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Abstract

Animals react not only to immediate changes in their environment but also to cues that
signal long-term changes to which they must adapt to survive. A proximate factor stimulates an
animal’s immediate behavioral response, whereas what is known as an ultimate factor causes an
animal to adjust its behavior to evolving conditions, thereby increasing its fitness and chances of
long-term survival. The Salmonid family are cold-blooded organisms that can respond to an
uncomfortable water temperature by moving from one spot to another to maintain thermal
comfort. If the reason they move is because of a discrepancy between the temperature of the
surrounding water and a “set point” in their brains that registers thermal comfort, their response
is known as behavioral thermoregulation. In this paper we discuss two kinds of behavioral
thermoregulation: reactive and predictive. The reactive kind is in response to discomfort that is
temporary and short term, and so it is a response to a proximate factor, as described above.
Predictive thermoregulation occurs when the temperature of the water in which salmonids choose
to swim reflects their adaptation over time to a changing environment and thus is a response to
an ultimate factor, as described above. Sometimes water temperature stimulates behavior that
has nothing to do with thermal comfort. What is known as orientation behavior occurs when
water temperature cues fish to locate prey or, say, reduce competition with other fish.

In natural environments, the proximate and ultimate ecological factors driving thermal
behavior are frequently complex and not easily separated. Understanding the underlying
mechanisms and adaptive value of a behavioral response nonetheless is helpful when considering
the influence of anthropogenic or human-caused changes in water temperature on salmonid
populations.

When human activity alters water temperature, the impact may interfere with the
successful adaptations that salmonids have made to local conditions and historical temperature
patterns in the Pacific Northwest. Higher peak summer water temperatures caused by human
activity, for example, may reduce or even eliminate salmonid feeding in some streams, increase
harmful metabolic effects, and increase the feeding activity of fish that prey on juvenile
salmonids. To counter these negative effects brought on by higher temperatures and to ensure
the long-term survival of native salmonid populations, it may be necessary to protect and restore
cold-water refuges, which human activities may be degrading. Activities such as irrigation and
dam construction can harm cold-water refuges by reducing variation in water temperature and
flow, reducing channel complexity, and disrupting seasonal recharge of groundwater, whose flow
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not only protects resident salmonids from extreme seasonal temperature fluctuations but also
may shelter migrating salmonids that travel long distances.

Introduction

Many species of native salmonids inhabit the freshwaters of the Pacific Northwest. A
large number of these species are anadromous—they migrate from the ocean to spawn in streams.
Many species have both anadromous and completely freshwater forms. As a group, the
salmonids display broad genetic flexibility in their physiological, behavioral, morphological, and
developmental capacity. This flexibility has fostered their rapid expansion and divergence in the
highly diverse habitats of the Pacific Northwest. However, human activities have eliminated
much of this diversity and pose a serious threat to the long-term survival of remaining
populations. Much of the decline in salmonid populations is directly attributable to the effects of
hydroelectric development and land use practices on water quality and quantity. Unfavorable
natural cycles in climate and ocean conditions have exacerbated the human-induced decline in
native salmonids.

Three largely human-caused water temperature problems represent a serious and
continuing threat to remaining native salmonid populations in Pacific Northwest streams: (1)
increasing stream temperatures, (2) shifts in annual temperature regimes (multiple external and
internal factors affecting a stream’s temperature), and (3) loss of cold-water refuges and
connectivity. One reason for this threat is that much of salmonid behavior is influenced by water
temperature.

Water temperature influences the behavior of fish more than any other nonliving variable
(Beitinger and Fitzpatrick 1979). Because salmonids are cold-blooded organisms and live under
temporally and spatially heterogeneous thermal conditions, water temperature can be thought of
as a resource that fish utilize through behavioral means to control body temperature within
narrow limits. Water temperature can serve as a proximate (immediate) or ultimate
(evolutionary) cue in a behavioral response. Whenever the adaptive value of a behavioral
response to water temperature is body temperature regulation, the behavioral response is known
as behavioral thermoregulation (Reynolds 1977). Behavioral thermoregulation helps salmonids
adapt through increased fitness and survival (Beitinger and Fitzpatrick 1979, Magnuson et al.
1979, Neill 1979, Reynolds and Casterlin 1979, Crawshaw et al. 1981).

Behavioral thermoregulation may be either predictive or reactive (Neill 1979). This
delineation is based primarily on our ability to predict the environmental temperature. In
response to predictable thermal characteristics of the environment, such as seasonal temperature
changes, salmonids show inheritable local behavioral adaptation. Salmonids also sense and
respond to their immediate thermal environment; this is reactive behavioral thermoregulation.

A salmonid’s behavioral response to water temperature is not always behavioral
thermoregulation, however (Reynolds 1977). Reynolds provides the following examples of
evolutionarily adaptive nonthermal ecological factors that can be immediately cued by thermal
stimuli: habitat selection, intraspecies size segregation, interspecies niche differentiation,
isolating mechanisms, predator avoidance, prey location, escape reactions, and migrations
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(thermoperiodic, daily, seasonal, spawning) (see Table 1). In a natural environment, it is
frequently difficult to determine whether the observed behavioral responses of salmonids are
primarily to water temperature or to a combination of ecological cues, such as water temperature,
daily exposure to light, and stream flow. However, water temperature is a controlling factor for
all biochemical and physiological processes, and exerts strong influence on salmonid behavior.

Table 2 lists the behavioral thermoregulatory responses of salmonids to water temperature
by species and life stage. The table summarizes the available scientific literature on salmonid
preference and avoidance temperatures. Some of the literature provides clear examples of innate
thermal preferences of different salmonids during their life cycle. These preferences are
determined through evolutionary adaptation to predictable annual thermal regimes and are
examples of predictive behavioral thermoregulation. In Table 2, the laboratory-derived
preference temperatures of salmonids are listed under acute and final preference temperatures.
Acute preference temperatures are influenced by acclimation temperature, which is discussed
later in this paper.

The literature also discusses the avoidance temperatures of salmonids at specific life
history stages. Avoidance of extreme water temperatures falls under reactive behavioral
thermoregulation, and these data are presented when available. Like acute preference
temperature, acute avoidance temperature is strongly influenced by the acclimation history of
fish. The preferred and avoidance temperatures of native salmonids have not always been
investigated for different life stages under controlled laboratory conditions. When available, we
have included primary literature in Table 2 that suggests the preferred and avoidance
temperatures of different salmonids based on observations in the field of fish distributions.
However, water temperatures collected during field observations of salmonids reflect the
influence of many ecological factors besides water temperature that act on fish in their natural
habitat. Although laboratory studies are very different from conditions in the wild, a laboratory
approach does allow the effects of temperature to be studied under controlled conditions. Even
under controlled laboratory conditions, differences between studies in feeding protocol,
temperature at which fish are acclimated, and whether fish are held under fluctuating or constant
temperature cycles all influence the preference and avoidance temperatures of salmonids. In
general, the acute preference temperature of salmonids increases with increasing acclimation
temperature (Cherry et al. 1975), and salmonids on restricted rations tend to prefer lower water
temperatures than their well-fed cohorts (Brett 1971).

Table 1. Summary of the three kinds of behavioral responses to water temperature

Behavioral Response Proximate Ultimate Factor Adaptive Value Time Period
Factor

Predictive behavioral Thermal or Water temperature | Body temperature | Evolutionary
thermoregulation nonthermal cue regulation

Reactive behavioral Thermal cue Water temperature | Body temperature | Immediate
thermoregulation regulation

Orientation behavior Thermal cue Nonthermal Varies—see text Immediate

ecological factor for examples
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Table 2. Summary of scientific studies on preference and avoidance temperatures of salmonids

Species: Bull trout (Salvelinus confluentus)

Life Location; Aquatic | Preferred field temp Acclimation Temp Citation
stage wild/hatchery system | °F (°C) temp °F (°C) regime
juvenile Throughout NW stream 42.8-48.2 (6-9) AWAT N/A natural (see | Reiman and
bull trout range; <55.4-57.2 (<13-14) text on Chandler
wild MDMT thermal 1999
regimes
below)
juvenile Lake Pend Oreille, | stream 46.04-57.02 N/A natural Saffel and
ID; wild (7 .8-13.9) MDMT Scarnecchia
1995
juvenile Lake Pend Oreille, | stream 46.4-48.2 (8-9) N/A natural Bonneau
ID; wild instantaneous and
Scarnecchia
1996
juvenile Flathead River, stream <60.62 (<15.0) N/A natural Fraley and
MT; wild unknown Shepard
1989
juvenile & | Columbia River, stream 53.6 (12.0) MDMT N/A natural Haas,
adult Kootenay, BC, 51.26 (10.7) MDAT unpublished
Canada; wild 52.88 (11.6) MWMT manuscript
50.36 (10.2) MWAT
adult- Flathead River, stream <50 (<10.0) unknown N/A natural Fraley and
spawning | MT; wild Shepard
1989
adult- Blackfoot River, stream 63.86 (17.7) DAT N/A natural Swanberg
upstream | MT; wild 1997
migration
Species: Cutthroat trout (Oncorhynchus clarki)
Life Location; Aquatic | Preferred field temp Acclimation Temp Citation
stage wild/hatchery system | °F (°C) temp regime
juvenile & | Lake Pend Oreille | stream | 50-57.2 (10-14) N/A natural Bonneau
adult drainage, ID; instantaneous and
wild Scarnecchia
1996
Species: Steelhead trout (Oncorhynchus mykiss)
Life stage | Location; Aquatic | Preferred field temp Acclimation Temp Citation
wild/hatchery system | °F (°C) temp regime
juvenile- South Umpqua river 59 (15.0) DMAT N/A natural Roper and
subyearling | River, OR; wild Scarnecchia
1994
juvenile- South Umpqua river 64.04 (17.8) DMAT N/A natural Roper and
yearling River, OR; wild Scarnecchia
1994
Life stage | Location; Aquatic | Avoidance field temp Acclimation Temp Citation
wild/hatchery system | °F (°C) temp regime
juvenile northern stream >73.4 (223) N/A natural Nielsen et
California; wild al. 1994
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Table 2. Summary of scientific studies on preference and avoidance temperatures of salmonids (continued)

