: 10.1016/j.envint.2008.04.009; and Cole DW, 



Cole R, Gaydos SJ, et al (2009) Aquaculture: Environmental, toxicological, and health issues. Int 



J Hyg Environ Health 212:369–377. doi: 10.1016/j.ijheh.2008.08.003 
53 Idaho Sporting Congress vs. Thomas, 137 F.3d 1146, 1149; LaFlamme vs FERC, 852 F. 2d 



389, 398, emphasis original. 
54 Id.  
55 Id. 
56 Klamath Siskiyou Wildlands Ctr. v. Boody, 468 F.3d 549, 562 (9th Cir. 2006). 
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actions significantly affecting the quality of the human environment.”57  Those same 



regulations recognize an EIS is normally required for an action if it meets any of the 



following criteria:58 



i. The proposed action would result in a discharge of treated effluent from a new or 



modified existing facility into a body of water and the discharge is likely to have a 



significant effect on the quality of the receiving waters; (See discussion above on 



waste and antibiotic discharge likely to have significant impact on quality of 



receiving waters). 



ii. The proposed action would be inconsistent with state or local government, or 



federally-recognized Indian tribe environmental, resource-protection, or land-use 



laws and regulations for protection of the environment; (See discussion above on 



violations or potential violations of California Coastal Act, Sustainable Oceans 



Act, and Coastal Zone Management Act). 



iii. The proposed action is likely to significantly affect the environment through the 



release of radioactive, hazardous or toxic substances, or biota; (See discussion 



above on escaped and/or diseased fish). 



iv. The proposed action involves uncertain environmental effects or highly unique 



environmental risks that are likely to be significant; (See discussion above on 



unknown and unique risks of offshore aquaculture). 



v. The proposed action is likely to significantly affect environmentally important 



natural resources such as … coastal zones… and significant fish or wildlife 



habitat; (See discussion above of impacts to MPAs and the Southern California 



Bight, above). 



vi. The proposed action in conjunction with related federal, state or local 



government, or federally recognized Indian tribe projects is likely to produce 



significant cumulative impacts; (See discussion on PLWWTP discharges, above, 



for cumulative impacts). 



 



As discussed above and in our attached comments to the Army Corps, the proposed 



action requires the preparation of an EIS as each of the above criteria are met. 



 



The EPA Must Identify and Analyze All Significant Environmental Impacts 



 



Issuance of an NPDES permit to the applicant for the proposed project would 



result in significant and unavoidable adverse environmental impacts.  Our comments on 



the many significant impacts that may result from issuance any permit to this project 



were submitted to the Army Corps in March of 2015 and are attached and hereby 



incorporated by reference.59 Those comments and the attached bibliography (Attachment 



4) detail some of the expected environmental impacts and lack of mitigation to address 



those impacts.  Even if the EPA believes that proposed mitigation measures would lessen 



                                                        
57 40 C.F.R. § 6.207(a) 
58 40 C.F.R. § 6.207(a)(3) 
59 See Attachments 1 and 4 to these comments. 
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environmental impacts, all significant environmental impacts must still be identified and 



analyzed.60 



 



Among the matters that must be identified and analyzed in the EIS are whether 



the project location is an appropriate area for offshore aquaculture activities of the 



proposed size and scope and whether the location would avoid adverse impacts, minimize 



any unavoidable impacts on user groups, public trust values, and the marine environment.  



Environmental review must consider impacts on sensitive ocean and coastal habitats, and 



other plant and animal species, including the impacts of escaped fish on wild fish 



populations and aquatic ecosystems; the impacts of interactions with marine mammals, 



marine wildlife, and birds; the impacts of the use of chemical and biological products, 



pollutants, and nutrient wastes on the marine environment; and effects of removal of 



forage fish for feed, fishmeal, and fish oil on marine ecosystems.  Additional 



consideration must be given to the cumulative effects of a number of offshore 



aquaculture facilities and other uses and discharges on the ability of the marine 



environment to maintain pre-existing flora and fauna. 



 



The EIS should fully evaluate the impacts of the project on all public trust 



resources, including fisheries. Marine and estuarine fisheries are increasingly stressed 



throughout the Coastal Zone, and the activities proposed as part of this project create 



individual and cumulative risks to trust resources. The EIS must demonstrate that the 



proposed project individually and cumulatively can be located, constructed, and operated 



to assure that it will not add further environmental stresses that would jeopardize ongoing 



and reasonably foreseeable efforts to restore fisheries and other public trust resources to 



health and sustainability. 



 



The EIS should also identify and analyze in detail the potential impacts to state 



Marine Protected Areas (MPAs), which are designed to work as a network providing 



(among other benefits) connectivity via larval dispersal.  This project, along with its 



expected impacts on marine life behavior, including feeding, could have a significant 



impact on this larval connectivity between the MPAs at the northern and southern ends of 



the Bight. 



 



The scope must include a full and adequate science-based environmental review 



including, but not limited to, a risk analysis and assessment of the potential genetic and 



ecological impacts that this project could have on wild fish and other aspects of the 



                                                        
60 See Northern Plains Resource Council, Inc.  v. Surface Transp. Bd., 668 F.3d 1067, 1085-86 



(9th Cir., 2011).  “Mitigation measures, while necessary, are not alone sufficient to meet...NEPA 



obligations to determine the projected extent of the environmental harm to enumerated resources 
before a project is approved. Mitigation measures may help alleviate impact after construction, 



but do not help to evaluate and understand the impact before construction. In a way, reliance on 



mitigation measures presupposes approval. It assumes that—regardless of what effects 



construction may have on resources—there are mitigation measures that might counteract the 
effect without first understanding the extent of the problem.” 
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environment resulting from escapement.  This rigorous analysis should include, but not 



be limited to, impacts resulting in crossbreeding, disease transmission, and competition 



for food, habitat, and other resources. 



 



Review and analysis in the EIS must include impacts resulting from, “nutrient and 



chemical wastes, water use demands, aquatic animal diseases and invasive species, 



potential competitive and genetic effects on wild species, effects on endangered or 



protected species, effects on protected and sensitive marine areas, effects on habitat for 



other species, and the use of forage fish for aquaculture feeds”.61  



 



Review and analysis must also consider the potential significant socioeconomic, 



cultural and other foreseeable impacts on commercial and recreational fisheries, as they 



may be considerable.  The socio-economic analysis EPA must perform should include an 



analysis of both the economic and cultural importance of local fisheries and marine life, 



an analysis of potential impacts to commercial fisheries, potential impacts to recreational 



fishing, potential harm to fishery dependent communities, and an analysis of the market 



impacts of this product’s introduction. 



 



Within the cumulative impact analysis, the EIS must also consider how this 



approval will affect efforts by the FWS, NMFS, EPA, state agencies, tribes, commercial 



fishermen, and foreign nations to protect wild fish populations, including already 



imperiled wild native stocks, and promote sustainable fishing practices.  Likewise the EIS 



must consider how this approval will impact endangered and threatened species, whale 



migrations, and the special biological significance of both nearby individual Marine 



Protected Areas and MPA networks, and the Southern California Bight. 



 



Foreseeable cumulative impacts include this approval opening the door to various 



additional offshore aquaculture projects in San Diego, up and down the Coast of 



California, or even nationwide.  It is without question that issuance of an NPDES permit 



would be precedent-setting in that it will prompt and influence future permits for offshore 



finfish aquaculture in the United States.  Since this is the first of its kind, and the project 



proponent itself identifies this action as a means to set standards whereby other projects 



might proceed, it is reasonably foreseeable that approval of this project would result in 



the expansion and development of additional offshore aquaculture projects both locally 



and nationwide.  There are likely to be unresolved conflicts concerning uses of available 



resources given the lack of property rights present to occupy and utilize federal public 



trust resources, as well as the lack of comprehensive environmental regulations.  The EIS 



must consider the cumulative impacts of this likelihood.62 



                                                        
61 NOAA Marine Aquaculture Policy, June 2011. 
62 Even if evidence of copycat projects is not clear, any lack of certainty as to future actions in no 



way negates the agency’s duty to consider them.  “It must be remembered that the basic thrust of 



an agency’s responsibilities under NEPA is to predict the environmental effects of a proposed 



action before the action is taken and those effects fully known.  Reasonable forecasting and 
speculation is thus implicit in NEPA and we must reject any attempt by agencies to shirk their 
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Finally, the EIS should consider the impacts of this project on the City of San 



Diego’s Pure Water wastewater recycling project, and consider the cumulative impacts of 



the projects together.  The wastewater recycling approach, offered as a multi-benefit 



solution to Pt. Loma’s discharge and the water supply needs of San Diego, has recently 



received express support from the EPA (see Attachment 2 to these comments).  The Pure 



Water project is the result of many years of stakeholder negotiations and partnerships in 



which Coastkeeper played a leadership role.  That partnership has resulted in a 



Cooperative Agreement between Coastkeeper, our environmental colleagues, and the 



City of San Diego.  That agreement requires the City, among other things, to continue the 



existing monitoring program in the PLWWTP NPDES permit.  A change in that 



monitoring program would conflict with that agreement and perhaps negate that 



agreement.  Specifically, “Article 4 – Ocean Monitoring” of our Cooperative Agreement 



requires that, “[t]he City shall continue the ocean monitoring program for the Point Loma 



outfall as set forth in NPDES Permit No. CA 0107409 (Order No. R9-2009-002), which 



is herein incorporated by reference.”63  The Point Loma Permit Monitoring and Reporting 



Program Section (Attachment E to that permit) lists specific longitude and latitude 



locations for offshore monitoring stations required to be monitored as part of that 



permit.64   One monitoring station in particular is situated directly within the planned 



footprint of this project65, while many others are in close proximity to the project.66  As 



such, it is certain that changes to NPDES Permit No. CA 0107409 (Order No. R9-2009-



002) Attachment E would be required if the applicant’s permit is issued for this location.  



Such a result conflicts with the Cooperative Agreement and potentially disrupts the 



possibility of continued 301(h) waivers for the Point Loma Wastewater Treatment Plant 



from secondary treatment requirements. 



 



The above impacts include just some of the expected significant impacts that are 



likely to result from this action that must be identified and analyzed, and is by no means 



meant to be exhaustive of the issues requiring identification and analysis in the EIS.  



 



 



 



 



                                                        
responsibilities under NEPA by labeling any and all discussion of future environmental effects a 



‘crystal ball inquiry.’”  Scientists’ Inst. for Public Info. v. Atomic Energy Comm’n, 481 F.2d 



1079, 1091-92 (D.C. Cir. 1973); see also Conner v. Burford, 848 F.2d 1441, 1450-51 (9th Cir. 
1988). 
63 Cooperative Agreement In Support of Pure Water San Diego, October 2014.  The Agreement 



goes on to state, “ocean monitoring required by this Agreement shall not be changed, however, 
without the written consent of all parties.”   
64 NPDES Permit No. CA 0107409 (Order No. R9-2009-002), Attachment E, Pages E4-E6. 
65 Site F-23.  NPDES Permit No. CA 0107409 (Order No. R9-2009-002), Attachment E. 
66 See, for example, monitoring sites F-34, F-26, F33, F22, F35, SD13, B8, and F24, to name a 
few.  NPDES Permit No. CA 0107409 (Order No. R9-2009-002), Attachment E. 
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Proposed Alternatives and Impacts: 



 



NEPA regulations require a rigorous and objective analysis of alternatives to 



proposed projects.  An alternatives identification and analysis, in fact, “is the heart of” 



the NEPA document.67   



 



The EIS must identify a reasonable range of alternatives to this project.  Almost 



every alternative imaginable would result in fewer environmental impacts than the one 



proposed, especially given the lack of comprehensive environmental regulations 



governing aquaculture in federal waters.   



 



At a minimum, alternatives that must be explored include: a “no action” 



alternative; a “wild/native fisheries management” alternative that instead accelerates the 



pace of native fisheries recovery and sustainable management that encompasses new 



projects and policies designed to support the expanded sustainable commercial fishing 



practices and to protect and restore wild native fisheries populations; integrative species 



management approaches (aimed at reducing pollutant discharges); fallowing/pen rotation 



approaches (if these are shown to reduce pollutant impacts, rather than spread over a 



greater area); an alternative such as onshore aquaculture that allows for more controlled 



pollution mechanisms and that would result in far fewer environmental impacts; a pilot or 



smaller project with expansion allowed only after follow-up studies and additional 



environmental review, and a combination of these alternatives. 



 



Additional Studies and Review: 



 



The EPA should be careful in its NEPA review to not rely on flawed, biased, or 



inadequate data, or on outdated scientific methodology or conclusory statements.  Still, 



existing literature strongly indicates there will be significant, perhaps immitigable, 



environmental impacts.68   



 



Since this is a first of its kind project in the US, should the EPA move forward 



with issuance a permit or conducting an EIS, additional data and studies must be 



conducted to complement existing data.  “NEPA procedures must insure that 



environmental information is available to public officials and citizens before decisions 



are made and before actions are taken. The information must be of high quality. Accurate 



scientific analysis, expert agency comments, and public scrutiny are essential to 



implementing NEPA”69, and, “if the incomplete information relevant to reasonably 



foreseeable significant adverse impacts is essential to a reasoned choice among 



                                                        
67 40 C.F.R. § 1502.14 
68 See Attachment 1, Comments on Section 10 permit; and Attachment 4, Bibliography. 
69 40 C.F.R. § 1500.1 
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alternatives and the overall costs of obtaining it are not exorbitant, the agency shall 



include the information in the environmental impact statement.”70 



 



Based on existing literature on marine aquaculture and the proposed location and 



its surroundings, the proposed project will result in significant adverse impacts to the 



environment.  To assess the full scope of those impacts, further study must be conducted 



on a site-specific basis prior to, and concurrently with, conducting an identification and 



analysis of impacts.  Specifically, additional studies and review should be conducted by 



unbiased third parties to determine the true extent of environmental impacts that would 



result from waste discharge, antibiotics discharge, and other impacts.71 



 



For example, studies that should be required at the outset should include tracer 



studies for fecal and food waste, and antibiotics in the water column and benthic 



environment.  These studies should be conducted over multiple seasons and during varied 



flow conditions.  In-depth baseline benthic and site assessments should also be required, 



and should include assessment of seasonal variation.  Studies aimed at determining which 



pathogens are present in native populations and which are present only in farmed 



populations should be conducted to insure that pathogens not presently found in native 



populations are not introduced. 



 



The cost of such studies will not be “exorbitant”.  Further, even if associated costs 



are substantial, the environmental costs of issuing an NPDES permit without proper 



knowledge and regulatory safeguards would be incalculable and could lead to the 



devastation, if not collapse, of native and wild fish stocks and a thriving and recovering 



ecosystem off the coast of San Diego. 



 



Legal and Regulatory Considerations: 



 



Finally, there exist regulatory and legal impediments that could prohibit this 



project from moving forward, as there exists no property right to use and exploit public 



trust resources for aquaculture projects.72  Without express authorization from Congress 



authorizing the use and occupation of public lands and public trust resources for 



aquaculture, the authority of the EPA to issue an NPDES permit for aquaculture activities 



in federal waters remains unclear. Consideration of the proposed permit’s application is 



premature and should be postponed until comprehensive regulations have been adopted 



that prescribe and define minimum BMPs, govern the leasing of public trust resources, 



                                                        
70 40 C.F.R. § 1502.22   
71 See, for example, 40 CFR 1501.7(a)(6), requiring the lead agency to,  “Identify other 



environmental review and consultation requirements so the lead and cooperating agencies may 



prepare other required analyses and studies concurrently with, and integrated with, the 



environmental impact statement as provided in § 1502.25.” 
72 See Attachment 1. 
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and contain the full spectrum of environmental considerations associated with offshore 



finfish aquaculture. 



