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In 1990 aquatic fate, toxicology, and ecosystem submodels were
coupled to “close the loop,” representing both direct and indirect
effects; the model is also a platform to which other environmental
stressors may be added for extensive analysis




AQUATOX Background and History

Consistent and deliberative development

* Integrated ecosystem fate and effects model first envisioned 30 years ago

* Jon Clough, programmer, and Marge Wellman, EPA Project Manager, for 20 years

* QA/QC for every formulation and code, entire model peer-reviewed by 3 external EPA panels
» Specific applications reviewed by ad hoc panels

Background:

* CLEAN, Lakes George & Wingra, International Biological Program, 1970-1974

* CLEANER, 6 European lakes, funded by National Science Foundation and EPA Athens Lab, 1975-1979
» PEST, chemical fate and bioaccumulation model funded by EPA Athens Lab (Larry Burns), 1979-1980

Early History:

* EPA Off. Prevention, Pesticides, & Toxic Substances (Dave Mauriello, Rufus Morison, Don Rodier)
e Unfunded proposal, 1980
 Workshop, Baltimore, specifications for model, 1987
e 15t publication, symposium proceedings, EPA Athens Lab, 1988
e |Initial development, EPA OPPTS purchase order through Corvallis Lab (Hal Kibby), 1989-1990

* Used in Environmental Risk Assessment class, Indiana Univ. School Public & Environmental Affairs, 1991-1992
* Potential use in assessment of corn pesticides, Abt Associates, 1993-1995



AQUATOX History continued

Development, EPA Office of Water (Russ Kinerson, Marge Wellman, Jim Carleton), 1995-2014
e Coded for Windows, 1995
* Verification, 1997:
* Lake Onondaga NY, Coralville Res. lowa, PCBs in Lake Ontario food web
 Linkage to BASINS (HSPF, SWAT) 2001
e Periphyton submodel, verification Walker Branch TN, 2001-2002
e Simultaneous calibration across nutrient gradient, 2004
 Crow Wing, Rum, and Blue Earth Rivers MN
Sediment diagenesis, sediment impacts, CaCO, pcpt and P sorption 2005
Water quality criteria, Lower Boise River ID, Tenkiller Lake OK, 2005-2008
Sensitivity and uncertainty analysis, 2009-2010
Feasibility of modeling FL streams with minimal data, 2010
Linkage to Web-based toxcity estimation database (ICE), 2010
Water quality criteria, DeGray AR, Tenkiller OK Reservoirs, 2011
CO2Sys linkage verified with Venice Lagoon data, 2011
Bioacccumulation of PFOS in riverine foodweb, 2012
Internal nutrients, 2014



AQUATOX History continued

Development, EPA Off. Prev., Pest., & Toxic Sub. (Dave Mauriello, Don Rodier), 1996-2003
e Validation: pesticides, nonylphenol, PCP in pond & stream mesocosms, 1996-1997
* Wizard, enhanced graphics, context-sensitive Help file, 2001
* Galveston Bay TX canonical environment for assessment of industrial chemicals, 2002
 PFOS submodel, 2002-2003
* Risk assessment of legacy contaminated sediments, Coralville 1A, 2002
Impact of surfactants on periphyton, Procter & Gamble, 1998-2000
Assessment of remedial scenarios, PCBs in Housatonic River, EPA Region |, 1998-2001
Periphyton-nutrient TMDL, Cahaba River, Jefferson Co. AL (Don Blancher), 2001-2002
Comparison with other bioaccumulation models, EPA Athens, 2004
Risk assessment of atrazine, EPA Off. Pesticide Program (Frankenberry), 2004-2006
Biotic indices, impact of construction in watersheds, Fort Benning GA, Army, 2008-2011
Anadromous fish submodel, Columbia River Inter-Tribal Fish Commission, 2011-2012
Model support for TMDL of Lower Boise River, Idaho Dept. Environ. Quality, 2013-2014
Impacts of BP Oil on Natural Resources of MS and AL, MDEQ & ADEM (USM, Berger Don

Blancher), 2012-2015
o Marsh-Edge, Oyster Reef, Sandy Open-water , Protected, Exposed, and Nourished Beach
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MODEL DOMAIN

AQUATOX spans a range of environmental conditions and applications from a simple
aquarium with HCB and a macrophyte to the Three Gorges Reservoir in China

Las, 7cs | peas

with farm runoff and industrial pollution
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model applications as
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Worldwide applications of AQUATOX

Endocrine disrupters,
WWTP & lake, WEST-
AQUATOX (Can)

Eco effects of
GW & SW
contamination
(Denmark)