Species: Rainbow trout (Oncorhynchus mykiss)

Life Location; Aquatic | Acute preference temp | Acclimation Temp Citation
stage wild/hatchery system; °F (°C) temp °F (°C) regime
feeding
juvenile | New and East tank; 52.9°F [51.1-53.1] 42.8 (6) stable Cherry et al.
Rivers, VA, USA; | starved (11.6°C[10.6-11.7]) 48.2 (9) 1975
hatchery (see text | 54.7°F [54.5-56.1] 53.6 (12)
above on | (12.6°C[12.5-13.4]) 59 (15)
feeding) | 57.9°F [57.9-59.2] 64.4 (18)
(14.4°C[14.4-15.1]) 69.8 (21)
62.4°F [61.2-62.4] 75.2 (24)
(16.9°C [16.2-16.9])
64.5°F [64.2-65.6] (see text on
(18.1°C [17.9-18.7]) acclimation
68.2°F [67.5-69.1] below)
(20.1°C [19.7-20.6])
71.6°F [70.5-72.5]
(22.0°C [21.4-22.5])
juvenile- | Ontario, Canada; tank; 62.7 (17.08) 50 (10) stable Kwain and
1 month | hatchery unknown | 62.5 (16.92) 59 (15) McCauley
64.2 (17.88) 68 (20) 1978
6 months 59.4 (15.21) 50 (10)
62.4 (16.91) 59 (15)
62.9 (17.20) 68 (20)
10 60.4 (15.75) 50 (10)
months 51.7 (10.95) 59 (15)
58.7 (14.82) 68 (20)
55.1 (12.85) 50 (10)
12 47.1 (8.40) 59 (15)
months 50.4 (10.20) 68 (20)
Life Location; Aquatic | Avoidance temp °F (°C) | Acclimation Temp Citation
stage wild/hatchery system; temp regime
feeding
juvenile | New and East tank; <41>55.4 (<5>13) 42.8 (6) stable Cherry et al.
Rivers, VA, USA; | starved | <46.4>59 (<8 >15) 48.2 (9) 1975
hatchery <51.8>62.6 (<11>17) 53.6 (12)
<554<66.2(<13>19) | 59 (15)
<554<66.2(<13>19) | 64.4(18)
<60.8 >73.4 (<16 >23) 69.8 (21)
<66.2 >77 (<19 >25) 75.2 (24)
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Table 2. Summary of scientific studies on preference and avoidance temperatures of salmonids (continued)

Species: Rainbow trout (Oncorhynchus mykiss)

Life stage | Location; Aquatic | Final preference temp | Acclimation Temp Citation

wild/hatchery system; °F (°C) temp regime
feeding

subyearling | Otterville, tank; fed | 71.6 (22) N/A stable Javaid and
Ontario, Canada; Anderson
hatchery 1967

subyearling | Otterville, tank; 64.4 (18) N/A stable Javaid and
Ontario, Canada; | starved Anderson
hatchery 1967

subyearling | Campbellville, tank; fed | 64.4-66.2 (18-19) N/A stable McCauley
Canada; and Pond
hatchery 1971

juvenile Waterloo tank; 52.3(11.3) N/A stable McCauley et
County, Ontario, | unknown al. 1977
Canada;
hatchery

adult unknown tank; 55.4 (13) N/A stable Garside and

unknown Tait 1958

adult New and East tank; 64.4 (18) N/A stable Cherry et al.
Rivers, VA, starved 1975
USA,; hatchery

adult New and East tank, 66.6 (19.2) N/A stable Cherry et al.
Rivers VA, USA; | starved 1977
hatchery

Life stage | Location; Aquatic | Final field preference | Acclimation Temp Citation
wild/hatchery system temp °F (°C) temp °F (°C) regime

juvenile & | Columbia River, | river 57.6 (14.2) MDMT N/A natural Haas,

adult Kootenay, BC, unpublished
Canada; wild manuscript

adult Horsetooth reservoir | 66.0-69.9 (18.9-21.1) N/A natural Horak and
Reservoir, ATU Tanner 1964
Colorado;
unknown

adult Lake Michigan; lake 61.7 (16.5) unknown N/A natural Spigarelli
unknown 1975
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Table 2. Summary of scientific studies on preference and avoidance temperatures of salmonids (continued)

Species: Spring chinook salmon (Oncorhynchus tshawytscha)

Life stage | Location; Aquatic | Acute preference temp | Acclimation Temp Citation
wild/hatchery system; °F (°C) temp °F (°C) regime
feeding
subyearling | Dungeness, WA; | tank; 53.6-55.4 (12-13) 41, 50, 59, 68, and | stable Brett 1952
hatchery unknown | (all acclimation temps) | 73.4
(5, 10, 15, 20, and
23)
Life stage | Location; Aquatic | Final preference temp | Acclimation Temp Citation
wild/hatchery system; °F (°C) temp °F (°C) regime
feeding
subyearling | Dungeness, WA; | tank; 53.1 (11.7) N/A stable Brett 1952
hatchery unknown
smolt Little White tank; 62.1(16.7) increasing temp stable Sauter 1996
Salmon N.F.H.; satiation acclimation, 3.6
hatchery (2) per month,
range: 46.4-57.2
(8-14)
Life stage | Location; Aquatic | Preferred field temp Acclimation Temp Citation
wild/hatchery system °F (°O) temp °F (°C) regime
adult Lake Michigan; lake 63.1(17.3) N/A natural Spigarelli
hatchery 1975
Species: Fall chinook salmon (Oncorhynchus tshawytscha)
Life stage | Location; Aquatic | Preferred temp °F (°C) | Acclimation Temp Citation
wild/hatchery system; temp °F (°C) regime
feeding
subyearling | upriver bright tank; 63.1(17.3) increasing temp stable Sauter 1996
stock from Little | satiation acclimation, 3.6
White Salmon (2) per month,
N.F.H.; hatchery range: 53.6-57.2
(12-14)
smolt upriver bright tank; 51.6 (10.9) 60.8 (16) stable Sauter 1996
stock from Little | satiation

White Salmon
N.F.H.; hatchery
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Table 2. Summary of scientific studies on preference and avoidance temperatures of salmonids (continued)

Species: Coho salmon (Oncorhynchus kisutch)

Life stage | Location; Aquatic Acute preference temp | Acclimation Temp Citation

wild/hatchery | system; °F (°C) temp °F (°C) regime
feeding

subyearling | Nile Creek, tank; 53.6-57.2 (12-14) 41, 50, 59, 68 and | stable Brett 1952
BC, Canada; unknown 73.4 (5, 10, 15, 20
hatchery and 23)

Life stage | Location; Aquatic Final preference temp | Acclimation Temp Citation
wild/hatchery | system; °F (°C) temp °F (°C) regime

feeding

subyearling | Bockman starved 24 | 52.9 range: 44.6-69.8 50 (10) stable Konecki et
Creek, WA; hr prior to (11.6 range: 7-21) al. 1995
wild experiment

subyearling | Bingham starved 24 | 69.8 range: 42.8-60.8 50 (10) stable Konecki et
Creek, WA; hr prior to | (9.9 range: 6-16) al. 1995
wild experiment

adult Lake Erie; tank; 52.5(11.4) unknown stable Reutter and
hatchery unknown Herdendorf

1974

Life stage | Location; Aquatic Preferred field temp Acclimation Temp Citation
wild/hatchery | system °F (°O) temp °F (°C) regime

adult Lake lake 63.1(17.3) N/A natural Spigarelli
Michigan; 1975
hatchery

Species: Chum salmon (Oncorhynchus keta)