 



To that end, we respectfully request the EPA stop work on environmental review 



and issuance of an NPDES permit until further authority from Congress to proceed with 



aquaculture projects in federal waters occurs.  At a minimum the agency must promulgate 



binding regulations specific to offshore finfish aquaculture projects, establish how their 



foreseeable environmental and socioeconomic impacts are encompassed within EPA’s 



review standard, and issue regulatory amendments to account for the novel risks they 



create, including interagency cooperation and increased transparency. 



 



Should EPA move forward with this NPDES application, careful consideration 



must be given to the lack of existing comprehensive regulations and regulatory oversight 



to deal with the myriad environmental impacts that would likely occur if this project were 



to move forward.73  Thus, during scoping, we respectfully request that analysis occur 



with this lack of overarching protection and oversight in mind, and look beyond the mere 



implications that would result from the strictly NPDES pollution-related activities such as 



waste, antibiotics, and escaped fish. 



   



Conclusion 



 



Given the legal and regulatory hurdles, lack of environmental regulations, and 



regulatory and legal uncertainty over permitting authority for offshore aquaculture 



projects, and likely significant impacts that would result from this project moving 



forward, the application should be denied.  If, however, the EPA chooses to move 



forward with NEPA review, an EIS must be prepared, as significant environmental 



impacts will result. 



 



Thank you for the opportunity to provide scoping comments for NEPA review.  



Please feel free to contact me with any questions or for additional feedback.  We look 



forward to working with the EPA toward development of a meaningful, effective, and 



truly sustainable approach to fisheries management in our region. 



 



Sincerely, 



 



 
Matt O’Malley 



Waterkeeper and Legal & Policy Director 



 



 



                                                        
73 40 C.F.R. § 6.200(c)(4)(iii) requires agencies to integrate review of applicable federal laws into 
the environmental review process in conjunction with the development of NEPA documents. 
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Attachments 1-4 



 



cc:  



Elizabeth Sablad, EPA, Sablad.Elizabeth@epa.gov 



Melanie Tymes, USACE, Melanie.B.Tymes@usace.army.mil 



David Smith, EPA, Smith.DavidW@epa.gov 



Peter Kozelka, EPA, Kozelka.Peter@epa.gov 



Diane Windham, NOAA Fisheries, Office of Aquaculture (Western), 



diane.windham@noaa.gov 



Deborah Lee, CA Coastal Commission, deborah.lee@coastal.ca.gov 



Greg Murphy, Office of County Supervisor Greg Cox, greg.murphy@sdcounty.ca.gov 



Cassidy Teufel, CA Coastal Commission, cassidy.teufel@coastal.ca.gov 



Alejandra Gavaldon, Mayor Faulconer’s Office, agavaldon@sandiego.gov 



David Gibson, San Diego Regional Water Quality Control Board, 



david.gibson@waterboards.ca.gov 



 



 



 













 



 



         March 11, 2015 
U.S. Army Corps of Engineers, Los Angeles District 



Regulatory Division, South Coast Branch 



Attention: SPL-2014-00600-MBT 



5900 La Place Court, Suite 100 



Carlsbad, CA 92008 



 



Sent via email to Melanie.B.Tymes@usace.army.mil 



 



Re: Application for Permit No. SPL-2014-00600-MBT 



 



Thank you for the opportunity to comment on Application for Permit No. SPL-2014-00600-MBT 



Rose Canyon Fisheries Sustainable Aquaculture Project (“permit” or “proposal”), a proposal for 



an off-shore finfish aquaculture project in federal waters approximately 4.5 miles from the San 



Diego coastline.  San Diego Coastkeeper is a non-profit organization working to protect and 



restore fishable, swimmable, drinkable waters in San Diego County.   



 



While we don’t doubt that offshore finfish aquaculture in the United States will be part of the 



overall strategy aimed at providing adequate food for the world’s population, San Diego 



Coastkeeper believes this project proposal is premature and must be postponed until a 



comprehensive federal policy is adopted for aquaculture projects in federal waters, as presently 



there exist significant legal and regulatory impediments to this project moving forward.  



 



Because there is a substantial likelihood that this project would result in significant 



environmental impacts as discussed in detail below, an Environmental Impact Statement (EIS) is 



required.  Further, with all due respect to the US Army Corps of Engineers (“the Corps”), the 



Environmental Protection Agency (EPA) and the National Oceanic and Atmospheric 



Administration (NOAA) should share lead agency responsibilities for NEPA review as opposed to 



the Corps serving as lead agency. 



 



San Diego Coastkeeper respectfully requests a public hearing on this matter. 



 



NEPA, Lead Agency, and Required Environmental Impact Statement (EIS): 



 



As a preliminary matter, Coastkeeper strongly believes there exist federal agencies besides the 



Corps that are far better suited to act as lead agency for the NEPA process. 



 



In the absence of comprehensive governing regulations and an express delegation of authority 



to the Corps for such activities, the EPA and NOAA should instead be lead agencies for NEPA 



review.  With all due respect to the Corps and its talented staff, Coastkeeper does not believe 



the Corps is equipped with the expertise necessary on environmental review to be the lead 



agency on this issue.   



 





mailto:Melanie.B.Tymes@usace.army.mil
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The justification for designating a lead agency besides the Corps stems partly from the fact that 



the Corps’ supposed jurisdictional and governing authority here is narrow in scope and is far less 



focused than NOAA’s or EPA’s is in ensuring water quality and environmental resource 



protection and management.  For example, NOAA’s 2013-2019 Annual Guidance Memo 



indicates NOAA’s express ongoing and continuing efforts include efforts “to end overfishing 



[and] enhance development of sustainable aquaculture…”1, and NOAA Fisheries’ purposes state 



that they are, “responsible for the stewardship of the nation’s ocean resources and their 



habitat.  [They] provide vital services for the nation: productive and sustainable fisheries, safe 



sources of seafood, the recovery and conservation of protected resources, and healthy 



ecosystems.”2  To further demonstrate NOAA’s expertise and commitment to aquaculture and 



its related environmental and other impacts, in 2011 NOAA released its Aquaculture Policy 



which specifies the goals, objectives, and priorities for all aquaculture-related activities.  That 



policy specifies that, “NOAA is responsible for considering and preventing and/or mitigating 



potential adverse environmental impacts of planned and existing marine aquaculture facilities 



through the development of fishery management plans, permit actions, proper siting, and 



consultation with other regulatory agencies at the federal, state, and local levels.”3 



 



Importantly, NOAA itself has commented that comprehensive regulations are necessary.  In its 



Aquaculture Policy NOAA calls on Congress to clarify regulatory authority related to aquaculture 



in federal waters in the context of other authorities, and, “to establish a coordinated, 



comprehensive, science-based, transparent” regulatory program.4  Appendix 1 of the Policy, 



titled NOAA Guidance for Aquaculture in Federal Waters, further shows that NOAA, perhaps 



acting in concert with the EPA, is the most appropriate lead agency for this issue.  The National 



Ocean Policy Implementation Plan stresses the importance of NOAA in the aquaculture arena, 



and NOAA chairs the Aquaculture Regulatory Task Force.5  Finally, NOAA has developed a Code 



of Conduct for Responsible Aquaculture Development in the US Exclusive Economic Zone (EEZ).6 



 



Likewise, the EPA wields a significant sphere of influence over aquaculture as witnessed by that 



agency’s regulation of discharges from Concentrated Aquatic Animal Production (CAAP) point 



sources.  In 2004 as a result of a settlement with NRDC, the EPA finalized effluent guidelines for 



CAAPs that set some minimum criteria for monitoring, reporting, and management practice 



plans for CAAP projects that ensure those effluent requirements are met.7   These guidelines, 



                                                        
1 Available at http://www.ppi.noaa.gov/wp-content/uploads/2013-2019-AGM_final_signed120925.pdf.  
Last accessed February 19, 2015 
2 Available at http://www.nmfs.noaa.gov/aboutus/our_mission.html.  Last accessed February 19, 2015. 
3 NOAA Marine Aquaculture Policy, June 2011, p. 3.  That section is preceded by, “The statutory basis for 
NOAA’s aquaculture activities includes the Magnuson-Stevens Fishery Conservation and Management Act, 
the Marine Mammal Protection Act, the Endangered Species Act, the Coastal Zone Management Act, the 
National Marine Sanctuaries Act, and the Fish and Wildlife Coordination Act. Under these laws, in addition 
to the National Environmental Policy Act, NOAA is responsible…”  Id.  This policy was adopted only after 
extensive scientific and literary review and after consideration of public comments. 
4 NOAA Marine Aquaculture Policy, June 2011, p. 6. 
5 National Ocean Policy Implementation Plan Appendix, page 4. 
6 See http://www.nmfs.noaa.gov/trade/AQ/AQCode.pdf, last accessed February 26, 2015. 
7 See 40 CFR 451.1-451.24 
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while far from the type of over-arching comprehensive regulations needed to adequately 



address the impacts from aquaculture8, show that the EPA has a greater sphere of influence 



over the types of activities proposed by the applicant.  Since the EPA’s CAAP standards would 



apply to a production facility of the size proposed in this permit application, and given the EPA’s 



knowledge of, and expertise in CAAP and CAFO permitting, the EPA should at the very least be a 



joint lead agency for NEPA purposes. 



 



In stark contrast to NOAA’s and EPA’s stated authority, purposes, and spheres of influence over 



aquaculture, the Corps’ purported jurisdiction is based on an 1899 act related to obstructions of 



navigable waters.  Under Section 10 of that Act, permit authorization is based on considerations 



related to navigational impacts, as opposed to permitting of the commercial activity itself or 



authorization of private use of federal lands.  Authority to govern other activities such as 



mineral extraction on the OCS or deepwater ports come from specific delegations of authority.  



And the Corps’ own mission statement and description of purposes is limited to planning, 



designing and operating public works, management of construction of military facilities, and 



support of design and construction management of military and other federal agencies.9  With 



regard to the proposed project, the primary environmental review focus must be on water 



quality, sediment quality, and marine and coastal biological and fisheries resources and impacts.  



In every one of those areas, the Corps is not the federal agency that has the appropriate 



expertise or the resources to make the relevant decisions.  All of those areas of concern and 



expertise more appropriately fall under the jurisdiction of NOAA and the EPA.10  Finally, due to 



the precedential and experimental nature of this endeavor and the myriad overarching and joint 



regulatory issues involved, should the Corps decide to be the lead agency we urge the Corps, 



NOAA, and the EPA to jointly serve as lead agencies under 40 CFR 1501.5 (b).   



 



If, despite the obvious paramount interests in aquaculture by NOAA and the EPA, the Corps 



chooses to become the lead agency alone, Coastkeeper wants to remind the Corps that 



environmental review under Section 10 requires consideration of environmental impacts of the 



entire project including pollutant discharge, disease, impairments to genetic integrity of fish and 



wildlife, and benthic impacts.  Under its current review procedure the Corps must also weigh the 



benefits of the project against unique environmental impacts on fish, marine mammals, birds, 



                                                        
8 Importantly, the effluent guidelines do not attempt to address issues such as impacts to predator 
behavior, disease, escapes, genetic drift, or any number of potential environmental impacts that will 
result from aquaculture projects.  They are only meant to deal with some aspects related to discharges.  
Project proponents themselves note that no broad-based inclusive guidelines exist at the federal level.  
See Final Report Rose Canyon Fisheries Sustainable Aquaculture Project, Marine Research Specialists, 
September 2014, p. 17; “The RCF-SAP intends to work closely with the EPA, and other government 
agencies to assist in the development of offshore aquaculture effluent guidelines.” 
9 See http://www.swf.the Corps.army.mil/Careers/WhoWeAre.aspx, last accessed March 2, 2015. 
10 Interestingly, a 2014 law review article titled “Offshore Finfish Aquaculture in the US: An Examination of 
Federal Laws That Could be Used to Address Environmental and Occupational Public Health Risks” 
mentioned Section 10 only to make a point that it had “low potential” to address such issues, and barely 
made mention of Section 10 at all.  Int. J. Environ. Res. Public Health 2014, 11, 11964-11985, found at 
www.mdpi.com/journal/ijerph. 
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commercial fisheries, and aesthetic values.11  If the Corps moves forward as sole lead agency, 



Coastkeeper strongly urges the Corps to carefully and deliberately consider the significant 



impacts listed in the application, as well as others we list below that were omitted, during the 



NEPA and EIS process.  



 



Federal/State Consistency: 



 



Impacts to state waters are likely to result from activities associated with the proposal, including 



escapes, disease migration, genetic impacts to fish migrating into and from state waters, 



impacts to predators, and transport of fish through California waters, among others.  Because 



state waters will be impacted by the proposed project due to the nature of the proposal and the 



proximity of the project, any environmental review that occurs must be done in the context of 



ensuring consistency with CA law under state the Coastal Zone Management Act (CZMA), 



California Coastal Act, the California Sustainable Oceans Act (S.B. 201), and other state laws 



governing coastal management12.  



 



Specifically, any governing regulations, requirements, or mitigation measures must be at least as 



stringent as the California Sustainable Oceans Act requirements in S.B. 201 for purposes of 



federal consistency.13  To ensure consistency with CA Coastal Act management policies, 



specifically Sections 30230-30237 and 30250-30255 of the Act, consistency with the CA 



Sustainable Oceans Act would be required.  Additionally, California Fish & Game Code section 



15008 lists specific factors that must be considered for this project to meet with federal 



consistency.  That section provided a framework for managing marine finfish aquaculture in an 



environmentally sustainable manner that, at a minimum, considers all of the following factors: 



 



(1) Appropriate areas for siting marine finfish aquaculture operations to avoid adverse impacts, 



and minimize any unavoidable impacts, on user groups, public trust values, and the marine 



environment; 



(2) The effects on sensitive ocean and coastal habitats; 



(3) The effects on marine ecosystems, commercial and recreational fishing, and other important 



ocean uses; 



(4) The effects on other plant and animal species, especially species protected or recovering 



under state and federal law; 



(5) The effects of the use of chemical and biological products and pollutants and nutrient wastes 



on human health and the marine environment; 



(6) The effects of interactions with marine mammals and birds; 



                                                        
11 This includes native fish in the area, as well as fish that are likely to be used as feed and the amount of 
fish meal necessary to produce commercially viable farmed fish.   
12 It should be noted that the state of California can apply state law extraterritorially to federal waters in 
instances where it is not preempted.  Skiriotes vs Florida, 313 US 69, 77 (1941).  As Congress has not 
preempted state regulation of offshore aquaculture, state regulation of this project would not be 
preempted. 
13 See 33 CFR 320.4(h), 15 CFR 930.74 and 15 CFR 930.32, and http://www.coastal.ca.gov/fedcd/listlic.pdf 
(last accessed February 24, 2015).  
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(7) The cumulative effects of a number of similar finfish aquaculture projects on the ability of the 



marine environment to support ecologically significant flora and fauna; 



(8) The effects of feed, fish meal, and fish oil on marine ecosystems; 



(9) The effects of escaped fish on wild fish stocks and the marine environment; 



(10) The design of facilities and farming practices so as to avoid adverse environmental impacts, 



and to minimize any unavoidable impacts. 