Life stage | Location; Aquatic Acute preference Acclimation Temp Citation

wild/hatchery system; temp temp °F (°C) regime
feeding °F (°O)

juvenile- Nile Creek, BC, | tank; 53.6-57.2 (12-14) 41, 50, 59, 68 stable Brett 1952

subyearling | Canada; unknown | (all acclimation temps) | and 73.4 (5, 10,
hatchery 15, 20 and 23)

adult- unknown stream 44.6-51.8 (7-11) N/A natural Groot and

migration unknown Margolis

1991

Life stage | Location; Aquatic Final preference temp | Acclimation Temp Citation

wild/hatchery system; °F (°C) temp °F (°C) regime
feeding

subyearling | Nile Creek, BC, | tank; 57.4 (14.1) N/A stable Brett 1952

Canada; unknown

hatchery
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Table 2. Summary of scientific studies on preference and avoidance temperatures of salmonids (continued)

Species: Pink salmon (Oncorhynchus gorbushka)

Life stage | Location; Aquatic | Final preference temp | Acclimation Temp Citation
wild/hatchery system; °F (°C) temp °F (°C) regime
feeding
subyearling | Dungeness, WA; | tank; 53.1(11.7) N/A stable Brett 1952
hatchery unknown
Life stage | Location; Aquatic | Preferred field temp Acclimation Temp Citation
wild/hatchery system; °F (°C) temp °F (°C) regime
feeding
juvenile- Dungeness, WA; | tank; 53.6-56.3 (12-13.5) 41, 50, 59, 68 stable Brett 1952
subyearling | hatchery unknown and 73.4 (5, 10,
15, 20 and 23)
Species: Sockeye salmon (Oncorhynchus nerka)
Life stage | Location; Aquatic | Acute preference temp | Acclimation Temp Citation
wild/hatchery system; °F (°C) temp °F (°C) regime
feeding
juvenile- Issaquah, WA; tank; 53.6-57.2 (12-14) 5°,10°, 15°,20° | stable Brett 1952
subyearling | hatchery unknown and 23°C
Life stage | Location; Aquatic | Acute avoidance temp | Acclimation Temp Citation
wild/hatchery system °F (°O) temp °F (°C) regime
juvenile Great Central lake <39.2>64.4 N/A natural LeBrasseur
Lake, BC, (<4>18) etal. 1978
Canada; wild
Life stage | Location; Aquatic | Final preference temp | Acclimation Temp Citation
wild/hatchery system; °F (°C) temp °F (°C) regime
feeding
subyearling | Issaquah, WA; tank; 58.1 (14.5) N/A stable Brett 1952
hatchery unknown
Life stage | Location; Aquatic | Final field preference | Acclimation Temp Citation
wild/hatchery system temp °F (°C) temp °F (°C) regime
subyearling | Babine Lake, lake 51.1 (15)+9 (5) DAT | N/A natural Brett 1971
BC; wild
smolts Cultus Lake, BC; | lake 51.1-55.0 N/A natural Foerster
yearling & | Wild Horsetooth | reservoir; | (10.6-12.8) DAT 1937; Horak
adult Reservoir, CO; Okana- and Tanner
adult hatchery; gan 1964; Major
Okanagan reservoir and Mighel
Reservoir, WA; 1966
hatchery
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Table 2. Summary of scientific studies on preference and avoidance temperatures of salmonids (continued)

Species: Mountain whitefish (Prosopium williamsoni)

Life stage | Location; Aquatic | Preferred field temp Acclimation Temp Citation
wild/hatchery system | °F (°C) temp °F (°C) regime
adult- Sheep River, river 32-46.4 (0-8) DAT N/A natural Thompson
spawning | Alberta, Canada; and Davies
wild 1976
adult- Montana; wild river <41.9 (<5.5) N/A natural Brown 1952
spawning instantaneous
Life stage | Location; Aquatic | Acute preferred field Acclimation Temp Citation
wild/hatchery system | temp °F (°C) °F (°C) regime
temp
adult Blacksmith Fork river 55.0 (12.8) DAT, N/A natural Inhat and
River, UT; wild prespawning 49.3 (9.6) Bulkley
DAT, postspawning 1984
51.4 (10.8) DAT, winter
61.5 (16.4) DAT, spring
Life stage | Location; Aquatic | Final preferred field Acclimation Temp Citation
wild/hatchery system | temp °F (°C) temp °F (°C) regime
adult Blacksmith Fork river 63.9 (17.7) DAT, N/A natural Inhat and
River, UT; wild prespawning Bulkley
53.4(11.9) DAT, 1984
postspawning 49.8 (9.9)
DAT, winter 61.3 (16.3)
DAT, spring

Temperature cycle also influences the preference temperature of fish. In the temperate
climate of the Pacific Northwest, water temperature varies daily and seasonally, and salmonids in
their natural environment are exposed to fluctuating water temperatures. In contrast, all of the
laboratory experiments cited in Table 2 have acclimated salmonids to a stable temperature. Such
a regime is less physiologically demanding than naturally fluctuating water temperatures
(Reynolds and Casterlin 1979), and if feeding and acclimation remain constant, fish exposed to
fluctuating thermal regimes may prefer slightly lower water temperatures than fish acclimated to
a stable temperature. Because the experimental designs of thermal preference studies frequently
vary in these important factors, Table 2 and the questions and answers below provide more
information from primary literature sources on the feeding protocol, acclimation temperature,
and temperature cycle.

The temperature metrics for field studies are given in Table 2 when available; frequently,
they were not specified in the primary literature. For definition of temperature metric
abbreviations and further information on temperature measurement and monitoring, see the
Temperature Measurement and Monitoring issue paper.

Acute laboratory preference and avoidance temperatures usually represent an average
temperature calculated from multiple temperature readings on fish location in a thermal gradient
taken over a specific period of time. Final preference temperature also may be an average, or it
may be derived from the intercept of a fish’s acclimation and acute preference temperatures.

Salmonid Behavior and Water Temperature 10



More information on the linkages among water temperature, life stage, and other ecological
factors is provided in the questions and answers below.

What are final and acute preference temperature?

The final preference temperature is the innate, species-specific temperature preference of
an organism dictated by a thermal set point in the brain (Hammel 1968 in Reynolds 1977). Fish
placed in a laboratory temperature gradient will move toward the final preference temperature.
This temperature is usually reached within 24 hours after an animal has been introduced to a
laboratory temperature gradient (Reynolds and Casterlin 1979). Fry (1947) defined the final
preference temperature as “a temperature around which all individuals [of a given species] will
ultimately congregate, regardless of their thermal experience before being placed in the gradient”
and that temperature “at which the preferred temperature is equal to the acclimation
temperature.” Using this definition, the final preference temperature of fish can be determined
either by using a thermal gradient or by determining the acute preference temperature of fish held
at different temperatures and using regression to find the intercept of acclimation temperature
with acute preference temperature.

The ecological significance of a species’ thermal preference is that it frequently coincides
with the species’ thermal optimum for physiological functioning. This optimum may shift with
age and during various life history stages of an animal (Reynolds 1977, McCauley and Huggins
1979, Kelsch and Neill 1990). Innate thermal preferences displayed by salmonids with age and
development reflect genetic adaptation of species or subspecies (stocks) to predictable annual
thermal conditions in their environment (Magnuson et al. 1979).

The term acute preference temperature describes the immediate preference temperature
of a fish placed in a laboratory gradient (Reynolds and Casterlin 1979). The acute preference
temperatures of fish are measured within a short period (usually 2 h or less) after the fish have
been introduced to a thermal gradient. Acute preference temperatures are strongly influenced by
the fish’s acclimation temperature.

What is acclimation temperature? How does it influence the acute preference
temperature of salmonids?

Acclimation temperature or thermal acclimation refers to the physiological and
biochemical restructuring of cellular and tissue components that occurs in response to
temperature variations of 2-3 weeks or more under known or specified thermal conditions in the
laboratory (Reynolds and Casterlin 1979, Withers 1992). In natural environments, both
nonthermal factors and seasonal changes in water temperature shape the restructuring of cells and
tissues. The term applied to this natural process is acclimatization (Reynolds and Casterlin 1979,
Crawshaw et al. 1990, Withers 1992). A species-innate thermal preference can be altered over
hours, days, and weeks by thermal acclimation or acclimatization (Reynolds and Casterlin 1979,
Withers 1992). Thermal acclimation or acclimatization shifts the acute preferred temperature,
avoidance temperatures, and thermal tolerance range of an animal as a result of physiological
adjustment to current thermal conditions and involves "feedback to the genetic material, and
subsequently to the protein synthetic system" (Hazel and Prosser 1974). Changes in enzyme
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structure and lipid membranes are perhaps the most notable alterations seen in response to
variations in temperature (Withers 1992). The result of acclimation or acclimatization is an
increase in the overall performance and survival of an animal in its environment. Wild salmonids
acclimatized to daily average temperatures in the summer show slightly higher preference
temperatures than fish acclimatized to daily average winter temperatures. The effect of
acclimation temperature on the preference temperatures of rainbow trout under laboratory
conditions can be seen in Table 2 (see Cherry et al. 1975).

Although salmonids tend to be adapted to a narrow temperature range (and thus are
stenothermic), they show some capacity to acclimatize to higher daily and seasonal water
temperatures (Javaid and Anderson 1967, Cherry et al. 1975). Notable differences exist in the
degree of their stenothermy and capacity for thermal acclimation. For example, the literature
suggests that rainbow trout may have a greater capacity for thermal acclimation than do Pacific
salmon or char, and char are considerably more stenothermic than native trout or salmon (Brett
1952, Javaid and Anderson 1967).

It is important to remember that salmonids are physiologically adapted to live in
cold-water environments, and their ability to acclimate to higher water temperatures is restricted
to the cold-water range of temperatures in which they evolved. Under laboratory conditions,
acclimation may extend the thermal limits of salmonids; however, in nature growth, survival, and
successful reproduction are a much more rigorous test of thermal tolerances. Fish may be able to
physiologically acclimate to some extreme thermal conditions in laboratory settings, but face
"ecological death" under natural conditions where ecological factors such as food availability and
vulnerability to predation are important components of survival (Magnuson et al. 1979,
Dickerson and Vinyard 1999). Adaptation to higher environmental water temperatures and
altered annual thermal regimes may require many generations (Nelhsen et al. 1991, Adkison
1995, Hendry et al. 1998); however, human-caused water temperature increases may be of such
magnitude and occur so rapidly that they outpace the capacity of salmonid populations to
genetically adapt (Quinn and Adams 1996).

What other ecological factors influence the acute preference temperature of
salmonids?

Both laboratory and field experiments have shown that food availability affects the acute
thermal preference of salmonids. Brett (1971) found strong evidence that restricted food
conditions in Babine Lake, British Columbia, resulted in a daily pattern of vertical migration in
sockeye salmon less than 1 year old (subyearlings). These vertical migrations likely represent a
behavioral response to both thermal stratification of the lake and limited rations. By behaviorally
thermoregulating at slightly lower water temperatures during the day, then migrating to the
surface to feed at dusk and dawn, juvenile sockeye salmon maximize their growth potential by
conserving energy when food is limited. In the laboratory, Javaid and Anderson (1967) starved
juvenile rainbow trout acclimated at 68°F (20°C) and found that the selected temperature
dropped from near 71.6-64.4°F (22-18°C) in a day once food was withheld. Selected
temperature of starved juvenile rainbow trout remained at 64.4°F (18°C) for 2 weeks until
feeding was resumed, when fish again began selecting 71.6°F (22°C) water temperatures within
a day.
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Another factor known to influence temperature selection is a salmonid’s stock. Stock
refers to populations of salmonids that originate from and have adapted to the environmental
conditions characteristic of specific watersheds (Nehlsen et al. 1991). As mentioned earlier, one
environmental characteristic that salmonids adapt to behaviorally is predictable annual
temperature cycles. As a result, intraspecies adaptations may be seen in the temperature
preferences of different stocks of salmonids. For example, Konecki et al. (1995) found slight
differences in the temperature preferences of two populations of juvenile coho salmon. Coho
salmon originating from a stream with lower and less variable water temperatures showed
slightly lower preference temperatures and temperature range than fish originating from a more
heterothermal stream (Table 2).

The age of salmonids also is important in determining their temperature preference.
Kwain and McCauley (1978) found that the preferred temperature of rainbow trout decreased
steadily with age (Table 2).

Very little information is available in the literature on the effect that daily temperature
fluctuations have on salmonids’ preference temperature. Field and laboratory studies such as
Brett (1971) and Hokanson et al. (1977) have found that fluctuating water temperatures influence
the thermoregulatory behavior of salmonids. Hokanson et al. (1977) investigated the growth and
mortality rates of juvenile rainbow trout held at constant and daily fluctuating temperatures in the
laboratory. Rainbow trout held at daily fluctuating temperatures did not acclimate to the average
mean temperature, but to some temperature between the minimum and maximum daily
temperature, and growth and mortality responses reflected water temperatures about 34.7°F
(1.5°C) colder than fish held at a constant temperature. These physiological data suggest that
salmonids acclimated to daily fluctuating temperature cycles may select lower preference
temperatures than fish held at constant temperatures.

Why does food availability in the wild and under laboratory conditions affect water
temperatures selected by salmonids?

The rates of all biochemical reactions, and therefore the metabolic rates of cold-blooded
fishes, are controlled by temperature (Fry 1971, Elliot 1976, Beitinger and Fitzpatrick 1979). As
metabolic rate increases with temperature, so does the need for food to keep pace with metabolic
demand (Elliot 1976, Brett 1995, Higgs et al. 1995, Jobling 1981) (see Physiology issue paper for
more information). Well-fed salmonids tend to behaviorally thermoregulate at slightly warmer
water temperatures; the combination of abundant feeding opportunities and warmer water tends
to maximize growth. When food is scarce, salmonids will select cooler water temperatures to
lower their metabolic rate and conserve energy stores.

How does water temperature affect the feeding behavior of salmonids?

Increased water temperatures and a longer period of warmer water temperatures increase
the feeding rate of salmonids provided that food is not limiting and water temperatures do not
exceed the feeding temperature range (Elliott 1982, Linton et al. 1998). Linton et al. (1998)
reported that a +3.6°F (2°C) increase in annual water temperature regime increased the feeding
rate of rainbow trout in the winter and spring months, but significantly decreased feeding rate at
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peak summer temperatures 68°F (20°C), leading to an overall decline in growth rate. Appetite
suppression occurred at lower temperatures in larger, older fish (Linton et al. 1998). At
temperatures above a species preferred temperature range, feeding rate may continue to increase
up to a point, but growth potential decreases (Linton et al. 1998). Appetite suppression, leading
to a decrease in feeding rate also occurs in fish as temperature increases above a species’
preferred range and may be a result of decreased activity in response to high metabolic demand
(Jobling 1981, Linton et al. 1998). Elliott (1991) found that Atlantic salmon (Sa/mo salar)
stopped feeding at elevated water temperatures, but quickly resumed feeding once water
temperature was lowered. Research indicates that the appetite of juvenile sockeye salmon is
completely inhibited at 75.2°F (24°C), and that the return of appetite is temperature-dependent
(Brett and Higgs 1970, Brett 1971).

How does water temperature affect salmonid behavior at different life stages?

Larvae and juveniles. Juvenile salmonids require a variety of water temperatures. In
general, larvae and young juveniles tend to be attracted to slightly warmer water temperatures for
feeding and growth than are larger juveniles and adult fish. The innate thermal preference of
some fish frequently decreases from the larvae through juvenile stages (Magnuson et al. 1979,
McCauley and Huggins 1979), although research on age-related changes in the thermal
preference of salmonids is scarce. Research by Kwain and McCauley (1978) (see Table 2) on
juvenile rainbow trout found a steady decrease in the thermal preference of rainbow trout with
age, with larvae preferring temperatures near 66.2°F (19°C), whereas yearlings selected water
temperatures of about 55.4°F (13°C).

McCullough (1999) notes that the higher thermal preferences of young-of-year (YOY)
salmonids may attract this age group to warmer downstream waters, improving growth
opportunities early in the season. The study cautioned, however, that as seasonal water
temperatures increase and the preferred temperature of the YOY age class decreases, this age
group is least capable of reactive behavioral thermoregulation because of limited swimming
capacity. YOY fish may be physically incapable of escaping unfavorably high stream
temperatures by migrating to cooler upstream reaches.

Juvenile and adult salmonids frequently move downstream to warmer water temperatures
in the fall and avoid extreme cold-water conditions in upstream reaches during the winter
(Bjornn 1971, Pettit and Wallace 1975, Brown and MacKay 1995, Northcote 1997, Jakober et al.
1998). Cold winter temperatures are also known to prompt reactive behavioral thermoregulation
in juvenile rainbow trout and coastal cutthroat trout. These juveniles will migrate downstream to
overwinter in warmer main-stem areas following emergence (Behnke 1992, Trotter 1989).
Cederholm and Scarlett (1981) report that juvenile winter steelhead leave their natal tributaries to
overwinter in warmer downstream reaches.

For anadromous salmonids, such as spring and fall chinook salmon and steelhead, there is
considerable variation in juvenile freshwater life history patterns. The temperature requirements
for larvae and rearing juvenile trout and salmon are similar; however, the time of freshwater
residence is quite variable. For example, spring chinook salmon rear for a year in headwater
streams before juveniles emigrate during the spring freshet, whereas juvenile fall chinook salmon
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rear in mainstem rivers and emigrate as subyearlings during the summer after several months of
freshwater rearing. Steelhead use headwater streams for rearing and emigrate in the spring, as do
spring chinook salmon, but juveniles may occupy headwaters for 2 or 3 years before emigrating.
Therefore, protective water temperature criteria must address the distribution and juvenile life
history pattern of each anadromous species.