Cal. Fish & Game Code § 15008  



 



The California Fish and Game Code, in implementing SB 201, includes requirements that, “all 



facilities and operations shall be designed to prevent the escape of farmed fish into the marine 



environment”14, “a lease shall not unreasonably interfere with fishing or other uses or public 



trust values”15, “to reduce adverse effects on global ocean ecosystems, the use of fish meal and 



fish oil shall be minimized”16, “finfish numbers and density shall be limited to what can be safely 



raised while protecting the marine environment”17, and “the use of all drugs, chemicals, and 



antibiotics, and amounts used and applied, shall be minimized”18, among others.   



 



While federal law is primarily silent on these issues and no such framework exists on that level, 



California has developed a robust and environmentally protective framework for managing 



marine finfish aquaculture.  For consistency purposes, if allowed to move forward the project 



proponents must meet the California requirements at a minimum.  Because this is the first 



operation of its kind, San Diego Coastkeeper strongly urges that measures employed to protect 



the environment exceed those measures listed in Section 15400, which expressly states such 



measures are minimum measures.19   



 



Environmental Review Standards and Mitigation Measures: 



 



In contrast to the environmental review required in other scenarios of federal oversight of 



private use of public lands (discussed in detail below), the Corps’ public interest and 



“environmental” review requirements under 33 CFR 325.3 and 320.4 lack adequate guidelines 



for review of the types of activities contemplated under this proposal.  This is due to the 



intended application of those sections only to review for permits of navigational obstructions on 



waters of the U.S.  Instead of a suite of review guidelines and requirements, the Corps’ review 



process considers vague “public interest” factors20 without sufficient environmental 



consideration (including cumulative impacts), specific programmatic impacts and alternatives, or 



adequate constraints for informed agency decision-making. 



 



                                                        
14 CA F&G Code Section 15400(b)(9) 
15 CA F&G Code Section 15400(b)(2).  
16 CA F&G Code Section 15400(b)(3) 
17 CA F&G Code Section 15400(b)(6) 
18 CA F&G Code Section 15400(b)(7) 
19 See CA Fish & Game Code Section 15400 (b), “Leases and regulations adopted by the commission for 
marine finfish aquaculture shall meet, but are not limited to, all of the following standards.”  Emphasis 
added. 
20 See 33 CFR 325.3(c).   
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At the very least, a proper review of this proposal should consider each of the provisions of the 



CA Sustainable Oceans Act and EPA CAAP effluent guidelines.   Instead, the Corps’ review 



standards say only that “consideration of mitigation will occur throughout the permit 



application review process and includes avoiding, minimizing, rectifying, reducing, or 



compensating for resource loss”.21   



 



The permit notes that the applicant’s proposed mitigation sequence is 



“avoidance/minimization/compensation”.  Without further explanation as to what specific 



measures will be taken or what thresholds define avoidance, there is insufficient guidance to 



determine how to proceed under Section 10.  



 



Mitigation measures must first avoid, and then minimize, negative or deleterious impacts 



caused by the project’s activities.  Even under the weak and ill-defined Section 10 review factors 



and guidelines governing mitigation and review the applicant’s proposed mitigation measures 



fail to offer actual mitigation for expected significant environmental impacts.  Instead, the listed 



measures are largely just explanations that some action would need to be undertaken after-the-



fact if negative impacts occur, or the measures simply refer to future permits that would be 



required.  Few, if any, actual defined plans or mitigation measures are offered.  The lack of 



Section 10 guidelines on environmental review and mitigation further exacerbate this issue 



through their lack of clarity.   What is clear, however, is that Section 10 standard of review is 



inappropriate for proper environmental review of an activity with no federal regulations and 



that will have significant environmental impacts. 



 



To illustrate why comprehensive aquaculture regulations are necessary, and why the proposed 



mitigation measures in the application fail to adequately address expected significant 



environmental impacts, we next turn to address those expected environmental impacts of this 



proposal and the applicant’s proposed mitigation measures.  While, as the applicant’s own 



environmental report points out, “impacts on receiving waters from offshore aquaculture 



facilities have not been characterized to date,”22 there exists sufficient information to determine 



that activities would significantly impact the environment, thereby necessitating an EIS.  The 



environmental report for this project23, though insufficient in its analysis and assessment of each 



of the impacts likely to result from this proposal, itself offers insight into the fact that significant 



environmental impacts will results from the proposed activities.  



 



Marine Water and Sediment Quality Mitigation: 



 



Impact No. 1 



Organic particulates discharged during aquaculture activities may locally degrade marine water 
quality. 
 



                                                        
21 33 CFR 320.4(r). 
22 Final Report Rose Canyon Fisheries Sustainable Aquaculture Project, Marine Research Specialists, 
September 2014. 
23 Id. 
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Proposed Mitigation Measure: Conduct a receiving-water monitoring program capable of 
delineating the extent of the discharge plume emanating from the net pens. 
 



Drawing on language in the project proponent’s own project assessment report,24 expected 



water quality impacts include, “oxygen depletion in surrounding waters, degradation of benthic 



ecosystems, and the potential exacerbation of toxic algae blooms through nutrient loading.”25 



 



As with many of the other listed potential impacts and measures discussed below, it is apparent 



to Coastkeeper that the applicant does not understand the meaning of the term “mitigation”.  



Mitigation is meant to first and foremost avoid negative impacts to the environment.  Only 



when such avoidance and prevention is not possible, mitigation is then meant to minimize those 



impacts, rather than to compensate after-the-fact for such impacts.   



 



Simply monitoring for pollutants and determining the extent of a pollutant plume is not a 



mitigation measure.  Our marine environments are not meant to function as proving grounds for 



private industry.  Instead, mitigation must be the containment of any potential organic 



particulate discharge to the immediate area.   In doing so, the project proponent would be 



required to follow the CA Sustainable Oceans Act and EPA’s CAAP requirements at a minimum.   



 



At several places in the project proponent’s Final Report (which Coastkeeper obtained through 



the EPA because the report was not submitted to the Corps for consideration), it is mentioned 



that water quality impacts can be mitigated through dilution resulting from rapid current and 



water movement.  While estimates of nutrient loading are not provided, studies have estimated 



nitrogen discharge levels of 52-95% N in feed is eventually lost as waste in marine fish cages.26  



Local and regional scale effects are to be expected despite the exposed nature of the site.27  



Coastkeeper does not believe the solution to pollution is dilution, and a more specific mitigation 



regime aimed at avoiding or preventing water quality degradation through source control is 



necessary. 



 



Coastkeeper is further troubled by the fact that the proposed activity would be located directly 



over a reference site for Point Loma Ocean Outfall (PLOO).  Coastkeeper has a long history 



working with the City to improve functionality and marine protection at the Pt. Loma 



                                                        
24 Id. 
25 Id., at p. 50. 
26 Price C, Black K, Hargrave B, Morris J. Marine cage culture and the environment: effects on water quality 
and primary production. Aquac Environ Interact. 2015;6:151-174 and Pearson TH, Black KD. The 
environmental impacts of marine fish cage culture. In: Black KD, ed. Environmental Impacts of 
Aquaculture. Boca Raton, FL: CRC Press; 2001:1-31. 
27 Sarà G, Lo Martire M, Sanfilippo M, et al. Impacts of marine aquaculture at large spatial scales: 
Evidences from N and P catchment loading and phytoplankton biomass. Mar Environ Res. 2011;71:317-
324. and Tsagaraki TM, Petihakis G, Tsiaras K, et al. Beyond the cage: Ecosystem modelling for impact 
evaluation in aquaculture. Ecol Modell. 2011;222:2512-2523. 
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Wastewater Treatment Plant and PLOO.28  The PLOO reference site over which these activities 



would be located currently serves as a reference, or “control”, site due to its relative ecological 



health, and sampling results from the PLOO outfall are compared to this reference site in order 



to determine whether PLOO discharges have any detrimental marine impacts, given the plant’s 



nature as the only remaining large treatment plant in the U.S. that does not operate at more 



advanced secondary treatment standards.  What would result under this aquaculture proposal 



would be the nation’s first offshore experimental aquaculture project (which lacks 



environmental regulations) located in close proximity to the outfall of the nation’s last 



treatment plant operating under old standards.  Coastkeeper fails to see how the proper 



safeguards could exist under this scenario to ensure benthic communities and water column are 



not degraded.  Furthermore, given the relative health of the site over which this will take place, 



we are concerned that any activity would result in the degradation of the benthic community 



and water column, in violation of Clean Water Act anti-degradation requirements. 



 



 



Impact No. 2 



Deposition of excess feed, fecal matter, and fish excretions may adversely impact seafloor 
sediments. 
 
Proposed Mitigation Measure: Conduct a benthic impact assessment capable of detecting 
project-related changes to seafloor chemistry and benthic infaunal communities. If significant 
adverse effects on benthic quality are observed (as defined below), abatement measures will be 
instituted to reduce impacts to benthic sediments and communities. 
 



Importantly, and for consistency purposes, the California Ocean Plan allows for no degradation 



to occur to marine and benthic communities.29  Yet, impacts to the seafloor, benthic 



communities, and marine life should be expected.30  The benthic effects of fish farming in deep 



water are poorly understood31 and yet the expected increased dispersal of waste products in a 



deep, dynamic location results in potential effects at a much larger spatial scale.32  Numerous 



examples of both near- and far-field aquaculture-derived nutrient and contaminant loading of 



                                                        
28 We have recently signed an agreement requiring the City of San Diego to modify the plant’s operations 
over the next 20 years in order to reduce discharges into the marine environment and produce potable 
recycled water. 
29 See California Ocean Plan 2012, p. iv, “The Ocean Plan is clear that there shall not be degradation of 
marine communities…due to waste discharges.”   
30 See Final Report Rose Canyon Fisheries Sustainable Aquaculture Project, Marine Research Specialists, 
September 2014, p. 55.  “The most commonly reported and measurable effects of net pen aquaculture 
involve the near field excessive loading of bottom sediments with particulate organic matter,” and, “It is 
an accepted fact that seafloor accumulations of consumed feed and fecal waste can result in organic 
buildup that produces a variety of physical, chemical, and biological changes within the benthos.”    
31 Holmer M. Environmental issues of fish farming in offshore waters: perspectives, concerns and research 
needs. Aquac Environ Interact. 2010;1:57-70. 
32 Bannister RJ, Valdemarsen T, Hansen PK, Holmer M, Ervik A. Changes in benthic sediment conditions 
under an atlantic salmon farm at a deep, well-flushed coastal site. Aquac Environ Interact. 2014;5:29-47. 











9 
 



sediments exist in the literature.33  Accumulation of sediment organic matter may lead to 



changes in secondary production and shifts in community structure.   



 



As above, the project proponent does not propose measures aimed at preventing and avoiding 



impacts the benthic communities and instead proposes simply to conduct a benthic impact 



assessment.   Appropriate mitigation measures must seek to prevent and avoid negative impacts 



to the benthos and water column.  In keeping with California and EPA requirements, a benthic 



assessment should instead be a requirement before any permits are issued, but is not itself 



“mitigation”.  Furthermore, what would constitute “abatement measures” is not defined, and as 



such these proposed measures lack specificity to the degree that they are devoid of all utility as 



far as allowing for meaningful public comment on their effectiveness as mitigation measures. 



 



Proposed Mitigation Measure: Model the nutrient (both dissolved and particulate wastes) 



dispersion around the net pens.   



 



Modeling of nutrient dispersion is also not a mitigation measure meant to prevent or avoid 



negative impacts, but is instead an after-the-fact information-gathering measure which would 



likely be necessary under any discharge permit. 



 



Proposed Mitigation Measure:  Identify and implement all practicable net pen management 



practices to reduce excess nutrient discharges to the marine environment.   



 



There is no specificity with regard to these “net pen management practices”.  The project 



applicant must define what those practices are with specificity in order to determine the true 



environmental impact, and those practices must be aimed at avoiding and preventing negative 



environmental impacts. 



 



Impact No. 3 



Antibiotics and other therapeutic chemicals released into the marine environment may adversely 
affect water and sediment quality. 
 



                                                        
33 See, for example, Sarà G, Scilipoti D, Mazzola A, Modica A. Effects of fish farming waste to sedimentary 
and particulate organic matter in a southern Mediterranean area (Gulf of Castellammare, Sicily): A 
multiple stable isotope study (δ13C and δ15N). Aquaculture. 2004;234:199-213., Yokoyama H, Abo K, 
Ishihi Y. Quantifying aquaculture-derived organic matter in the sediment in and around a coastal fish farm 
using stable carbon and nitrogen isotope ratios. Aquaculture. 2006;254:411-425., Holmer M, Marba N, 
Diaz-Almela E, Duarte CM, Tsapakis M, Danovaro R. Sedimentation of organic matter from fish farms in 
oligotrophic Mediterranean assessed through bulk and stable isotope (δ13C and δ15N) 
analyses. Aquaculture. 2007;262:268-280, Bannister RJ, Valdemarsen T, Hansen PK, Holmer M, Ervik A. 
Changes in benthic sediment conditions under an atlantic salmon farm at a deep, well-flushed coastal site. 
Aquac Environ Interact. 2014;5:29-47 Debruyn AMH, Trudel M, Eyding N, et al. Ecosystemic effects of 
salmon farming increase mercury contamination in wild fish. Environ Sci Technol. 2006;40(11):3489-3493., 
Nikolaou M, Neofitou N, Skordas K, Castritsi-Catharios I, Tziantziou L. Fish farming and anti-fouling paints: 
a potential source of Cu and Zn in farmed fish. Aquac Environ Interact. 2014;5:163-172.. 
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Proposed Mitigation Measure. Use of chemicals should be minimized by practicing preventive 
medicine, adopting biological controls, and adopting optimal/best aquaculture management 
practices. 
 



“Preventive medicine”, “biological controls”, and “optimal/best aquaculture management 



practices” are undefined.  As no federal regulations exist yet to define what these definitions 



are, and what required BMPs must be implemented, each of these terms needs to be articulated 



and defined in much greater detail.  Once again, the project proponent must explain in detail 



the mitigation measures that will be utilized to prevent and avoid impacts caused by the use of 



antibiotics and other chemicals introduced into the marine environment.34 



 



The applicant does not address the use of biocides or other antifouling mechanisms which 



would doubtless be extensive in a facility of this size, and may adversely impact both water and 



sediment quality35 and could potentially become a human health risk when these chemicals 



accumulate in farmed and wild fish tissue.  San Diego is already subject to Total Maximum Daily 



Loads (TMDLs) that resulted from harmful environmental impacts due to the use of biocides for 



anti-fouling purposes in salt water (for example, the Shelter Island TMDL).  The use of net pens 



and other facility structures containing biocide would have significant environmental impacts. 



 



Marine Biological Resources Mitigation: 



 



Impact No. 1  
Hard-bottom habitat, located within 1,600 m of project site and the fish pens, may potentially be 
impacted by the 3000kg anchors and associated anchor chains that will be used to moor the fish 
cage grids.  
 
Proposed Mitigation Measure: Anchor contact with hard-bottom structures in the project area 
shall be avoided. If hard substrate is encountered, the mooring grids and anchors will be re-sited 
to avoid it.  After initial installation of the fish pens, inspections shall be conducted on an annual 
basis and after major storms to verify that anchors have not migrated, or come into contact with 
hard-bottom structures. (Inspection is not a mitigation measure) Anchors shall be repositioned if 
they contact or are in close proximity to hard-bottom features.  
 



This measure, at least, lists that anchor contact with hard-bottom structure shall be avoided, 



and is more along the lines of the type of mitigation measures required to prevent or avoid 



negative impacts.  Still, more specificity is needed as to what measures will be deployed to 



                                                        
34 See Burridge L, Weis JS, Cabello F, Pizarro J, Bostick K. Chemical use in salmon aquaculture: A review of 
current practices and possible environmental effects. Aquaculture. 2010;306(1-4):7-23., Cabello FC. Heavy 
use of prophylactic antibiotics in aquaculture: a growing problem for human and animal health and for the 
environment. Environ Microbiol. 2006;8(7):1137-1144., and Cabello FC, Godfrey HP, Tomova A, et al. 
Antimicrobial use in aquaculture re-examined: its relevance to antimicrobial resistance and to animal and 
human health. Environ Microbiol. 2013;15(7):1917-1942 for examples of impacts. 
35 Guardiola FA, Cuesta A, Meseguer J, Esteban MA. Risks of using antifouling biocides in aquaculture. Int J 
Mol Sci. 2012;13:1541-1560., Nikolaou M, Neofitou N, Skordas K, Castritsi-Catharios I, Tziantziou L. Fish 
farming and anti-fouling paints: a potential source of Cu and Zn in farmed fish. Aquac Environ Interact. 
2014;5:163-172. 
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ensure avoidance, what measure would be required if avoidance is not possible, and what 



situations would require re-siting (which would require a new EIS).  



 



Inspections for verification that impacts have not occurred are not mitigation measures.  



Instead, applicant must list with more specificity which measure would be used to ensure 



avoidance of anchor migration or contact with hard-bottom structures.   



 



Impact No. 2 
Wildlife may become entangled in the fish-pen nets.  
 
Proposed Mitigation Measure: The applicant shall implement specific measures to minimize 
harmful interactions with wildlife (e.g., marine mammals, birds, fish and turtles). A specific goal 
is to avoid entanglement of marine birds, mammals, turtles, and predator fish species in the 
various nets that will be utilized at the RCF-SAP. As proposed by the applicant, the use of physical 
predator deterrence methods, such as anti-predator netting and locating the farm away from 
known seal and sea lion haul-out areas will be implemented. A description of the nets to be used 
and their placement are described in detail in section 2.3 of this report. The applicant shall 
consult further with the appropriate state and federal agencies regarding net mesh sizes that will 
be used for the fish pens, in order to minimize potential entanglement of marine wildlife. The 
applicant shall consider the recommendations for preventing harmful interactions with marine 
mammals issued by the Environmental Assessment Office, Government of Canada, as they apply 
to the current industry rules and regulations in the U.S. (e.g.-only physical deterrence methods, 
guarding, and proper storage of materials that may attract predators are allowed in the U.S. net 
pen aquaculture industry). The applicant shall abide by the regulations set forth in the U.S. 
Marine Mammal Protection Act as well as document and report any interactions with wildlife, to 
the appropriate state and federal agencies. 
 



The applicant fails to detail which “specific measures” will be utilized to minimize harmful 



interactions with wildlife.  Further, mitigation must first seek to avoid or prevent such harmful 



interactions, and the proponent fails to detail within the proposed mitigation measure how such 



avoidance and prevention will be achieved.  Additionally, the mention of specific descriptions of 



the nets to be used as being in “section 2.3 of this report” is insufficient and confusing, as no 



report accompanied this permit’s submittal as far as Coastkeeper can tell.  A copy of that report 



was made available to Coastkeeper by the EPA, only after project applicant denied access to 



Coastkeeper staff and board members when asked in a personal meeting. 



 



Finally, the applicant fails to address the impacts of the expected aggregations of wild fish near 



the sea cages.  Aquaculture practices have been known to attract large and persistent 



aggregations of fish36, thereby having potentially large impacts on wild fish feeding behavior, 



                                                        
36 See, for example, Machias A, Karakassis I, Giannoulaki M, Papadopoulou KN, Smith CJ, Somarakis S. 
Response of demersal fish communities to the presence of fish farms. Mar Ecol Prog Ser. 2005;288:241-
250.,  Dempster T, Uglem I, Sanchez-Jerez P, et al. Coastal salmon farms attract large and persistent 
aggregations of wild fish: An ecosystem effect. Mar Ecol Prog Ser. 2009;385(Fao 2008):1-14., and Bustnes 
JO, Nygård T, Dempster T, et al. Do salmon farms increase the concentrations of mercury and other 
elements in wild fish? J Environ Monit. 2011;13:1687-1694. 
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energetics, fecundity, and migratory behavior, as well as the increased potential for disease 



transmission or genetic introgression between wild and farmed fish stocks. 



 



Impact No. 3 
The deposition of uneaten fish food and fish feces on the seafloor may potentially alter the 
benthic community in the proposed project area.  
 
Proposed Mitigation Measure: As required by the EPA as part of the NPDES permit process, a 
benthic monitoring program shall be initiated at the project site that is subject to review and 
approval by the EPA. The applicant has proposed a benthic monitoring program that includes 
monitoring of the health and community composition of benthic epi- and infaunal communities 
in addition to various physical and physiochemical measures. The proposed monitoring program 
incorporates adequate reference sites and satisfies BACI criteria. Additional information 
regarding the design of the monitoring program is provided in Section 4.1, Marine Water 
Quality, Mitigation Measure No. 2. 
 



Simply referencing a separate permit application, without specifics included in that permit 



application or measures aimed at avoiding and preventing impacts to the benthic community 



(such impacts are prevented under the California Ocean Plan and Clean Water Act), is 



insufficient mitigation.  Numerous studies have documented changes in benthic communities 



near deep well-flushed farms.37  Examples of potential adverse impacts include changes in 



community structure, with opportunistic, pollution-tolerant species becoming abundant and 



local extinction of sensitive species.38  Organic enrichment of benthic sediments may increase 



microbial production resulting in increased oxygen demand and potential hypoxia.  Increased 



numbers of sulfate-reducing bacteria have been linked to offshore aquaculture sites leading to 



accumulation of sulfides in sediments.39 



 



Impact No. 4  
Cultured fish may escape from containment, impacting the genetic integrity of wild populations. 
 
Proposed Mitigation Measure: As part of the project’s best management practices, the 
applicant will develop and implement a comprehensive loss-control plan. At minimum, the plan 
will include: equipment standards, equipment installation protocols, preventative maintenance 
plans, integrated predator deterrence plans, and a containment management system that 
includes documentation of management actions and external audits. Plans should allow for 



                                                        
37 See Kalantzi I, Karakassis I. Benthic impacts of fish farming: Meta-analysis of community and 
geochemical data. Mar Pollut Bull. 2006;52:484-493., Borja Á, Rodríguez JG, Black K, et al. Assessing the 
suitability of a range of benthic indices in the evaluation of environmental impact of fin and shellfish 
aquaculture located in sites across Europe. Aquaculture. 2009;293(3-4):231-240., and Bannister RJ, 
Valdemarsen T, Hansen PK, Holmer M, Ervik A. Changes in benthic sediment conditions under an atlantic 
salmon farm at a deep, well-flushed coastal site. Aquac Environ Interact. 2014;5:29-47.. 
38 Holmer M. Environmental issues of fish farming in offshore waters: perspectives, concerns and research 
needs. Aquac Environ Interact. 2010;1:57-70., Mirto S, Gristina M, Sinopoli M, et al. Meiofauna as an 
indicator for assessing the impact of fish farming at an exposed marine site. Ecol Indic. 2012;18:468-476.  
39 Yoza BA, Harada RM, Nihous GC, Li QX, Masutani SM. Impact of mariculture on microbial diversity in 
sediments near open ocean farming of Polydactylus sexfilis. Ecol Indic. 2007;7:108-122. 











13 
 



continuous improvement and revisions as more innovations in farming methods and technology 
become available.  
 



Escapes are common in the aquaculture industry and can be massive.40  Among the impacts of 



escapes are genetic contamination of the wild genome, competition with wild fish for food and 



favorable space, predation on wild fish, and disease and parasite transmission, to name a few.41  



The proposed measures merely mention that BMPs will be devised by the project proponent, 



but once again there exists no specificity whatsoever as to what those BMPs will actually be.   



 



Mitigation measures must prevent or avoid the escape of fish.  Coastkeeper is concerned that 



language in the proposal contemplates escapes as something that would occur, with a goal to 



“allow for continuous improvement and revisions”.  Such language indicates appropriate 



measures would not be implemented from the outset.  Our concerns are further heightened by 



the admitted experimental nature of this program as a whole.  This project cannot and should 



not be permitted as an experiment, or under some form of iterative process as the applicant 



suggests.  The strictest of measures that aim to prevent and avoid negative impacts are required 



at the onset, especially in light of the lack of comprehensive regulations over aquaculture in the 



offshore environment. 



 



Furthermore, under 33 USC 1362(6), escaped fish in and of themselves are considered a 



pollutant under the Clean Water Act42, and would be subject to that act’s strictest requirements 



for pollutant discharges. 



 



Impact No. 5 
The pathogens or diseases associated with the cultured species may be transferred to wild fish 
stocks or to the fish community residing in the project area. 
 
Proposed Mitigation Measure: A comprehensive health management program consisting of the 
early detection of infectious agents, monitoring of environmental conditions, good husbandry 
practices, good nutrition, and disease control and eradication, as proposed by the applicant, 
shall be implemented (See Appendix III). Disease identification, control and reporting practices 
shall be conducted in accordance with applicable state or federal regulatory criteria (See Section 



                                                        
40 Naylor R, Burke M. Aquaculture and Ocean Resources: Raising Tigers of the Sea. Annu Rev Environ 
Resour. 2005;30:185-218., and Issue Brief, February 2013 from Food and Water Watch, listing numerous 
examples of mass escapes. 
41 Holmer M. Environmental issues of fish farming in offshore waters: perspectives, concerns and research 
needs. Aquac Environ Interact. 2010;1:57-70., Toledo-Guedes K, Sanchez-Jerez P, Benjumea ME, Brito A. 
Farming-up coastal fish assemblages through a massive aquaculture escape event. Mar Environ Res. 
2014;98:86-95., and Noble T, Smith-Keune C, Jerry D. Genetic investigation of the large-scale escape of a 
tropical fish, barramundi Lates calcarifer, from a sea-cage facility in northern Australia. Aquac Environ 
Interact. 2014;5:173-183.. 
42 See 33 USC § 1362(6).  “The term “pollutant” means dredged spoil, solid waste, incinerator residue, 
sewage, garbage, sewage sludge, munitions, chemical wastes, biological materials, radioactive materials, 
heat, wrecked or discarded equipment, rock, sand, cellar dirt and industrial, municipal, and agricultural 
waste discharged into water.”  
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2.7). Under this plan, disease outbreaks will be minimized. When an outbreak does occur, it will 
be detected quickly and controlled as rapidly as possible.  
 
The proposed mitigation measures lack any specificity.  Mention is made to an “Appendix III”, 



but Coastkeeper can find no appendix to the materials submitted in support of the permit 



application.  Pathogen and parasite transmission between farmed and wild stocks of fish is a 



persistent and unresolved issue.43  Any measures must be specific, and must be devised to avoid 



and prevent disease and pathogen transfer to fish in the marine environment. 



 



In personal communications Coastkeeper staff and Board members had with representatives 



from the Rose Canyon Fisheries (RCF) about how they plan to address disease impacts, RCF 



representatives responded that one strategy they might implement would be to “inbreed the 



hell out of them” to the point where escaped fish would be weak or unfit for survival in a natural 



environment upon escaping.  Coastkeeper has grave concerns that such practices would create 



unhealthy fish that are prone to disease, further exacerbating significant environmental impacts. 



 
Impact No. 6. Increased vessel traffic resulting from the proposed project may impact marine 
mammals and sea turtles.  
 
Proposed Mitigation Measure: Vessel operators shall be trained to recognize and avoid marine 
mammals and turtles during their transits to and from the project site and during their 
operations at the project site. Once trained, vessel operators shall be re-trained on an annual 
basis. At a minimum, vessel operators shall implement the following procedures should marine 
mammals be encountered at sea.  



• Support vessels shall make every effort to maintain a distance of >1,000 feet from 
sighted whales and other endangered or threatened marine mammals and sea turtles. 
• Support vessels will not cross directly in front of migrating whales. 
• When paralleling whales, support vessels will operate at a constant speed that is not 
faster than the whales’ speed. 
• Female whales will not be separated from their calves. 
• Support vessels will not be used to herd or drive whales or other marine life. 
• If a whale engages in evasive or defensive action, support vessels would drop back 
until the animal calms or moves out of the area. 
• Collisions or with marine wildlife shall be reported promptly to the federal and State 
agencies listed below pursuant to each agency’s reporting procedures. 



 
 



While an increase in vessel traffic is likely to have significant impacts to marine mammals and 



sea turtles, it is not the only source of likely impacts to marine mammals and sea turtles that 



would result from this project.   Location of the cages and the aquaculture activities themselves 



are likely to impact marine mammals and sea turtles, both of whom deserve special protections 



under state and federal wildlife laws.   Further, the project would attract predatory activity, 



                                                        
43 Krkosek M, Ford JS, Morton A, Lele S, Myers RA, Lewis MA. Declining Wild Salmon Populations in 
Relation to Parasites from Farm Salmon. Science (80- ). 2007;318:1772-1775., and Nowak BF. Parasitic 
diseases in marine cage culture - An example of experimental evolution of parasites? Int J Parasitol. 
2007;37:581-588. 
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which itself could interfere with the natural behaviors of migratory and other marine life.  



Mitigation measures must be devised with more specificity to avoid and prevent such impacts. 



 



 



Commercial and Recreational Fishing: 



 
Impact No. 1 
The proposed project would result in adverse impacts to commercial fishing operations in the 
San Diego area. 
 
Proposed Mitigation Measure: To the maximum extent possible, the fish cages shall be placed in 
the smallest footprint possible without compromising water or sediment quality. This placement 
would minimize the area potentially lost to commercial fishing operations.  
 
Proposed Mitigation Measure: The mitigation measure regarding Avoidance of hard-bottom 
structures, Marine Biological Resources, Section 4.1.2, also applies to this impact. 
 
The application completely fails to address impacts to commercial and recreational fishing that 



are likely to occur from escapes, disease transmission, wild fish aggregations, predation 



behavior changes, and cumulative environmental impacts, including water quality impacts.  The 



commercial fishing industry of San Diego has suffered substantial impairment over the years due 



to lax or ineffective management of wild commercial fisheries and fish populations.44  Activities 



associated with this project are likely to result in disease transmission, genetic alteration of 



native and wild populations due to escapes, and increased predatory presence in the area.  