Smolts. Smoltification is a period of profound developmental change in juvenile
salmonids. The physiological development that accompanies smolt migration contributes to the
complex interaction between water temperature and emigration behavior of juvenile salmonids.
By controlling biochemical and physiological reaction rates, water temperature affects the
physiological development of smolts, as well as the timing and duration of smoltification. Of
particular significance is the inhibition of the gill ATPase osmoregulatory enzyme at high water
temperatures, which leads to a loss of migratory behavior in salmonids (see Physiology issue

paper).

One area that has not been investigated is whether cold-water refuges have a role in
supporting emigration and physiological smolt development in salmonid stocks that undergo long
summer emigrations.

Adult potamodromous migrations. Potamodromous migration patterns are important
life history variants for freshwater populations of native salmonids. These migrations support
genetic diversity in the overall salmonid populations and direct fish to more spatially, seasonally,
and developmentally suitable habitat (Northcote 1997). Water temperature generally increases
longitudinally in streams from upstream to downstream reaches, and unfavorably high
temperatures in downstream reaches may create thermal barriers that limit or halt migrations.
Thermal barriers cause habitat fragmentation, disrupting migration patterns and isolating smaller
populations from the overall population. The preferred temperatures for nonspawning adults
during migration provide a useful temperature range from which seasonal thermal conditions in
watersheds can be evaluated for migratory functionality. However, extreme water temperatures
may pose a more serious migratory barrier than water temperatures ranging a few degrees above
the cited preferred migratory temperature range of a species.

Spawning migrations. Water temperature is a critical environmental factor during the
spawning migrations of salmonids because the fish fast during the migrations and must rely on
stored energy reserves to complete the journey (Berman and Quinn 1991, Coutant 1999).
Although salmonid spawning migrations occur throughout the year, high water temperatures are
most likely to delay or be stressful to fish during summer and fall migrations (Table 3). In
addition, salmonid stocks that make long-distance migrations to inland spawning grounds during
the summer and fall may be more vulnerable to increased water temperatures and loss of
cold-water refuges. Increased water temperatures are reported to create migrational blockages for
several species of salmonids when water temperatures exceed 69.8°F (21°C) (Beschta et al. 1987,
Major and Mighell 1967, cited in ODEQ 1995). For bull trout, water temperatures >55.4° (13°C)
reportedly block migratory behavior (ODEQ 1995, Independent Scientific Group 1996, Spence et
al. 1996). Higher water temperatures during spawning migrations also increase the harmful
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Table 3. Seasonal spawning migration timing of Pacific Northwest salmonids

Species Spawning Citations

migration timing
Steelhead Winter stocks: November-April | Wydoski and Whitney 1979;
(0. mykiss) Summer stocks: May-October Spence et al. 1996; Hicks 1999

Spring chinook salmon
(O. tshawytscha)

May/June

Wydoski and Whitney 1979; Berman and Quinn
1991; Nehlsen et al. 1991; Spence et al. 1996;
NMEFS chinook status review

Fall/summer chinook
salmon (O. tshawytscha)

Early fall

Nehlsen et al. 1991;
NMES chinook status review

Coho salmon
(O. kitsutch)

Early fall into November;
early July on Olympic
Peninsula

Wydoski and Whitney 1979; Spence et al. 1996;
NMES coho status review

Pink salmon
(0. gorbuska)

Late summer to early fall,
every other year

Wydoski and Whitney 1979; Spence et al. 1996;
Nehlsen et al. 1991

Chum salmon

Fall and winter; summer in

Wydoski and Whitney 1979; Spence et al. 1996

cutthroat trout (O. clarkii)

(0. keta) Olympic Peninsula

Sockeye salmon Spring through fall Wydoski and Whitney 1979; Quinn and Adams
(O. nerka) 1996

Anadromous coastal July through fall Wydoski and Whitney 1979; Spence et al. 1996;

Hicks 1999; Trotter 1989; NMFS 1998

Potamodromous coastal
cutthroat trout (O. clarkii)

Very late winter to early spring

Trotter 1989

Westslope cutthroat trout

Very late winter to early spring

Trotter 1989

(S. confluentus)

(O. clarkii)

Rainbow/redband trout Spring Wydoski and Whitney 1979;
(0. mykiss) Reiser and Bjornn 1979
Bull trout Late summer through fall Wydoski and Whitney 1979;

Baxter and Hauer 2000

Mountain whitefish
(P. williamsoni)

Fall

Wydoski and Whitney 1979;
Spence et al. 1996

metabolic effects on adult fish. Prolonged exposure to elevated temperatures during migration is
significantly related to prespawning mortality, and increased metabolic costs may deplete energy
reserves before fish reach spawning grounds, reducing the size and number of viable eggs (Idler
and Clemens 1959, Gilhousen 1980, Godfrey et al. 1954, Andrew and Geen 1960, CDE and
IPSFC 1971, cited in ODEQ 1995).

Changes in the annual thermal regimes may also result in long-term behavioral changes
to the timing of migratory patterns. Quinn and Adams (1996) observed that Columbia River
basin sockeye salmon now migrate approximately 6 days earlier than historically. The migration
of the sockeye salmon is cued by their exposure to light, but the earlier migration timing is a
result of alterations to thermal and hydrological regimes in the river (Quinn and Adams 1996).

Adult holding/refugia. To reduce the energy costs of oversummering in fresh water
before spawning, salmonids may select holding habitat based on nonthermal cues, such as
groundwater flow, which later in the season provides critical cold-water refuge. This type of
behavior falls under predictive behavioral thermoregulation. Examples of this are seen in adult
spring chinook salmon, which migrate into the tributaries in the spring and oversummer in fresh
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water before spawning. Berman and Quinn (1991) found that adult spring chinook salmon in the
Yakima River selected holding sites associated with islands, pools, and rock outcrops in the
spring, and that these areas provided thermal refuges during the summer. A cooler holding
habitat reduces basal metabolic demand during the summer and is critical to successful
reproduction. Torgersen et al. (1999) reported that adult spring chinook salmon holding in the
Middle Fork of the John Day River also select holding sites early in the season that provide cold-
water refuge during the summer.

Spawning. Salmonid reproduction occurs within a variety of habitats ranging from
streams and lakes to intertidal sloughs (Groot and Margolis 1991, Spence et al. 1996). The
timing of spawning activity is genetically controlled, and many stocks have adapted to their
locales, which likely enhances survival and reproductive success (Nehlsen et al. 1991, Sheridan
1962, Royce 1962, Burger et al. 1985, Brannon 1987, NMFS 1998). Most stocks of Pacific
salmon, including summer/fall chinook, fall coho, pink, chum, and sockeye salmon, have
evolved to spawn in the fall when stream flows are lowest and water temperatures decline. Other
stocks, such as spring chinook and summer coho, typically spawn during late summer months.
The trout indigenous to the Northwest evolved to spawn in the spring and are stimulated by
rising water temperatures and high flows (Hicks 1999). Increased water temperatures on the
spawning grounds can also lead to the cessation of spawning activity (Spence et al. 1996).

Literature reviews by Bjornn and Reiser (1991) and Spence et al. (1996) summarize
salmonid spawning temperatures as ranging from 33.8°F (1°C) to 68°F (20°C) with most
spawning occurring at temperatures between 39.2°F (4°C) and 57.2°F (14°C.) Table 4 lists water
temperatures at which spawning of different salmonids has been observed (Reiser and Bjornn
1979, ODEQ 1995, Spence et al. 1996). The temperature metrics are not given with these studies
but are assumed to be either instantaneous or daily average temperatures (DAT) at the time of
spawning. Spawning temperatures likely reflect optimal physiological temperatures for
incubation and development of eggs rather than preference temperatures of spawning adults.

Despite the variations in observed spawning temperatures, the Independent Scientific
Group (1996) states that the optimal temperature for anadromous salmonid spawning is 50°F
(10°C) and that stressful conditions for anadromous salmonids begin at temperatures greater than
60.08°F (15.6°C,) with lethal effects occurring at 69.8°F (21°C).

Do ecological interactions influence the behavior of salmon? What about observations
of individual salmonids using habitat that lab studies suggest is too warm? Don't these
observations suggest that the laboratory-based data are skewed?

The acute and innate final preference temperatures of fishes are often superseded by
their more immediate nonthermal needs (Reynolds 1977, Reynolds and Casterlin 1979).
Frequently, other environmental variables such as food availability or competitive interactions
provide the adaptive value of a thermal response (Reynolds 1977). Under these circumstances,
water temperature may influence fish behavior by serving as an orientation or direction cue.
Nonthermal ecological factors such as stress, migrations, niche differentiation, escape reactions,
photoperiod, intra- and interspecies interactions, prey location, disease, and chemicals can affect
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Table 4. Selected water temperatures for spawning by Pacific Northwest salmonids. For the purpose of
water temperature criteria protective of spawning salmonids, these references are assumed to be Daily

Average Temperatures (DAT)

Species Selected Spawning Citation
Temperature Range
°F (°C) (DAT)

Steelhead (O. mykiss) 50-55 (10-12.8) Bell 1991

Spring chinook salmon
(0. tshawytscha)

39.9-64 (4.4-17.8)

Olson and Foster 1955, cited in ODEQ 1995

Fall/summer chinook salmon
(O. tshawytscha)

41-56.1 (5-13.4)

Raleigh et al. 1986, cited in ODEQ 1995

Coho salmon (O. kitsutch)

50-55 (10-12.8)

Bell 1991

Pink salmon (O. gorbuska)

46.4-55.4 (8-13)

Independent Scientific Group, 1996

Chum salmon (O. keta)

46.4-55.4 (8-13)

Independent Scientific Group, 1996

Sockeye salmon (O. nerka)

36.1-46.4 (2.3-8)

Brannon 1987

Anadromous coastal cutthroat
trout (O. clarkii)

42.9-62.9 (6.1-17.2)
39.9-48.9 (4.4-9.4)

Beschta et al. 1987; Trotter 1989

Potamodromous coastal cutthroat
trout (O. clarkii)

>41-42.8 (25-6)

Trotter 1989

Westslope cutthroat trout
(O. clarkii)

44.9-55.0 (7.2-12.8)

Beschta et al. 1987; Trotter 1989

Rainbow/redband trout
(0. mykiss)

up to 68 (20)
50-55 (10-12.8)

Hicks 1999 (literature review)
Behnke 1992

Bull trout (S. confluentus)

peak: <44.6 (<7)
cessation: >50 (>10)

Geotz 1989; Pratt 1992; Kraemer 1994;
Fraley and Shepard 1989; James and
Sexauer 1997; Wydoski and Whitney 1979

Mountain whitefish
(P. williamsoni)

37.4-41 (3-5)

Brown 1952, 1972; Breder and Rosen 1966;
Bruce and Starr 1985; Hildebrand and
English 1991

the behavioral responses of fish to thermal stimuli (Reynolds 1977). Several examples are listed

below:

1. Juvenile sockeye salmon make daily vertical migrations to feed in warmer surface waters,
and return to colder, deeper waters to lower metabolic costs when food is limited (Brett
1971).

2. Some bacterial diseases alter the thermoregulatory behavior of fish by increasing their

preference temperature (Reynolds et al. 1976a, Reynolds 1977¢, Reynolds and Covert
1977). By increasing body temperature in response to bacterial invasion, fish may
enhance their immune response to pathogens (Kluger 1978).

3. A study by Scrivener et al. (1994) found that juvenile ocean-type fall chinook salmon,
rainbow trout, and mountain whitefish moved from the Fraser River into a small tributary
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creek during the summer. The authors suggest that proximate cues of warmer water temperatures
and clearer water attracted juvenile salmonids into the tributary, where feeding opportunities
were enhanced.

4. Research by Fraser et al. (1993) found that juvenile Atlantic salmon (Sa/mo salar)
switched between diurnal and nocturnal foraging in response to changes in water
temperature. At warmer water temperatures characteristic of spring, summer, and fall
months, the salmon fed mostly during the daylight hours. When water temperatures were
decreased to reflect temperatures experienced by fish during winter months, nocturnal
feeding increased and daylight feeding decreased. Feeding probably decreased when
water temperatures were colder because fish digested food more slowly and because
metabolic rates were lower at colder water temperatures. The authors concluded that the
increase in nocturnal feeding at colder water temperatures may reflect increased
avoidance of light in juvenile salmon at low water temperatures. At colder water
temperatures, the escape responses of fish are decreased, and increased avoidance of light
may provide adaptive value through predator avoidance.

The interactions between salmonid thermal behavior and predation and competition are
important considerations and are discussed below. Additional information on multiple stressors
and environmental interactions can be found in the Interactions issue paper.

Does water temperature affect the predator avoidance behavior of juvenile salmonids?

Higher water temperatures may affect predation on juvenile salmonids in several ways.
Salmonids may be more vulnerable to predation when stressed by suboptimal elevated water
temperatures. Mesa (1994) found that subyearling spring chinook salmon acutely stressed by
handling or agitation were lethargic and more vulnerable to northern pikeminnow (Ptychocheilus
oregonensis) predation than nonstressed fish. However, a study of subyearling fall chinook
salmon with acute high water temperatures did not show increased predation vulnerability to
smallmouth bass (M. Mesa, USGS Biological Resources Division, personal communication). If
juvenile salmonids lose equilibrium due to acute thermal shock, their ability to avoid predators
may be significantly reduced. Juvenile rainbow trout and chinook salmon were selectively
preyed upon by larger fishes when thermally shocked (Coutant 1972a, as cited in Hicks 1999).
The relative vulnerability to predation increased with duration of sublethal exposure to lethal
temperatures through incapacitation. Coutant (1972b) found that the vulnerability of juvenile
rainbow trout to predation depended on temperature and the duration of exposure to high water
temperatures.

Temperature stress may also compromise the immune system of fish, making them more
susceptible to disease (Becker and Fujihara 1978). The physiological stress of elevated water
temperatures combined with other stressors such as disease in turn increases salmonid
susceptibility to predation. When confronted by predatory fish, juvenile salmonids must have the
scope for “burst” swimming to avoid predators. However, when challenged by either a
low-to-moderate or a high infection level of Renibacterium salmoninarum (the infective
bacterium for bacterial kidney disease), infected subyearling spring chinook salmon were twice
as likely as noninfected fish to be consumed by either northern pikeminnow or smallmouth bass
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(Mesa et al. 1998). Infection with the disease apparently reduced the chinooks’ scope for
activity, making the them more vulnerable. Many other physiological and environmental
stressors may act in concert with suboptimal water temperatures to increase salmonid
susceptibility to predation (see Interactions issue paper).

Does water temperature affect the predatory fish that feed on juvenile salmonids?

Higher water temperatures increase the feeding rate of predatory fish such as the native
northern pikeminnow. This problem is magnified by the widespread occurrence of nonnative
predatory fish in Pacific Northwest waters. Many of these introduced fishes function best in cool
waters that serve as a transition between the cold water optimal for salmonids and warmer water
optimal for warm-water fish.

Hydropower development of northwest rivers has raised seasonal water temperatures and
the period of warm water in the fall, thus lengthening the seasonal feeding period of predatory
fish. Impoundment has also changed the migratory behavior of juvenile salmonids by
concentrating migrants in dam forebay and tailrace areas, creating unusually abundant feeding
opportunities for predators, particularly northern pikeminnow, which feed heavily when prey is
abundant (Poe et al. 1991, Vigg et al. 1991, Petersen and DeAngelis 1992). Impoundments also
have slowed river flow, prolonging migration time and the length of time migrants are exposed to
predators (Poe et al. 1991). In large northwest rivers, the most significant predator on juvenile
salmonids is the northern pikeminnow, a native cyprinid species (Poe et al. 1991, Mesa 1994).
Competition for food between the native northern pikeminnow and introduced predators, such as

smallmouth bass and walleye, may increase northern pikeminnow predation pressure on juvenile
salmonids (Li et al. 1987, Poe et al. 1994).

During the summer months, fish impoundment reduces river flow and seasonal water
temperatures rise, providing optimal conditions for smallmouth bass that use the warmer, quieter
nearshore areas where subyearling fall chinook salmon rear. This habitat overlap leads to high
predation by the introduced bass (Gray and Rondorf 1986, Poe et al. 1991, Tabor et al. 1993,
Giorgi et al. 1994, Poe et al. 1994, Zimmerman and Parker 1995, Petersen et al. 2000). Petersen
et al. (2000) used bioenergetics modeling to estimate loss of emigrating salmonids to northern
pikeminnow and smallmouth bass predation in the lower Snake River under current impounded
conditions and simulated unimpounded conditions. The model's input temperature regime was
manipulated to reflect the current impounded thermal regime and the predicted decrease in water
temperatures if the four lower Snake River dams were removed (unimpounded) while holding all
other model parameters and inputs (diet, population size, age structure) constant. Under these
temperature simulations, Petersen et al. (2000) estimated a 7% decrease in predation loss of
salmonids to smallmouth bass, and about a 9% decrease in loss to northern pikeminnow under
the cooler, unimpounded thermal conditions simulated for the lower Snake River.

Warmer water temperatures also increase the abundance of predators that feed on juvenile
salmonids. Maule and Horton (1985) studied growth and fecundity of walleye in the John Day
Reservoir below McNary Dam on the Columbia River and found that the reservoir habitat
provided low flow conditions and nearly ideal water temperatures for walleye growth. Water
temperatures in the reservoir remained at or near the thermal optimum for walleye food
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consumption (71.6°F [22°C]) during the growing season, but did not increase to the maximum
(80.6°F [27°C]) (Kitchell et al. 1977b, Maule and Horton 1985). Maule and Horton (1985) also
reported walleye from the John Day Reservoir growing at close to the highest rate reported for
the species.

What is competition and how does water temperature influence it?

Salmonids, like other animals and plants, compete with members of their own species
(intraspecific competition) and with other species (interspecific competition) for limited
resources. In natural environments, resources such as food and habitat often are limited. Water
temperature is an aspect of habitat that can favor or exclude one fish species over another,
influencing distribution.