These impacts will affect commercial fishing operations above and beyond the simple 



“footprint” and siting issues noted in the proposed measures in the immediate vicinity of the 



project area because such impacts cannot be contained.  These additional impacts to 



commercial fishing activities in the San Diego area must be accounted for in detailed cumulative 



mitigation measures that will avoid or prevent those impacts to commercial fishing above and 



beyond the measures meant to address the environmental impacts of the activities alone. 



 
Impact No. 2. The proposed project would result in adverse impacts to recreational fishing 
activities in the San Diego area. 
 
Proposed Mitigation Measure: The two mitigation measures for impacts to commercial fishing 
(above) would also apply to recreational fishing impacts. No additional mitigation measures are 
proposed. 
 



See our comments above related to commercial fishing operations, as many of the same 



concerns and requirements are present and apply to both. 



 



                                                        
44 A Pew Charitable Trust article noted just this week that Pacific sardine populations have dwindled to 
the point that “it can no longer sustain a commercial fishery”.  See 
http://www.pewtrusts.org/en/about/news-room/news/2015/03/06/bad-news-on-the-west-coast-pacific-
sardines-are-collapsing, last visited March 11, 2015. 
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Marine Traffic: 



 



Impact No. 1. Vessels that transit through or operate in the project area can accidentally run 
into the project fish pens.  
 
Proposed Mitigation Measure: Vessel operators shall be notified of the project and its location. 
A project announcement should be posted in the Notice to Mariners (USCG publication). The U.S. 
Department of Commerce, NOAA, shall also be notified so navigational charts can be updated to 
show the location and extent of the fish pens. Additionally, the fish pens shall be marked with 
lights and radar reflectors mounted onto surface buoys in accordance with USCG regulations (72 
COLREGS and all amendments), and as determined by the issuance of the USCG Aids to 
Navigation Permit.  
 
Proposed Mitigation Measure: Notices that describe and illustrate the net pen locations and 
markings shall be posted at the Harbor Patrol or Harbor Masters offices at the two regional 
harbors (San Diego and Mission Bay). 
 
Proposed Mitigation Measure: Monitors at the project site will contact vessels or boaters by 
marine radio if they approach too close to the net pens. Boaters should be notified by the 
monitors of potential conflicts and hazards. 
 
Impact No. 2. The frequency of vessel collisions in the project area will increase due to the 
increase in traffic from the supply vessels that will be used to support the proposed project.  
 
Proposed Mitigation Measure: The Mitigation Measures for Impact No. 1 apply.  
 



While these mitigation measures appear to be more specific than most other listed measures, 



we wish to point out that project applicant has proposed to cordon off a portion of public trust 



lands and waters from vehicle and other activities without a property right to do so. 



 



Additional Expected Impacts: 



 



In addition to the applicant-listed impacts that are likely to result from the proposed activities, 



Coastkeeper wishes to list the following additional significant and substantial environmental 



impacts that are likely to result (though this list is meant to be illustrated rather than fully 



inclusive of all possible impacts). 



 



Cumulative Impacts and Feed/Fish Meal 



Not mentioned in the Application are impacts associated with fish feed on fish populations as a 



whole.  It is likely that fish meal will be the primary diet fed to farmed fish, as the fish proposed 



for farming are carnivorous.  According to some estimates, carnivorous fish species require 5 
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times as much fish biomass in feed as is produced.45  The outcome, then, is the exploitation of 



one fish source (likely a wild source), to produce a marketable product in an inefficient and 



unsustainable manner.  Farming high trophic species also increases the opportunity for toxin 



accumulations (such as mercury).46  Further, there is documented spillover into the surrounding 



environment.47 



 



Overall Cumulative Impacts 



Besides analysis of each individual impact, project proponents must analyze and mitigate for the 



cumulative impacts of the activities that are likely to have significant environmental impacts.48 



 



Waste from gutting or processing of fish on-site 



Besides the expected pollutants listed (including escaped fish, antibiotics, fish feces, etc.), 



significant environmental impacts are likely to result from waste associated with the gutting 



and/or processing of fish on-site.  Such impacts must be avoided or prevented through specific 



and detailed mitigation measures. 



 



Impacts to whale migration behavior, sea lion/seal behavior, dolphin behavior, and predator 



behavior associated with the aquaculture activities 



Applicant must include an analysis of expected impacts to whale migration behavior and health, 



sea lion and seal behavior and health, dolphin behavior and health, and impacts to other 



predator behavior.  Applicant must also include detailed mitigation measures to avoid or 



prevent significant impacts. 



 



Harmful Algae Blooms 



High nutrient levels associated with the proposed activities can stimulate harmful algae blooms, 



which can result in the death of marine organisms.49  Applicant must include detailed mitigation 



measures to avoid or prevent significant impacts. 



 



Permitting Jurisdiction: 



 



Importantly, Coastkeeper has serious doubts about the project’s ability to move forward under 



the current regulatory permitting scheme.  As a threshold matter it is unlikely the Corps has 



jurisdiction or authority to issue a permit for the proposed aquaculture project.  Instead, the 



Corps’ Section 10 jurisdiction is limited to a review for placement of structures in federal waters 



                                                        
45 Naylor RL, Hardy RW, Bureau DP, et al. Feeding aquaculture in an era of finite resources. Proc Natl Acad 
Sci U S A. 2009;106(36):15103-15110. 
46 Debruyn AMH, Trudel M, Eyding N, et al. Ecosystemic effects of salmon farming increase mercury 
contamination in wild fish. Environ Sci Technol. 2006;40(11):3489-3493. 
47 Id. 
48 Besides those expected impacts listed above, such impacts include “nutrient and chemical wastes, 
water use demands, aquatic animal diseases and invasive species, potential competitive and genetic 
effects on wild species, effects on endangered or protected species, effects on protected and sensitive 
marine areas, effects on habitat for other species, and the use of forage fish for aquaculture feeds”.  
NOAA Marine Aquaculture Policy, June 2011. 
49 Final Report, p. 50. 
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within three nautical miles that may inhibit or otherwise impact navigation upon those waters.50  



Any exercise of jurisdiction outside that zone to “wider zones” is only recognized under “special 



regulatory powers exercised over the outer continental shelf”.51   Thus, the Corps’ own 



regulations recognize that any exercise of Corps jurisdiction outside of the initial three nautical 



miles zone applied to outer continental shelf (OCS) is limited to special circumstances and 



require specific regulatory delegations from Congress.   



 



It is anticipated that the Corps could interpret 33 CFR 322.3(b) to allow for Corp permits over 



structures in the OCS in this case under Outer Continental Shelf Lands Act (OCSLA).52  The 



OCSLA, however, specifically deals only with devices attached to the seafloor for the purposes of 



extracting mineral resources such as, “oil, gas, sulphur, geopressured-geothermal, and 



associated resources, and all other minerals which are authorized by an Act of Congress to be 



produced from ‘public lands’.”53  Based upon the inherent limitation of Corps’ jurisdiction, and 



the specific enumerated circumstances under which the Corp may permit activities outside of 



the three-mile zone, it is clear that aquaculture activities do not fit within the definition of 



projects to which the special regulatory expansion of Corps jurisdiction would apply.  Therefore, 



the Corps would not have jurisdiction in the OCS to permit aquaculture projects or structures. 



 



Even if the Corps did have jurisdiction to permit a structure on the OCS under Section 10, it 



currently does not have the authority to permit the proposed activity itself.  Importantly, the 



OCSLA regulations of 33 CFR 320.2(b) expressly state that the Secretary of the Army’s 



jurisdiction is to “prevent obstruction to navigation in the navigable waters of the United States” 



by such devices.54  That section further states that “Section 10 of the Rivers and Harbors 



Act…prohibits the unauthorized obstruction or alteration of any navigable water of the United 



States”.55  Clearly the Corps’ Section 10 permitting authority, if present at all in the OCS, applies 



only to structures and is meant to deal only with navigational obstruction issues absent any 



additional associated “special regulatory powers”.56   



 



Just as problematic for project proponents is the lack of property right, or even a regulatory 



vehicle through which a property right could be granted, without the express authorization or 



delegation of authority.  Even if the Corps in implementing its Section 10 permitting authority 



ignored the limitations on its jurisdiction outside of the three-mile zone and further ignored the 



fact that Section 10 permits are navigational permits for navigational obstruction purposes, the 



                                                        
50 See 33 CFR 329.12(a) “The navigable waters of the United States over which the Corps of Engineers 
regulatory jurisdiction extends include all ocean and coastal waters within a zone three geographic 
(nautical) miles seaward from the baseline (the Territorial Seas).  Wider zones are recognized for special 
regulatory powers exercised over the outer continental shelf”.    
51 Id. 
52 43 USC 1333 
53 43 CFR 1331(q). 
54 33 CFR 320.2 (b). 
55 Id. 
56 33 CFR 329.12(a).  See also 33 USC 320.2(b), 43 USC 1333(a) and (e) which collectively state that the 
Corps’ authority outside of that zone extends only to installations attached to the seabed for the purposes 
of exploring for, developing or producing mineral resources therefrom.  
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Corps still could not permit this project because the project proponent does not (and would not) 



hold a property right to use and occupy federal public trust lands and waters, and the Corps 



does not have the delegated authority to convey that right.  Section 10 provides for a navigation 



permit, and the aquaculture activities themselves are not under the purview or delegated 



authority of Section 10.57 As discussed in more detail below, in the absence of a clear 



Congressional delegation of authority to permit the proposed activities, and without associated 



implementation and governing regulatory program elements providing guidance on appropriate 



environmental review, leasing requirements, best management practices, and mitigation 



measures, the Corps lacks authority to issue a permit for the proposed aquaculture farm.  



Congress, and Congress alone, is possessed with “paramount rights” over the OCS land and 



waters as public trust property, and Congress has not delegated permitting authority for 



aquaculture activities.58  Importantly, the Corps general policies for evaluating permit 



applications themselves state that “authorization of work or structures by DA does not convey a 



property right.”59  Absent any other express right given by Congress via direct approval or 



delegated authority, the Corps lacks jurisdiction to issue Section 10 permits in offshore waters 



for aquaculture purposes60 and the proposed activities cannot be permitted, as Congress alone 



holds the authority to approve property rights to federal holdings.  Stated simply, absent an 



affirmative Congressional action, there currently exists no authority within the federal 



government to comprehensively review, permit, lease, and provide appropriate regulatory 



oversight of aquaculture projects in federal public trust lands.61   



 



Examples where the Corps does have special delegated Congressional authorization to allow for 
use and occupancy of activities on and in the OCS include: for oil and gas development the 
Outer Continental Shelf Lands Act (OCSLA)62; for thermal energy conversion the Ocean Thermal 
Energy Conversion Act (OTECA)63; and for deepwater port construction the Deepwater Port Act 
(DWPA)64.   Importantly, each of those uses is accompanied by a comprehensive regulatory 
scheme specific to those activities which they govern, and each contains a provision on use and 
occupancy requirements granting some right to the activity in federal lands and waters.65  For 



                                                        
57 See 33 USC 403. 
58 The Supreme Court held that the United States was entitled to, “exercise sovereign rights over the 
seabed and subsoil underlying the Atlantic ocean, lying more than three geographical miles seaward from 
the ordinary low-water mark and from the outer limits of the inland waters on the coast, extending 
seaward to the outer edge of the continental shelf; and that the rule, that the paramount rights to the 
offshore seabed inhere in the United States as an incident of national sovereignty, was confirmed by the 
Submerged Lands Act of 1953 and the Outer Continental Shelf Lands Act of 1953”.  United States v. 
Maine, 420 U.S. 515 (1975) 
59 33 CFR 320.4(g). 
60 As discussed below, Congress has specifically stated under which circumstances the Corps does have 
permitting authority over certain activities on the OCS, including for extractive energy resources (43 USC 
1332), deepwater ports (22 USC 1501-1524), and thermal energy facilities (42 USC 9101-9168).  
61 43 USC 1331-1356 
62 43 USC 1331-1332. 
63 42 USC 9101-9168. 
64 33 USC 1501-1524. 
65 See. 33 USC 1501-1452; 42 USC 9101-9168; 42 USC 1331-1356.  Equally telling is the fact that each of 
those sections of special delegation contains elements such as (1) resource-specific environmental 
standards; (2) enumerated criteria upon which a decision must be made (as opposed to mere “factors” in 
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example 42 USC 9111(a) governing ocean thermal facilities states that, “no person may engage 
in the ownership, construction, or operation of an ocean thermal energy conversion facility 
which is documented under the laws of the United States, which is located in whole or in part 
between the highwater mark and the seaward boundary of the territorial sea of the United 
States, or which is connected to the United States by pipeline or cable, except in accordance 
with a license issued pursuant to this chapter”.66  The whole purpose of passing these laws was 
to delegate powers over these uses and activities, and these “special” uses and activities alone, 
in federal public trust lands and waters.  Aquaculture activities presently enjoy no such special 
regulatory authority or delegation required outside of the three-mile zone.  
 



It is important to note that on at least several occasions lawmakers have proposed federal 



legislation aimed at granting delegated authority to one agency or another to issue offshore 



aquaculture permits, establish environmental requirements, and facilitate cooperation between 



interested agencies.  An example of one such attempt was S1195, which, in the words of Deputy 



Assistant Secretary for Oceans and Atmosphere (NOAA) Timothy Keeney, would, “authorize the 



Secretary of Commerce to issue offshore aquaculture permits and to establish environmental 



requirements,” among other things.67   To date each of those efforts has failed.  Until and unless 



such authorization succeeds the required authority is not present, as Congress’ inability to pass 



aquaculture regulations cannot be deemed an abdication of its responsibilities towards public 



lands.68 



 



By way of example of the type of authority required, many other federal laws and regulations 



exist that govern the use and occupancy of public trust lands and the property rights necessary 



to undertake such activities.  In each case a governing regulatory scheme is present that 



includes, among many other specific considerations for the particular activity in question, rules 



that govern the use and occupancy of public trust resources when those resources are utilized 



or consumed for private gain.  Among those regulations is the Federal Land Policy and 



Management Act (FLPMA) which includes language that requires the Secretary to manage lands 



through “leases, licenses, published rules, or other instruments”, for, “the use, occupancy, and 



development of the public lands”.69  Under the rule, the Bureau of Land Management has issued 



                                                        
Section 10); (3) standards to guide decision-making on the balancing of interest in making decisions; (4) 
delegation of power to the appropriate agencies with relevant expertise; (5) land use authorization 
mechanisms; (6) competitive bidding procedures; (7) fair market value requirements to ensure return to 
the government and taxpayers for the use of public trust resources; (8) specification of areas to be off-
limits to development; (9) due diligence requirements; (10) enforcement and citizen suit provisions; and 
(11) mandatory roles for state and local governments.  These are not provided for in Section 10 because 
that section of the RHA is not intended to be the basis upon which land use or aquaculture project 
decisions would be made.  All of the listed elements are missing from section 10 review and permitting 
criteria.   
66 42 USC § 9111, italics added. 
67 From Hearing before the Subcommittee on National Ocean Policy Study, June 8, 2006.  Accessed at 
http://www.gpo.gov/fdsys/pkg/CHRG-109shrg64706/html/CHRG-109shrg64706.htm on February 24, 
2015.   
68 See Light v. United States, 220 US 523, 537 (1911), “All the public lands of the nation are held in trust 
for the people of the whole country.  And it is not for the courts to say how that trust shall be 
administered.  That is for Congress to determine.” 
69 43 USC § 1732(b) 
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extensive policies to guide development of projects utilizing federal public trust lands.  In the 



context of the marine environment, similar principles and requirements can be found in the 



Ocean Thermal Energy Conversion Act, which establishes a licensing system for the location of 



those facilities and requires the involvement of other agencies with relevant experience.70  Such 



a comprehensively devised system to govern activities that utilize federal public trust lands only 



makes sense when considered alongside Congress’ duties toward the citizenry with respect to 



those lands.  Presently, comparable regulations for aquaculture projects are completely lacking 



at the federal level. 