Ecologists generally recognize two forms of competition: exploitative and interference.
Exploitative competition occurs when individuals compete for access to a limited resource,
which one species depletes so that it cannot be used by other species (Begon and Mortimer
1986). Interference competition occurs when individuals compete with each other for a limited
resource. A common example in salmonids is territoriality (Grant et al. 1998). Salmonids often
hold feeding territories and monopolize access to resources within the defended territory.

Temperature regime is key to the outcome of competitive interactions within a fish
community. Fish competing within their optimum temperature range have an improved
capability of performing compared with species operating outside their optimum temperature
range. The ability of salmonids to compete for short- and long-term survival at the upper end of
their thermal tolerance range involves multiple factors, including swimming performance;
fecundity under a warm thermal regime; defending feeding stations; consuming food even in the
absence of competition; sustaining maintenance requirements and growing; finding cold-water
refuges and escape cover; avoiding cumulative mortification (Kilgour and McCauley 1986, as
cited in McCullough 1999); and resisting disease, as well as avoiding direct short-term thermal
death. Temperature regime operates directly on community composition through a species’
thermal tolerance and preference. When thermal regimes exceed the optimum for salmonids,
their suitable habitat area shrinks and warm-water tolerant species may fill these niches
(McCullough 1999).

Does water temperature affect competition between nonnative salmonids, such as
brook trout, and native salmonids?

Nonnative brook trout (S. fontinalis) have extensively colonized the inland western
United States (Adams 1999) and may pose a serious threat to native salmonids, particularly
cutthroat trout. Because brook trout do not hybridize with cutthroat trout, they are believed to
affect the latter primarily through predation, disease transmission, or competition. Generally,
competition is cited as the most important factor (Young 1995).

Temperature can have a dramatic effect on the coexistence of cutthroat and brook trout.

DeStaso and Rahel (1994) studied interactions between brook and Colorado cutthroat trout (O. c.
pleuriticus) in experimental stream tanks at different water temperatures. At temperatures of
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50°F (10°C,) brook and cutthroat trout were nearly equal competitors, but at 68°F (20°C) brook
trout were dominant. Schroeter (1998) studied competitive interactions between brook and
Lahontan cutthroat trout in experimental field tanks with a natural water supply (~59°F [15°C])
and found brook and cutthroat trout to be equal competitors, unless density of the former was
high (2 brook:1 cutthroat trout). Adams (1999) suggested that upstream limits to the distribution
of brook trout could result from a growth disadvantage in higher elevation streams with shorter
growing seasons.

Water temperature also influenced behavioral dominance and growth in a study of
competition between brook trout and bull trout. McMahon et al. (1999) measured growth of
subyearling bull trout and brook trout in sympatry (both species together) and allopatry (each
species tested separately) at four temperatures (46.4°F, [8°C], 53.6°F, [12°C], 60.8°F, [16°C],
and 68°F [20°C]). In allopatry, bull trout and brook trout growth was similar at lower
temperature (46.4°F [8°C] and 53.6°F [12°C]), but brook trout grew significantly faster than bull
trout at higher water temperatures (60.8°F [16°C] and 68°F [20°C])(see Physiology issue paper).
The presence of brook trout had a significant negative effect on the growth of bull trout. Bull
trout in sympatry with brook trout averaged 25% lower growth than in allopatry at all
temperatures. In contrast, the presence of bull trout had a significant positive effect on brook
trout growth, especially at temperatures (>53.6°F [12°C]), where brook trout growth in sympatry
averaged 40% higher than in allopatry. The results of this study suggest that increases in water
temperature tend to favor brook trout because of their higher temperature tolerance and
preference range as well as their behavioral dominance (Nakano et al. 1998) when reared with
bull trout. This competitive advantage would be most pronounce at water temperatures (>53.6°F
[12°C]). In habitats where nonnative brook trout are present, cooler temperature criteria may be
appropriate to protect native cutthroat trout and bull trout.

Does water temperature influence intraspecific competition between native salmonids?

The response of salmonids to temperature may depend on developmental stage, age, or
body size. The effect of size on thermal response is poorly understood (Elliott 1981), but there is
some evidence. For example, Meeuwig (2000) found the growth response of cutthroat trout to
vary as a function of body size (range of mean body lengths among treatment groups = 29.5-121
mm). Larger cutthroat trout grew less at higher chronic temperatures (range of exposure =
53.6°F-75.2°F [12°C-24°C]). Potential competitive interactions within or among cohorts may
therefore be affected by temperature. The exact nature of potential growth responses and
implications for intraspecific competition has yet to be clearly defined in the literature, however.

The effect of temperature on the size and age of migrating fish may also affect
intraspecific competition. For example, the effect of temperature on the age, size, and timing of
emigration by Pacific salmon (e.g., Holtby 1988, Holtby et al. 1989) may affect the dynamics of
competitive interactions among juveniles. A field study by Haas (unpublished manuscript)
investigated the effect of small increases in water temperature on the competitive dominance of
bull trout and rainbow trout in streams. This study found that bull trout density showed a
decreasing trend whereas rainbow trout density showed an increasing trend with rising maximum
stream temperatures above 55.4°F (13°C).
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Another study by Northcote (1997) described a long-term program of research to
understand competition between coastal cutthroat trout and Dolly varden char in lakes of British
Columbia. One finding suggests that lower water temperatures in winter as well as summer
influence the pattern of competitive interactions between native salmonids. In natural habitats,
Northcote (1997) found that cutthroat trout used primarily epilimnetic habitats (shallower waters)
while char used hypolimnetic (deeper) habitats. In lakes with experimentally introduced
sympatric populations of trout and char, the same pattern was found. When only char were
introduced into lakes, the fish showed a pronounced shift toward shallower water. Trout did not
show a change in habitat use in the absence of char. This suggested that coastal cutthroat trout
might exclude Dolly varden char from shallow habitats in lakes. Interestingly, the pattern of
segregation was not observed in winter, when char frequently used shallow habitats. The
seasonal pattern of segregation may reflect an influence of temperature. Temperatures are lower
in winter, and char are known to have lower thermal optima than trout (e.g., McMahon et al.
1999). Alternatively, temperature may be indirectly affecting the distribution of char through an
influence on preferred prey or another key resource. The specific influence of temperature has
yet to be clearly demonstrated in this system, but it is clear that changes to thermal regimes may
influence interspecific interactions.

Does water temperature influence interspecific competition between salmonids and
other fishes?

In many streams of the Pacific Northwest, salmonids dominate in headwater fish
assemblages but are replaced by other species in downstream areas. In particular, cyprinids tend
to occupy similar habitats (e.g., midwater feeding) in warmer downstream habitats (see predation
section above). This longitudinal variation in streams may be manifested as vertical stratification
in lakes (e.g., salmonids in colder hypolimnion). Reeves et al. (1987) found water temperature
influenced interactions between redside shiner (Cyprinidae: Richardsonius balteatus) and
juvenile steelhead trout. In warmer (66.2°F -71.6°F [19°C-22°C]) water, redside shiners
appeared to affect the growth of steelhead trout, and they used a wider variety of habitats in the
presence of trout. Hillman (1991) found that water temperature influenced the interactions
between redside shiner and juvenile chinook salmon. Shiners affected the distribution of juvenile
chinook salmon in the laboratory when temperatures were warmer (66.2°F [18°C]-69.8°F
[21°C]) but not at cold temperatures (53.6°F [12°C]-59°F [15°C]). Taniguchi et al. (1998)
similarly studied competition between trout (brook trout and brown trout, Salmo trutta) and creek
chub (Cyprinidae: Semotilus atromaculatus) and found the latter to be competitively dominant at
higher (>68°F [20°C]) water temperatures. This pattern extended to longitudinal zonation of fish
within streams. Less is known of the influence of temperature on behavioral interactions
between nonnative, nonsalmonid fishes (e.g., many species of centrarchid fishes introduced for
sport fisheries) and native salmonids. Because many of the introduced nonsalmonid fish are
warm-water species, the capability of salmonids to compete or avoid predation should be reduced
considerably as temperatures increase (see predation section above).

What is the role of cold-water refugia in salmonid habitat?

Cold-water refugia protect salmonids from extreme water temperatures and also permit
them to behaviorally thermoregulate to conserve energy when water temperatures are suboptimal.
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In stream reaches that have warmed above levels optimal for salmonids, fish persist by using
cold-water refugia (Berman and Quinn 1991, Li et al. 1994, Neilson et al. 1994, McIntosh et al.
1995a, Torgersen et al. 1999, King 1937, Mantelman 1958, Gibson 1966, as cited in McCullough
1999). Extreme water temperatures are physiologically stressful to salmonids and can result in
direct and indirect mortality of fish. Salmon behaviorally respond to stressfully high water
temperatures by seeking cooler water. Suboptimal water temperatures may result in upstream
migrations, or salmonids may explore local habitat for cold-water refugia. A study of steelhead
in northern California streams found that age-1 steelhead moving into thermally stratified pools
with cold groundwater input when temperatures in streams increased to 73.4°F (23°C) during the
warmest part of the day (Nielsen et al. 1994). Snucins and Gunn (1995) reported a similar
example of reactive behavioral thermoregulation by lake trout (Salvelinus namaycush). When
water temperatures peaked during the summer in a warm isothermal lake, large lake trout began
utilizing a cold-water seep. This behavior was unusual because the seep was located on the
shoreline of the lake in shallow water, and lake trout prefer deep water.