 



Analogous programs also exist on the state level, as with California’s aquaculture regulations 



adopted via S.B 201.  Besides the numerous and rigorous permitting requirements that apply to 



aquaculture projects in California, California Fish and Game Regulations and Code contain 



lengthy conditions for the leasing of water bottoms for aquaculture.71   



 



For these same reasons that the Corps does not have this authority, no other Federal agency 



possesses the authority to confer a property right and permit the proposed activities on federal 



lands and waters, as there are no laws existing that authorize the use and occupancy of federal 



lands and waters offshore for these purposes.  Section 402 permits, like Section 10 permits, are 



limited in scope.  Section 10 permits convey only a limited right for a structure within a 



navigational context, and Section 402 EPA Clean Water Act permits convey to a discharger 



nothing more than a limited right to discharge pollutants under certain conditions72.  In neither 



case does the permitting agency have authority to permit the activity itself or to convey 



property rights to occupy and utilize Federal lands and waters in this particular manner.  



Obtaining a couple of permits for structures and discharges does not in itself allow for the use 



and occupancy of federal public trust lands without an express authorization from Congress and 



associated regulatory mechanism. 



 



It stands to reason that if the Corps interprets its own jurisdiction to allow for permitting of this 



activity under Section 10 outside of the initial three-mile zone, it would essentially read out of 



existence the language in 33 CFR 329.12(a) which requires delegation of “special regulatory 



powers” to the Corps for specific instances outside of the three-mile zone.  It would follow that 



OCSLA, OTECA, or DWPA would not be necessary at all if the Corps jurisdiction extends to the 



OCS without the delegation of such express special regulatory powers in those Acts. 



 



It is clear to us that regardless of which agency or agencies take the lead on this proposal for 



NEPA purposes, there exists no apparent delegated Congressional authority to any federal 



agency under current law or regulations that would allow for the permitting of the proposed 



activities.  No agency currently has regulatory authority to convey rights to federal lands for 



                                                        
70 42 USC § 9111 
71 See CA Fish and Game Code Section 15400 governing leasing requirements which states, “(b) a person 
shall not engage in marine finfish aquaculture in ocean waters within the jurisdiction of the state without 
a lease from the commission.”, and CA Fish and Game regulations at 14 CA ADC section 237. 
72 See 40 CFR 451.2(j), “Permitting authority means EPA or the State agency authorized to administer the 
NPDES permitting program for the receiving waters into which a facility subject to this Part discharges.” 
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private commercial aquaculture purposes without express Congressional delegation, mandate, 



or consent.  Because no such authority exists, the US Army Corps of Engineers (“the Corps”) and 



other agencies should deny and refuse to proceed on permits for these proposed activities.  San 



Diego Coastkeeper cannot think of a single example where private use and exploitation of 



federal lands held in the public trust can be used without some form of right, be it via lease 



obtained through a bidding process, license, or other mechanism.   As it exists, the current 



scheme would allow for private parties to utilize federal lands for their own use and profits 



without permission.  This is not permissible in any area of federal land use regulations, whether 



on land or out at sea.   



 



Besides the obvious many legal issues, from a practical perspective Coastkeeper is concerned 



that the lack of existing regulations governing offshore industry will lead to the unlawful use of 



public lands and inadequate environmental review or mitigation for what will be significant 



environmental impacts resulting from this proposal.  Further, even assuming this project could 



somehow be permitted and begins operating, there exist no regulations with guidance on how 



multiple independently-operated future projects could co-exist in federal waters without 



property rights, or how the cumulative environmental impacts of multiple projects would be 



assessed. 



 



Conclusion: 



 



As an organization that is keenly interested in the viability of long-term sustainable wild 



commercial fisheries, water quality, marine and benthic integrity, and the health of our local and 



offshore marine ecosystem, it is clear to Coastkeeper that unless and until national federal 



regulations governing environmental and other considerations for aquaculture are promulgated, 



permission cannot be granted for this project, and there exists no way to be sure adequate 



environmental review will take place and that appropriate measures and practices will be 



employed regarding particular proposals. 



 



It is important for us to put this project and its proposed activities into perspective while 



considering the applicant’s own words.  Most telling about this proposal is the very prevalent 



language in the Executive Summary for the Rose Canyon Fisheries project that calls this proposal 



a “demonstration project” and part of their “research and development”.73  The application 



itself states that, “demonstrating the efficacy of the venture at the initial scale of production will 



ensure that all the proper safeguards are in place before scaling up further.”74  Additional 



language in the permit indicates this project is very much intended to be an experimental pilot 



project; (“If successful, this project…”).75  All of this suggests that what is being sought is 



approval for an experimental pilot project with a commercial purpose.  Proper legal mechanisms 



and safeguards must first be in place prior to the project receiving approval since adverse 



impacts are required to be avoided if at all possible.  Those mechanisms and safeguards 



currently do not exist. 



                                                        
73 Executive Summary, Rose Canyon Fisheries, page 6. 
74 Permit application, page 4. 
75 Permit application, page 10. 
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At present, no federal agency has the authority to permit the proposed activities in and on 



public lands and waters.  Even if the interested federal agencies did have such actual authority, 



the EPA and NOAA are far better suited in this instance to act as co-lead agencies for NEPA 



review for the reasons mentioned above.  Finally, due to the substantial likelihood that this 



project would result in significant environmental impacts, an EIS is required. 



 



Based upon the above, and given the experimental and precedential nature of this project and 



proposal, the lack of regulatory authority to permit the activities proposed, as well as the likely 



significant environmental impacts that will result to waters in the San Diego region, San Diego 



Coastkeeper respectfully requests at least one public meeting on this matter. 



 



Thank you for the opportunity to comment on the Rose Canyon Fisheries demonstration project.  
Please feel free to contact me with any questions or for additional feedback.  We look forward 
to working with all interested parties toward development of a meaningful, effective, and truly 
sustainable approach to fisheries management in our region. 
 
 
Sincerely, 



 



 
Matt O’Malley 



Waterkeeper, Legal & Policy Director 



 
 
cc:  
Teresa Bradford, USACE, therese.o.bradford@usace.army.mil 
Elizabeth Sablad, Environmental Protection Agency, Sablad.Elizabeth@epa.gov 
Diane Windham, NOAA Fisheries, Office of Aquaculture (Western), diane.windham@noaa.gov 
Deborah Lee, CA Coastal Commission, deborah.lee@coastal.ca.gov 
Greg Murphy, Office of County Supervisor Greg Cox, greg.murphy@sdcounty.ca.gov 
Cassidy Teufel, CA Coastal Commission, cassidy.teufel@coastal.ca.gov  
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COOPERATIVE AGREEMENT 



IN SUPPORT OF 



PURE WATER SAN DIEGO  
 



 This Cooperative Agreement (Agreement) is entered into this _____ day of __________, 



2014, by and between San Diego Coastkeeper (Coastkeeper), the San Diego Chapter of Surfrider 



Foundation (Surfrider), the Coastal Environmental Rights Foundation (CERF), and the San 



Diego Audubon Society (Audubon), collectively referred to as Stakeholders, and the City of San 



Diego (City), a municipal corporation, for purposes of supporting and implementing potable 



reuse of wastewater and secondary equivalency at the Point Loma Wastewater Treatment Plant, 



known as the Pure Water San Diego program. 



 



RECITALS 



 



A. The City’s Point Loma Wastewater Treatment plant operates under a National Pollutant 



Discharge Elimination System (NPDES) permit which allows for a variance from secondary 



treatment requirements pursuant to sections 301(h) and 301(j)(5) of the Clean Water Act. 



 



B.  On March 18, 2005, the City entered into a settlement agreement with Surfrider, 



Coastkeeper (then known as San Diego Baykeeper), and the San Diego Chapter of the Sierra 



Club wherein pending litigation over the City’s NPDES permit was dismissed in return for the 



City evaluating an improved ocean monitoring program, testing new treatment technology at the 



Point Loma Wastewater Treatment Plant, and studying and evaluating an expanded water reuse 



program. 



 



C. On February 17, 2009, the City entered into a cooperative agreement with Surfrider and 



Coastkeeper wherein they agreed not to oppose the renewal of the City’s NPDES permit in 



return for the City conducting a study of ways to offload wastewater from the Point Loma 



Wastewater Treatment Plant through increased water reuse, which later became known as the 



Recycled Water Study. 



 



D. On July 17, 2012, the City Council received the Recycled Water Study, which concludes 



that potable reuse achieves favorable water costs, provides reliability and local control of the 



water supply, enhances environmental sustainability, improves water quality, and empowers 



long-term cost control, pursuant to Resolution No. R-307585. 



 



E. Stakeholders have expressed continuing concern over the City's NPDES permit for the 



Point Loma Wastewater Treatment Plant while supporting water reuse strategies described in the 



Recycled Water Study. 



 



F. The City has determined that instead of converting the Point Loma Wastewater 



Treatment Plant to a secondary treatment plant, equivalent results can be achieved by offloading 



wastewater flow from the Plant to other existing and new facilities (secondary equivalency). 
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G. The strategy of achieving secondary equivalency at the Point Loma Wastewater 



Treatment Plant through potable reuse of wastewater has been named the Pure Water San Diego 



program. 



 



H. On April 29, 2014, the City Council gave its approval and support for the Pure Water San 



Diego program, pursuant to Resolution No. R-308906. 



 



NOW, THEREFORE, in consideration of these recitals and for good and valuable consideration, 



the receipt and sufficiency of which are hereby acknowledged, Stakeholders and the City hereby 



agree as follows: 



 



AGREEMENT 



ARTICLE 1 – PROPOSED LEGISLATION 



1.1  Ocean Pollution Reduction Act. The Stakeholders shall designate from among themselves 



one or more parties to act as Stakeholder representatives. The City and the Stakeholder 



representatives will use reasonable efforts to have federal legislation passed in accordance with 



the proposal called the Ocean Pollution Reduction Act II (OPRA II), which is attached as Exhibit 



A and incorporated herein by reference. Generally, OPRA II will allow the City’s NPDES permit 



to be based on secondary equivalency with a commitment to implement potable reuse of 



wastewater. 



1.2  Lobbying. The City shall retain the services of one or more professional lobbyists to 



advocate for OPRA II. The City and the Stakeholder representatives shall also meet with elected 



and appointed officials as each may determine is reasonably necessary to support OPRA II. If the 



City and the Stakeholder representatives are jointly meeting with elected or appointed officials, 



the City may, in its sole discretion, pay for the travel and lodging of the Stakeholder 



representatives according to the same rules applicable to City employees. 



 



1.3  Other Environmental Groups. Stakeholders shall meet with other environmental groups 



not signatory to this Agreement that Stakeholders reasonably believe may object to OPRA II. 



Stakeholders will use reasonable efforts to convince those environmental groups not to object to 



OPRA II. The City shall jointly attend a reasonable number of such meetings with other 



environmental groups at the request of Stakeholders. The City may, in its sole discretion, enter 



into separate agreements with other environmental groups or other organizations to support 



OPRA II and the City’s applications for NPDES permits. 



 



1.4  Legislative Amendments. If OPRA II is introduced or amended with language that is 



materially different than that in Exhibit A, the City and Stakeholders shall meet as soon as 



reasonably possible to discuss whether the legislation is mutually acceptable. If the legislation is 



not mutually acceptable, and the parties cannot agree on a strategy to return OPRA II to its 



original or other mutually acceptable form, then this Agreement may be terminated pursuant to 



sections 5.3.2 or 5.4.2. 
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1.5  Legislative Deadline. If OPRA II is not enacted by August 1, 2019, it shall be considered a 



force majeure event entitling the parties to an extension in time for performance pursuant to 



section 5.2. If OPRA II is not enacted by thirty days before the deadline for the City to file the 



next application after the 2015 application to renew the NPDES permit, this Agreement may be 



terminated pursuant to sections 5.3.3 or 5.4.3. 



 



1.6  Regular Meetings. The City and Stakeholders anticipate that regular meetings will be 



necessary to discuss the progress of the Pure Water San Diego program, at least until OPRA II is 



enacted. The City shall host, and Stakeholders shall attend, at least four meetings per year to 



discuss the progress of, and potential impediments to, the Pure Water San Diego program until 



OPRA II is enacted. After OPRA II is enacted, scheduling and attendance at meetings will be 



optional. 



 



ARTICLE 2 – PERMIT APPLICATIONS 



 



2.1  2015 Application. The City shall submit an application to renew the NPDES permit for the 



Point Loma Wastewater Treatment Plant no later than January 30, 2015, unless an extension is 



granted by the United States Environmental Protection Agency (EPA). The City shall diligently 



pursue approval of the 2015 application. The Stakeholder representatives shall attend all 



administrative hearings where the 2015 application will be discussed and express their support 



for approval of the 2015 application in the context of secondary equivalency and potable reuse. 



Stakeholders not expressing their support at the administrative hearings shall provide such 



support in writing to the agencies conducting the administrative hearings. 



 



2.2  Content. The City’s 2015 application shall be submitted to EPA in compliance with OPRA 



II in anticipation of its enactment. The City’s 2015 application shall also comply with sections 



301(h) and 301(j)(5) (as it currently exists) of the Clean Water Act in the event OPRA II is not 



enacted before the EPA completes its review of the City’s application.  



 



2.3  Amendments. If it becomes necessary for the City to amend its 2015 application, the City 



shall share the proposed amendment with Stakeholders for review and comment, at least thirty 



(30) days before submitting the amendment to EPA. The City shall consider comments received 



from Stakeholders, but the City is not obligated to incorporate comments into the amendment. 



Any amendments submitted by the City must comply with OPRA II. A Stakeholder may submit 



any dispute over an amendment to mediation pursuant to Article 6. 



 



2.4  Subsequent Applications. If the City receives a NPDES permit pursuant to its 2015 



application, the City shall timely submit subsequent applications for NPDES permits in 



compliance with OPRA II. 



 



2.5  Waiver. Each Stakeholder waives and relinquishes its right to challenge or protest the 



eligibility, validity or legality of the City’s 2015 application and the resulting NPDES permit, 



both administratively and through litigation, whether the NPDES permit is issued under OPRA 



II, or under sections 301(h) and 301(j)(5) of the Clean Water Act provided the application and 



NPDES permit comply with OPRA II. This waiver similarly applies to subsequent applications 



and NPDES permits, but only if the subsequent applications and NPDES permits comply with 
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OPRA II. This waiver does not prohibit a Stakeholder from challenging whether the City is in 



compliance with its NPDES permit (as opposed to the validity or legality of the NPDES permit 



itself). This waiver does not apply to a Stakeholder that has withdrawn from this Agreement 



pursuant to section 5.3. 