During summer months, cold-water refugia likely contract streamflow and maximum
stream temperatures. As cold-water refugia contract, competition between salmonids for this
thermal resource may intensify, creating additional stress. Neilsen et al. (1994) found that age-0
and age-1 juvenile steelhead were less likely to use the cold-water refugia than older juveniles
when oxygen levels were low. Low oxygen levels may have incurred high costs among younger
steelhead, overshadowing the benefit of thermoregulatory behavior. This study also reports that
fish using refugia were distinctly quiescent. A study of lake trout thermoregulatory behavior by
Snucins and Gunn (1995) found that only the largest lake trout used the spatially limited refugia,
raising the possibility that intraspecific competitive exclusion was limiting use of the refugia.
Degradation or elimination of cold-water microhabitat from human activities may put some
salmonid stocks at risk, because the fish can become marooned in pools or stream sections where
the rising water temperatures result in either direct or indirect mortality.

How do salmonids use cold-water refugia?

Because salmonids, like most fish, take on the temperature of their surrounding
environment, they control their body temperature behaviorally rather than physiologically.
Behavioral thermoregulation requires a range of water temperatures from which fish can select
those most appropriate to their immediate ecological and physiological needs. Research by
Torgersen et al. (1999) and Berman and Quinn (1991) suggests that cold-water microhabitat is
important to spring chinook salmon that oversummer in freshwater prior to spawning. The cold
water protects the chinook from extreme summer water temperatures and reduces metabolic costs
in freshwater prior to spawning, thereby improving spawner fitness. Brett's (1971) research on
subyearling sockeye salmon in Babine Lake strongly suggests that juvenile sockeye used the
vertical thermal variability of the lake to conserve energy for optimal growth.

Cold-water refugia may be particularly useful to salmonid populations that (1) reside at
the southern end of their range, (2) inhabit marginally suitable habitat, and (3) undertake
extensive migrations in the inland northwest. Research further suggests that the long-term
persistence of some native salmonid populations in the Pacific Northwest may depend on the
availability of cold-water refugia, especially during hot and dry climatic cycles.
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Water temperatures affect the spatial distribution of salmonids along the stream course
(Roper et al. 1994, Theurer et al. 1985), and, at finer spatial scales, salmonids use thermal refugia
to avoid stressful temperatures (Gibson 1966, Kaya et al. 1977, Berman and Quinn 1991, Ebersol
et al. 2000). Habitat and thermal diversity are especially high in alluvial floodplain river
segments (Brown 1997, Cavallo 1997, Frissell et al. 1996), in part because in this geomorphic
setting, hyporheic groundwater helps to create thermal refugia (Poole and Berman in press).
Dams, however, often are built at constrictions in rivers just below large alluvial plains to
maximize their reservoir storage capacity yet minimize their physical size. Dams therefore tend
to inundate alluvial river segments (National Research Council 1996) where hyporheic buffering
is prevalent (Coutant 1999, Poole and Berman in press), eliminating the cold-water refugia in
these reaches. Other human land use activities such as logging, grazing, and farming can also
reduce the abundance of thermal refugia in stream reaches (see Spatio-Temporal issue paper).
Therefore, whether through inundation of alluvial river segments behind dams or simplification
of in-stream habitat from land use activities, human activities have reduced the availability of
thermal refugia within Pacific Northwest stream reaches. This loss of thermal refugia may create
higher levels of thermal stress during the warmest months of the year (Ebersol et al. 2000) or
during migration through warm river segments.

Conclusion

The family Salmonidae is a group of cold-water-adapted fish. Three genera of salmonid
predominate in the Pacific Northwest: (1) Salvelinus spp.-(char), (2) Oncorhynchus spp.-(trout
and salmon), and (3) Prosopium spp.-(whitefish). Native salmonids have dominated the
freshwaters of the Pacific Northwest because historically water temperatures supported their
ecological and physiological requirements. To protect and restore native Pacific Northwest
salmonids will require protecting and restoring the natural thermal characteristics of their
environment.

Human activities have altered the thermal characteristics of rivers and streams in the
Pacific Northwest. Logging, farming, and hydropower development have (1) changed the
natural annual thermograph of rivers and steams, disrupting adaptive life history strategies of
salmonid populations; (2) increased summer maximum temperatures, which may interfere with
migrations and result in feeding cessation, thermal stress, increased predation pressure, and
competitive interaction that alter the distribution and abundance of native salmonids; and (3)
reduced or eliminated cold-water refugia, which is an important source of thermal heterogeneity
in aquatic systems, providing protection from thermally stressful maximum water temperatures
and crucial habitat diversity for behavioral thermoregulation. From a behavioral perspective, the
following considerations are important in developing water temperature criteria protective of
native Pacific Northwest salmonids:

1. Anadromous Pacific salmon and steelhead display local adaptation to predictable annual
thermal cycles.

2. The distribution and behavioral aspects of juvenile life history patterns such as rearing

characteristics, length of freshwater rearing, and emigration timing of each anadromous
species are affected by water temperature.
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10.

1.

Migratory behavior of juvenile anadromous salmonids is influenced by water
temperature. Gill ATPase, an enzyme that is crucial for seawater osmoregulation, is
sensitive to elevated water temperatures. Decreasing gill ATPase activity is associated
with loss of migratory behavior in anadromous juvenile salmonids. For successful
smoltification in anadromous salmonids, research suggests spring water temperatures
must not exceed 53.6°F (12°C) (Zaugg and Wagner 1973). Summer water temperatures
for subyearling fall chinook salmon emigration suggest that fall emigrants may be more
successful at higher water temperatures than spring emigrants.

Native char populations are the most stenothermic salmonids found in Pacific Northwest
freshwaters. Char prefer water temperatures near 44.6°F + 9°F (7°C + 5°C) (Reiser and
Bjornn 1979, Bonneau and Scarnecchia 1996, Spence et al. 1996).

Water temperatures of (>73.4°F [23°C]) for even short periods of time (hours) result in
movement into cold water refugia by Pacific salmon and trout (Neilsen et al. 1991).
Colder water temperatures are required for adult migration.

Mean daily water temperatures (>69.8°F [21°C]) decrease or eliminate feeding behavior
by Pacific salmon and trout (Hokansen et al. 1977).

Larvae and juvenile salmonids require a variety of water temperatures for behavioral
thermoregulation to optimize physiological functioning. A certain amount of thermal
diversity is important and commonly available in undisturbed naturally occurring rearing
habitat. Water temperature criteria can play a central role in the protection and
rehabilitation of rearing habitat by protecting and promoting restoration of cold-water
refugia, and by setting numeric criteria for water temperature based on the optimal
temperatures that drive behavioral thermoregulation.

Potamodromous salmonids display a wide array of freshwater migratory strategies that
support different life history stages and facilitate genetic exchange between isolated
populations, thus forming a metapopulation. Fluvial-afluvial migration (from streams to
rivers) is one migratory pattern seen in bull trout. Cold-water refugia contributes to
habitat connectivity and may help support bull trout migrations.

Higher seasonal water temperatures and longer periods of warm water in aquatic systems
increase the feeding rate of predatory fish species that prey on juvenile salmonids.

The preference temperatures of juvenile char, trout, and salmon suggest that interspecific
competition plays a role in the distribution and phylogenetically derived thermal
preferences of these fish.

Water temperature may play a crucial role in determining whether a native salmonid is

displaced by an introduced salmonid. Native salmonids may be better able to compete at
colder water temperatures with introduced salmonids such as the brook trout.
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12. Many of the introduced fishes in the Pacific Northwest are cool- and warm-water fish,
such as smallmouth bass and walleye, that do well in the impounded reservoirs
characterized by reduced water flow, moderate winter temperatures, and warmer water
temperatures during the summer and fall. These characteristics do not favor salmonid
species. Native fish species, including salmonids, are no longer the dominant species in
many high-order reaches of the lower Columbia River basin (Li et al. 1987). Increased
water temperatures in reservoirs are an important determinant in this succession, although
lack of reservoir flow and the resulting loss of the riverine ecosystem also contribute
significantly to the problem.

13. Existing cold-water refugia may be important to salmonids migrating through main-stem
rivers and large tributaries. Cold-water refugia are also important to spring migrants,
such as chinook salmon, because refugia provide cold-water holding habitat over the
warmest part of the summer prior to spawning.

14. Loss of thermal refugia from inundation of alluvial river segments behind dams may have
important implications for migrating juvenile and adult salmonids, resulting in potentially
higher levels of thermal stress during the warmest months of the year (Ebersol et al. 2000)
or during migration through warm river segments.
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