 



ARTICLE 3 – PROGRAM IMPLEMENTATION  



 



3.1  Program Implementation. The City shall design, construct, and operate facilities shown in 



Exhibit B in accordance with the deadlines and milestones set forth therein, contingent on all of 



the following events occurring in time for the City to meet them. The City shall further use 



reasonable efforts to ensure the following events occur in a timely manner: 



 



3.1.1  Legislation. OPRA II is enacted. 



 



3.1.2  Environmental Review. Environmental review is completed under the California 



Environmental Quality Act, and the National Environmental Policy Act if applicable. 



 



3.1.3  Funding. Sufficient funding is identified and appropriated pursuant to San Diego 



City Charter sections 80 and 99. 



 



3.1.4  Harbor Drive Site. The City receives the necessary approvals and plan 



amendments to construct and operate a new treatment facility on the 25-acre site near 



Harbor Drive currently leased to the Public Safety Training Institute. 



 



3.1.5  Regulatory Approval. The City receives regulatory approval to implement potable 



reuse at the flow rates specified in OPRA II. 



 



3.2  Deadlines and Milestones. The deadlines and milestones for achieving the requirements of 



OPRA II are identified in Exhibit B.  



 



3.2.1  Deadlines. Except as otherwise provided in this Agreement, the failure to meet a 



deadline is a material breach of this Agreement. If the City or a Stakeholder believes one 



of the events listed in section 3.1 may not occur in time for the City to meet a deadline, 



the parties shall promptly meet to discuss changing the deadline or event through an 



amendment to this Agreement. 



 



3.2.2  Milestones. The failure to meet a milestone is not a material breach of this 



Agreement. The City may extend milestones by up to one year each by sending written 



notice to Stakeholders prior to the date of the milestone describing the length and reason 



for the extension. If the City or a Stakeholder believes the City may not meet a milestone, 



even after extended by the City, the parties shall promptly meet to discuss ways to keep 



the Pure Water San Diego program on schedule. 



 



3.3  Pure Water CIP Plan.  The City shall develop a Capital Improvements Program (CIP) plan 



for the Pure Water San Diego program by July 1, 2015, and provide copies to Stakeholders for 



review and comment. The Pure Water CIP plan shall include a description of all new, expanded, 
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and modified facilities necessary to comply with OPRA II, the dates when the design, 



construction, testing and operation of the facilities are anticipated to start and finish, and the 



estimated cost of each facility. The Pure Water CIP plan shall be based on indirect potable reuse, 



but the City may revise the plan later if direct potable reuse is feasible. The City shall meet with 



Stakeholders to discuss their comments, but the City is not obligated to incorporate comments 



into the Pure Water CIP plan. A Stakeholder may submit any dispute related to the Pure Water 



CIP plan to mediation pursuant to Article 6. 



 



3.4  Progress Reports and Updates. The City shall prepare progress reports annually by 



December 31 describing the City’s progress in meeting the deadlines, milestones, and the Pure 



Water CIP plan. The City shall also update the Pure Water CIP plan annually by December 31, if 



necessary. The Pure Water CIP plan is subject to change based on factors such as feasibility 



studies, environmental analysis, changes in the cost of labor and material, new water reclamation 



projects of other agencies, and evolving regulatory requirements for potable reuse. If a progress 



report demonstrates that the City is not on schedule to meet the deadlines, milestones, or the Pure 



Water CIP plan, the progress report shall include a plan to bring the City back on schedule. The 



City shall provide the progress reports and any updates to the Pure Water CIP plan to 



Stakeholders for review and comment. The City shall consider comments received from 



Stakeholders, and meet with Stakeholders at their request, but the City is not obligated to 



incorporate comments into the progress reports. A Stakeholder may submit any dispute related to 



the City’s progress reports or updates to the Pure Water CIP plan to mediation pursuant to 



Article 6. 



 



ARTICLE 4 – OCEAN MONITORING 



 



4.1  Ocean Monitoring. The City shall continue the ocean monitoring program for the Point 



Loma outfall as set forth in NPDES Permit No. CA0107409 (Order No. R9-2009-0001), which is 



hereby incorporated by reference.  



 



4.2  Reports. The City shall annually complete a Receiving Waters Monitoring and Assessment 



Report, or equivalent report, for the Point Loma Ocean Outfall and post the latest report on the 



City’s website by every July 31. The City shall notify Stakeholders once the report is available 



on the City’s website. 



 



4.3  Program Changes. If the City’s NPDES permit requires ocean monitoring that differs from 



the ocean monitoring required by this Agreement, the City shall comply with whichever 



requirements are stricter. If the City or a Stakeholder desires to change the ocean monitoring 



required by this Agreement, the City and Stakeholders shall meet to discuss potential 



modifications to the program. If the City and Stakeholders agree on changes to the ocean 



monitoring program, such changes shall be memorialized in writing signed by the parties, and 



become an enforceable obligation under this Agreement. If the City and Stakeholders cannot 



reach an agreement, the dispute shall be submitted to mediation pursuant to Article 6 upon the 



request of any party. Ocean monitoring required by this Agreement shall not be changed, 



however, without the written consent of all parties. This section does not preclude the City from 



performing additional ocean monitoring beyond what is required by this Agreement. 
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ARTICLE 5 – DURATION OF AGREEMENT 



5.1  Term of Agreement. This Agreement shall be effective on the date of the last signature to 



this Agreement. This Agreement shall expire on December 31, 2035, or the date 83 million 



gallons per day of potable reuse is achieved, whichever occurs later, unless this Agreement is 



terminated sooner pursuant to this Article. 



 



5.2  Force Majeure. In the event the performance of the City or Stakeholders is delayed due to 



causes which are outside their control, and could not be avoided by the exercise of due care, 



which may include, but is not limited to, war, terrorist attack, act of God, government 



regulations, labor disputes, strikes, fires, floods, adverse weather or elements necessitating 



cessation of work, inability to obtain materials, labor or equipment, then the time for 



performance shall be extended by an amount equivalent to the length of delay. Force majeure 



also includes the events listed in section 3.1 to the extent the City’s performance is delayed 



because any of the listed events has not yet occurred, or if OPRA II is not enacted by August 1, 



2019, pursuant to section 1.5. 



 



5.3  Termination by Stakeholders. Any Stakeholder may withdraw from this Agreement prior 



to its expiration date upon the occurrence of any of the qualifying events set forth below by 



giving written notice of such withdrawal to the City. Such notice shall set forth the grounds for 



withdrawal and be delivered by certified mail with return receipt for delivery. Withdrawal shall 



be effective sixty (60) days after receipt of the notice. The right to withdraw must be exercised 



by mailing notice to the City within one year of the qualifying event or the right to withdraw is 



deemed waived unless an extension is agreed to in writing by the City. Each occurrence of a 



qualifying event gives rise to a new right to withdraw. The qualifying events are: 



 



5.3.1  Breach. A material breach of this Agreement by the City which is not cured within 



thirty (30) days of written notice of the breach from the Stakeholders. 



 



5.3.2  Legislative Amendments. OPRA II is introduced or amended prior to enactment 



with language unacceptable to the Stakeholder pursuant to section 1.4. 



 



5.3.3  Legislative Deadline. OPRA II is not enacted by thirty days before the deadline 



for the City to file the next application after the 2015 application to renew the NPDES 



permit, pursuant to section 1.5. 



 



5.3.4  Change in Law. OPRA II is enacted, but later repealed or amended to allow the 



Point Loma Wastewater Treatment Plant to discharge wastewater with a higher 



concentration or level of suspended solids or biological oxygen demand than the levels in 



OPRA II, or to allow the City to implement potable reuse in a flow rate less than 



specified in OPRA II. 



 



5.4  Termination by the City. The City may terminate this Agreement prior to its expiration 



date upon the occurrence of any of the qualifying events set forth below by giving written notice 



of such termination to Stakeholders. Such notice shall set forth the grounds for termination and 



be delivered by certified mail with return receipt for delivery. Termination shall be effective 
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sixty (60) days after receipt of the notice. The right to terminate must be exercised by mailing 



notice to Stakeholders within one year of the qualifying event or the right to terminate is deemed 



waived unless an extension is agreed to in writing by Stakeholders. Each occurrence of a 



qualifying event gives rise to a new right to terminate. The qualifying events are: 



  



5.4.1  Breach. A material breach of this Agreement by a Stakeholder which is not cured 



within thirty (30) days of written notice of the breach from the City. 



 



5.4.2  Legislative Amendments. OPRA II is introduced or amended prior to enactment 



with language unacceptable to the City pursuant to section 1.4. 



 



5.4.3  Legislative Deadline. OPRA II is not enacted by thirty days before the deadline 



for the City to file the next application after the 2015 application to renew the NPDES 



permit, pursuant to section 1.5. 



 



5.4.4  Change in Law. A change in State or Federal law, or implementation of existing 



State or Federal law, will require the Point Loma Wastewater Treatment Plant to 



discharge wastewater with a lower concentration or level of suspended solids or 



biological oxygen demand than the levels in OPRA II.  



 



5.4.5  Order. A Court order or the order of a State or Federal agency requires the Point 



Loma Wastewater Treatment Plant to discharge wastewater with a lower concentration or 



level of suspended solids or biological oxygen demand than the levels in OPRA II. 



 



5.4.6  Withdrawal by Stakeholder. A Stakeholder has withdrawn from this Agreement 



pursuant to section 5.3 and subsequently takes action inconsistent with the purpose or 



intent of this Agreement.  



 



5.5  Effect of Termination. Withdrawal by a Stakeholder shall release that Stakeholder from all 



obligations under this Agreement upon the effective date of termination. Withdrawal by a 



Stakeholder shall terminate the Agreement only as to them, and shall not affect the Agreement as 



to the City and any remaining Stakeholders unless the City terminates the Agreement. 



Termination of this Agreement by the City shall release all parties from their obligations under 



this Agreement upon the effective date of the City’s termination. 



 



ARTICLE 6 – DISPUTE RESOLUTION 



 



6.1  Mandatory Mediation. If a dispute arises between the City and any Stakeholder relating to 



a party’s obligations under this Agreement, the interpretation of OPRA II, the validity or legality 



of the City’s application or NPDES permit, or the City’s compliance with its NPDES permit, that 



cannot be resolved through informal discussions and meetings, notwithstanding anything to the 



contrary in the Clean Water Act the City and the Stakeholder shall first endeavor to settle the 



dispute in an amicable manner, using mandatory non-binding mediation under the rules of 



JAMS, AAA, or any other neutral organization agreed upon by the parties before having 



recourse in a court of law. Unless otherwise agreed in writing by the parties, mediation must be 
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completed prior to termination of this Agreement by Stakeholders or the City, except if the 



reason for termination is because OPRA II was not enacted by the time specified in section 1.5.  



6.2  Selection of Mediator. A single mediator that is acceptable to the City and the Stakeholder 



shall be used to mediate the dispute. The mediator will be knowledgeable in the subject matter of 



this Agreement, if possible, and chosen from lists furnished by JAMS, AAA, or any other agreed 



upon mediator. 



 



6.3  Mediation Expenses. The expenses of witnesses for either side shall be paid by the party 



producing such witnesses. All mediation costs, including required traveling and other expenses 



of the mediator, and the cost of any proofs or expert advice produced at the direct request of the 



mediator, shall be borne by the City if the subject of the mediation is the City’s compliance with 



its NPDES permit, or if mediation has not occurred under this Article within the last twenty-four 



months. Otherwise, mediation costs shall be paid half by the City and half by the Stakeholders 



unless otherwise agreed. 



 



6.4  Conduct of Mediation. Mediation hearings will be conducted in an informal manner. 



Discovery shall not be allowed. The discussions, statements, writings and admissions will be 



confidential to the proceedings (pursuant to California Evidence Code Sections 1115 - 1128) and 



will not be used for any other purpose unless otherwise agreed by the parties in writing. The 



parties may agree to exchange any information they deem necessary. The City and the 



Stakeholder shall have representatives attend the mediation who are authorized to settle the 



dispute, though the City's recommendation of settlement may be subject to the approval of the 



Mayor and City Council. Either party may have attorneys, witnesses or experts present. 



 



6.5  Mediation Results. Any resultant agreements from mediation shall be documented in 



writing. The results of the mediation shall not be final or binding unless otherwise agreed to in 



writing by the parties. Mediators shall not be subject to any subpoena or liability and their 



actions shall not be subject to discovery. 



 



ARTICLE 7 – REMEDIES 



 



7.1  Remedies for Breach. Except as otherwise provided in this section, the sole and exclusive 



remedy for breach of this Agreement is termination pursuant to sections 5.3 and 5.4. Damages 



shall not be recoverable by any party. Specific performance shall be available to enforce ocean 



monitoring under article 4 and mediation under article 6. This Agreement shall not affect any 



remedies available to the parties under the Clean Water Act.  



 



ARTICLE 8 – GENERAL PROVISIONS 



 



8.1  Contract Interpretation. This Agreement and its exhibits are intended to be 



complementary and interpreted in harmony so as to avoid conflict, with words and phrases 



interpreted in a manner consistent with industry standards. This Agreement is entered into and 



shall be construed and interpreted in accordance with the laws of the State of California without 



regard to the conflicts or choice of law provisions thereof. 
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8.2  Mutual Obligations. The City and Stakeholders commit at all times to cooperate fully with 



each other, and proceed on the basis of trust and good faith, to permit each party to realize the 



benefits afforded under this Agreement. 



 



8.3  Successors-In-Interest. This Agreement and all rights and obligations contained herein 



shall be in effect whether or not any or all parties to this Agreement have been succeeded by 



another entity, and all rights and obligations of the parties signatory to this Agreement shall be 



vested and binding on their successors in interest. 



 



8.4  Third Party Beneficiaries. Nothing in this Agreement shall grant rights or benefits to 



anyone other than the City and Stakeholders, and any alleged third party beneficiaries are hereby 



expressly disclaimed.   



 



8.5  Severability. Should any provision of this Agreement be held invalid or illegal by a court or 



administrative agency of competent jurisdiction, such invalidity or illegality shall not invalidate 



the whole of this Agreement, but, rather, the Agreement shall be construed as if it did not contain 



the invalid or illegal provision, and the rights and obligations of the parties shall be construed 



and enforced accordingly, except to the extent that enforcement of this Agreement without the 



invalidated provision would materially and adversely frustrate either or both parties' essential 



objectives set forth in this Agreement.  



 



8.6  Waivers. Except as otherwise specified in this Agreement, the failure of either party to 



enforce any of the provisions of this Agreement or to require performance of the other party of 



any of the provisions hereof shall not be construed to be a waiver of such provisions unless the 



waiver is in writing. Prior waivers shall not preclude the right of either party to thereafter enforce 



each and every provision of this Agreement. 



 



8.7  Limitation on Powers. Nothing in this Agreement shall be construed as a limitation upon 



the powers of the City as a chartered city of the State of California. 



 



8.8  Notices. All notices required to be given under this Agreement must be in writing and either 



served personally, sent by facsimile transmission, or mailed by express or certified mail with 



delivery confirmation. Notices shall be effective upon receipt. Notices shall be mailed to: 



 



Surfrider Foundation Coastal Environmental Rights Foundation 



San Diego County Chapter 1140 South Coast Highway 101 



9883 Pacific Heights Blvd., Suite D Encinitas, CA 92024 



San Diego, CA 92121 



 San Diego Audubon Society 



San Diego Coastkeeper 4010 Morena Blvd., Suite 100 



2825 Dewey Road, Suite 200 San Diego, CA 92117 



San Diego, CA 92106 



  City of San Diego 



  Public Utilities Department 



  9192 Topaz Way 



  San Diego, CA 92123 
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8.9  Assignment. Neither party shall assign its rights or obligations under this Agreement 



without the other party’s prior written approval, which shall not be unreasonably withheld. Any 



attempted assignment in violation of this section shall be void and incapable of creating any 



contractual relationship between a party and a putative assignee. 



 



8.10  Incorporation of Exhibits. All exhibits referenced in this Agreement are hereby 



incorporated into and made a part of this Agreement by reference. 



 



8.11  Integration Clause. The City and Stakeholders represent, warrant and agree that no oral 



promise or agreement not expressed herein has been made to them, that this Agreement contains 



the entire agreement between the parties, that this Agreement supersedes any and all prior oral 



agreements or understandings between the parties unless otherwise provided herein, and that in 



executing this Agreement, neither party is relying on any statement or representation made by 



the other party concerning the subject matter, basis or effect of this Agreement other than as set 



forth herein, and that each party is relying solely on its own judgment and knowledge. This 



Agreement may not be amended except by an instrument in writing signed by both parties. 



 



8.12  Counterparts. This Agreement may be executed in counterparts, which when taken 



together, shall constitute a single signed original as though all parties had executed the same 



page. 



 



[remainder of page intentionally blank] 
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IN WITNESS WHEREOF, this Agreement is executed by the City of San Diego pursuant to San 



Diego Resolution No. R-_________________ authorizing such execution, and the Stakeholders 



acting by and through their authorized officers. 



 



 



SAN DIEGO COASTKEEPER 



 



 



By:   



  



 



Name:  



 



 



Date:  



  



 



SURFRIDER FOUNDATION 



SAN DIEGO COUNTY CHAPTER 



 



 



By:  



 



 



Name:   



  



 



Date:  



 



 



COASTAL ENVIRONMENTAL RIGHTS 



FOUNDATION 



 



 



By:  



 



 



Name:   



  



 



Date:  



 



 



 



 



 



SAN DIEGO AUDUBON SOCIETY 



 



 



By:  



 



 



Name:   



  



 



Date:  



 



 



THE CITY OF SAN DIEGO 



 



 



By:   



 



 



Name:    



 



 



Date:   



 



 



I HEREBY APPROVE the form and legality 



of the foregoing agreement this ______ day 



of __________________________, 2014. 



 



JAN I. GOLDSMITH, City Attorney 



 



 



By:  



 Deputy City Attorney 
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EXHIBIT A 



 



OCEAN POLLUTION REDUCTION ACT II 



 



SECTION 1.  SHORT TITLE. 



 



 This Act may be cited as the “Ocean Pollution Reduction Act II.” 



 



SECTION 2.  FINDINGS AND POLICY 



 



 In 1972, Congress passed the Federal Water Pollution Control Act Amendments, which 



required Publicly Owned Treatment Works to achieve secondary treatment capability by 1977. 



 



In 1994, the Federal District Court for the Southern District of California determined that 



upgrading the City of San Diego's Point Loma Wastewater Treatment Plant to secondary 



treatment level would not be in the public interest, being excessively costly without producing 



additional environmental benefits. 



 



 The Point Loma Plant currently meets all the requirements of secondary treatment except 



for the removal of total suspended solids and biological oxygen demand.  



 



 At the direction of Congress, the Environmental Protection Agency (EPA) requested that 



the National Research Council advise the agency on ways to improve wastewater management in 



coastal urban areas. The resulting study, “Managing Wastewater in Coastal Urban Areas,” 



produced several important findings, including: 



 



- Biological oxygen demand discharged thru a well-designed outfall is generally of no 



ecological concern in open coastal waters. 



 



- Total suspended solids can be adequately controlled by advanced primary treatment 



and high dilution outfalls. 



 



- Over-control is particularly likely along ocean coasts, but nevertheless full secondary 



treatment is required regardless of cost or lack of benefits. 



 



 Past reviews by the City, the EPA, the State of California, and scientists affiliated with 



the Scripps Institution of Oceanography and the University of California at San Diego, as well as 



other organizations have concluded the Point Loma Plant does not have a significant adverse 



impact on the ocean environment. 



 



 The ocean outfall for the Point Loma Plant discharges effluent 4.5 miles from the coast at 



a depth of over 300 feet, one of the longest and deepest in the world. 



 



 Implementing full secondary treatment at the Point Loma Plant will cost approximately 



$2.1 billion. 
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 Implementing full secondary treatment is contrary to the national interest, in that it will 



compromise views from the Cabrillo National Monument and interfere with the Navy's use of 



adjacent property.  



 



 The City generates all the energy it needs to operate the Point Loma Plant onsite through 



co-generation. Implementing full secondary treatment will turn a "green" facility into one of the 



region's largest energy consumers, requiring the purchase of over $17 million each year in 



electricity and producing more than 100,000 tons of greenhouse gas emissions annually. 



 



 Implementing full secondary treatment at the Point Loma Plant will require removal of 



1,250,000 tons of earth from environmentally sensitive habitat immediately adjacent to the Point 



Loma Ecological Reserve. 



 



 Recognizing the unique situation surrounding the Point Loma Plant, Congress adopted 



the Ocean Pollution Reduction Act of 1994 (OPRA). OPRA allowed the Point Loma Plant to 



avoid conversion to full secondary treatment and instead operate under a modified permit 



according to standards contained in OPRA and section 301(h) of the Clean Water Act. 



 



 The City has complied with all requirements of OPRA and the results have been 



significant, including reduction in the discharge of total suspended solids and biological oxygen 



demand, advanced ocean monitoring, and construction of 45 million gallons per day of reclaimed 



water capacity at a cost of approximately $340 million.  



 



 Successor legislation to OPRA will capitalize on the record of improvements initiated 



under OPRA and provide a framework for further enhancements to the City's water and 



wastewater systems, increased potable water reliability, and additional meaningful 



environmental protection. 



 



 The City has completed its Water Purification Demonstration Project showing that 



municipal wastewater can successfully be treated to levels suitable for potable reuse. The City 



completed its Recycled Water Study in 2012 describing how wastewater can be diverted from 



the Point Loma Plant to new treatment facilities to generate water suitable for potable reuse. 



Through the construction and operation of new treatment facilities, the City can reduce the total 



suspended solids discharged by the Point Loma Plant to the same or lower levels as would be 



achieved by implementing full secondary treatment, while creating an important new local 



source of water. 



 



 The City currently relies on imported water for over 85% of its water supply. A new local 



source of water can significantly reduce the environmental impacts of importing water to San 



Diego from the Colorado River and the California Bay-Delta by offsetting the City’s demand for 



imported water. 



 



 Due to severe drought in California, the 2014 water allocation from the State Water 



Project is only 5% of normal, forcing water agencies to draw down water reserves, implement 



mandatory conservation measures, and search for new, dependable sources of water. 
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SECTION 3.  SAN DIEGO SECONDARY TREATMENT EQUIVALENCY. 



 



 Section 301(j)(5) of the Federal Water Pollution Control Act (33 U.S.C. 1311(j)(5)) is 



amended to read as follows: 



 



(5) SAN DIEGO SECONDARY TREATMENT EQUIVALENCY. 



 



(A) IN GENERAL. Notwithstanding anything to the contrary in the Federal Water 



Pollution Control Act or the Coastal Zone Management Act, an application for the Point 



Loma Wastewater Treatment Plant shall be reviewed and processed as the equivalent of 



an application for a secondary treatment discharge pursuant to subsection (b)(1)(B) and 



section 402 of the Federal Water Pollution Control Act, provided that the application 



includes a commitment to: 



 



(i) maintain a deep ocean outfall from the Point Loma Wastewater Treatment 



Plant with a discharge depth of no less than 300 feet. 



 



(ii) discharge no more than 12,000 metric tons of total suspended solids per year 



commencing on December 31, 2015, no more than 11,500 metric tons of total 



suspended solids per year commencing on December 31, 2025, and no more than 



9,942 metric tons of total suspended solids per year commencing on December 



31, 2027. 



 



(iii) discharge no more than a concentration of 60 milligrams per liter of total 



suspended solids calculated as a thirty day average. 



 



(iv) remove no less than 80% of total suspended solids on a monthly average, and 



no less than 58% of biological oxygen demand on an annual average, from 



wastewater flow tributary to the Point Loma Plant. Wastewater flow is tributary to 



the Point Loma Plant if it is discharged into the applicant’s wastewater system, or 



into any wastewater system connected to the applicant’s wastewater system, 



excluding wastewater flow treated and discharged from facilities separately 



permitted under section 402. 



 



(v) meet all other effluent limitations of secondary treatment, as defined by the 



Administrator pursuant to section 304(d)(1), except for any effluent concentration 



limits for biological oxygen demand. 



 



(vi) comply with federal anti-degradation policy as determined by the 



Administrator. 



 



(vii) perform ocean monitoring that meets or exceeds the Administrator’s 



requirements for section 301(h) dischargers. 
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(B) POTABLE REUSE. To be eligible to submit an application under this paragraph, the 



applicant must demonstrate to the satisfaction of the Administrator that to the extent 



potable reuse is permitted by federal and state regulatory agencies, at least 83 million 



gallons per day of water suitable for potable reuse on an annual average will be produced 



by December 31, 2035, from wastewater in the applicant’s wastewater system and 



wastewater systems connected to the applicant’s wastewater system as of the date of this 



Act. The Administrator shall determine development milestones necessary to ensure 



compliance with this paragraph and include said milestones as conditions in each permit 



issued prior to December 31, 2035. 



 



(C) PREVIOUS OCEAN MONITORING DATA. The applicant must demonstrate to the 



satisfaction of the Administrator that the applicant has performed monitoring that meets 



or exceeds the requirements for section 301(h) dischargers for at least the last 10 years.  



 



(D) PENDING APPLICATIONS. Any application for the Point Loma Wastewater 



Treatment Plant pending on the effective date of this Act shall be reviewed and processed 



under this paragraph. 



 



(E) SECONDARY TREATMENT. Nothing in this Act shall prevent the applicant from 



submitting an application for the Point Loma Wastewater Treatment Plant that complies 



with secondary treatment pursuant to subsection (b)(1)(B) and section 402
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Pure Water San Diego Project Deadlines and Milestones  



 



 



Environmental Review 



Task Deadline Milestone 



Issue Notice of Preparation of Program EIR  January 31, 2015 



Publish draft Program EIR for public review  January 31, 2017 



Certify Final Program EIR January 31, 2018  



 



 



 



 



North City Projects 



Task Deadline Milestone 



Issue NTP for pre-design of transmission pipelines   July 31, 2014 



Issue NTP for pre-design of a 15 mgd potable 



reuse facility 
 July 31, 2015 



Issue NTP for full design of transmission pipelines  January 31, 2017 



Issue NTP for full design of a 15 mgd potable 



reuse facility 
 May 31, 2017 



Advertise for bids to construct transmission 



pipelines 
 October 31, 2019 



Advertise for bids to construct a 15 mgd potable 



reuse facility 
 January 31, 2020 



Issue NTP to construct transmission pipelines  October 31, 2020 



Issue NTP to construct a 15 mgd potable reuse 



facility 
 January 31, 2021 



Complete construction of transmission pipelines June 30, 2023  



Complete construction of a 15 mgd potable reuse 



facility 
June 30, 2023  



Produce a total of at least 15 mgd of potable reuse  December 31, 2023  
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South Bay* Projects 



Task Deadline Milestone 



Issue NTPs for pre-design of a potable reuse 



facility and pipelines 
 September 30, 2018 



Issue NTPs for full design of a potable reuse 



facility and pipelines 
 September 30, 2020 



Issue NTPs to construct a potable reuse facility and 



pipelines 
 September 30, 2024 



Complete construction of a potable reuse facility 



and pipelines 
June 30, 2027  



Produce a cumulative total of at least 30 mgd of 



potable reuse**  
December 31, 2027  



 



 



 



 



Harbor Drive* Projects 



Task Deadline Milestone 



Complete real property appraisal of Harbor Drive 



site 
 June 30, 2015 



Complete acquisition of Harbor Drive site  December 31, 2019 



Issue NTPs for pre-design of a potable reuse 



facility and pipelines 
 June 30, 2025 



Issue NTPs for full design of a potable reuse 



facility and pipelines 
 June 30, 2027 



Issue NTPs to construct a potable reuse facility and 



pipelines 
 June 30, 2031 



Complete construction of a potable reuse facility 



and pipelines 
June 30, 2035  



Produce a cumulative total of at least 83 mgd of 



potable reuse**  
December 31, 2035  



 



 



 



* actual location of projects subject to change in accordance with changes to the Pure 



Water CIP plan. 



 



** cumulative totals of potable reuse include projects that may be implemented by the 



participating agencies signatory to the 1998 Metro Agreement (Doc. # OO-18517).
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From: In Defense of Animals on behalf of Annamaria Rizzo
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Saturday, January 09, 2016 1:45:11 PM


Jan 9, 2016


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Mrs. Annamaria Rizzo
Villaggio Sereno
Brescia, None 25100
annamariar555@gmail.com
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From: In Defense of Animals on behalf of Elisabetta Tamiazzo
To: Sablad, Elizabeth
Subject: Reject SeaWorld"s Proposed Massive Fish Farm Off San Diego"s Coast
Date: Monday, December 21, 2015 9:48:58 AM


Dec 21, 2015


EPA EPA


Dear EPA,


As a person who cares about all animals, and one of 200,000 In Defense
of Animals supporters, I am writing to urge you to prioritize ethics,
science, environmental protection, and public health over corporate
profits and deny SeaWorld and its Hubbs-SeaWorld Research Institute the
permits it needs to move ahead with its Rose Canyon Fisheries proposal.


Don Kent, CEO of the Hubbs-SeaWorld Research Institute, is quick to
claim that nothing could possibly go wrong: No marine mammals will be
injured. There will be no inbreeding in the enclosure. No diseases will
be spread. There will be no issues whatsoever with dumping immeasurable
quantities of waste products into the ocean just off the coast of San
Diego.


Not only is there no science to support this, but the evidence points
to the contrary.


For the animals' good, the public's good, and for the environment's
good, ask yourself and other third-party scientists and engineers:
Should we take Don Kent's word? Are we 100%  - or even reasonably  -
certain that nothing could go possibly go wrong with this project? The
answer to both questions is a clear and resounding  "NO!"


Please deny SeaWorld and its "private investment firm"
partner their permits. Just as SeaWorld has finally been exposed to
have managed captive orcas improperly, please don't let it cause
further and irreversible damage by approving this high-risk and
hazardous aquaculture plan.


Thank you immensely for your time, consideration, and foresight


Sincerely,


Miss Elisabetta Tamiazzo
42 Harold road
London, None Se19 3pl
elisabettatamiazzo@hotmail.com
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