Watershed TMDL —
multi-parameter
(MN)
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(China)
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Calibration, sensitivity analysis, and verification/validation: Lake Onondaga NY is
a well-studied hypereutrophic system that served as a test case for improvements
to the model & forecastlng Impacts of wastewater diversion & cllmate change
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Periphyton model has proven to be robust, with numerous applications ranging
from screening model, with little or no site calibration, to detailed TMDL model

Initial calibration and Figure 22. Predicted and observed benthic chlorophyll a in Cahaba River, Alabama;
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AQUATOX has been linked to watershed and hydrodynamic models and used to analyze

eutronhication and contamination in stratified reservoirs such as Tenkiller Oklahoma
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Ecotoxicity is a function of internal concentrations of toxicants; external submodel
Is available if required for mode of action or if uptake and clearance are rapid

Chlorpyrifos-dosed pond enclosures at Duluth MN
used to validate fate and effects model

Chemical rates may be tracked

Predicted In-situ Degradation Rates for Chlorpyrifos in Pond
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Sunfish have lethal effects, shiners have

sublethal effects from chlorpyrifos

Model can trace how the toxicant is partitioned in
the biota

CHLORPYRIFOS & ug/L (PERTURBED)
Run on 11-7-08 12:13 PM

63
Chlorpyrifos
Daphnia 58

TiChironomid|pee) (ughy wet)
TiDaphnisippb] {ugiky wal
——— TtShimar(ppb] (ugikg wat|
TiDatomsipph] (ugikg wet)
Ti5tigecionium,[ppb) (epky wet)
TiBus-greens{ppb) (kg we)
TiCharaippk) (ughg wet)

Chlorpyrifos 4z 71400 (=5

5 100 in shiners

g = a5

5 1) £

= L

2 tos0ugl Chlorpyrifos in =
hytoplankton 21

Dissohed
chlorpyrifos

BOTHGER  TIET08E  BOS0E

Percent

CHLORPYRIFOS 6ug/L (PERTURBED)
Run on 11-7-08 12:06 PM

1.30E-02
120E-02
110602
1.00E-02
S00E03
B8.00E-03 a

5.00E-03
400E-03
3J00E03
200E-03
1.00E-03
F-347E-18

Bi2TN986 TI2THOBE6  &/26/1986

£
TO0E03 3
[
B00E03 9
-

Green Sunfish2 Consumption (Percent)
Green Sunfish2 Defecation (Percent)
Green Sunfish2 Respiration (Percent)
Green Sunfish2 Excretion (Percent)
Green Surfish2 Predation (Percent)
Green Sunfish2 T1 Poisoned (Percent)

Green Sunfish2 (gm2 dry) Sunfish with lethal effects

CHLORPYRIFOS & ugiL (PERTURBED)

ntegration wi

ep-

, alarge dtabase O

toxicity regressions (Raimondo 2013)
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Intercept [a)
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Regression Coefficient [slope b)
0.95234402

Mean Squared Error [MSE]
0.11130675

Standard Error of Slope [SEB)
0.085558002

Correlation Coefficient Sqr. [HZ]
0.9547582

p-value:
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Click on the regression line far more information,

Step 5: Apply Maodel to AQUAT O Toxicity Parameters

The Selected Sunogate Species: The Selected Predicted Species:
Channel catfish [|ctalurus punctatuz] Comman carp [Cyprinus carpio]
Iz represented by the AQUATOX I represented by the AQUATOX

tozicity record: toxicity record:

Run on 11708 1206 PM

Shiner Cons um ption [Fe rcent)
Shiner Defecation [Pe rcent)
Shiner Respirstion (Percent)
Shiner Excretion (Percent)
Shiner T1 Poisoned [Percent)
Shiner Predation (Per cent)

— Shiner [gin2 dry)

Shiner with sublethal

effects only —

BOTIAES T2T/19% BO5/1585

|Eatfish j ‘Earp

=l

Selected Model:

Based on Catfish with LC50 of 280 ug/L Help
(exp. time = 96 hours)

Carp LC50 will be set to 208.639 ug/L

(exp. time = 96 hours) Cancel

0.95 confidence interval is Evecute Model
[181.6,491]

0K

Challenge is to obtain the large number of toxicity
parameters required in a typical AQUATOX run.
ICE regressions are linked to the model and can be
used to populate the toxicity record if data are not
available in ECOTOX and elsewhere.




In addition to ecotoxicity, AQUATOX provides a quantitative platform

| Anadromaus Fish Setup -

¥ Model Size-Class fish as Migrating Off-Site and Returning as Adull

Off-Site Migration Setup

Julian Date of Juvenile Migration (1-365) (349

Fraction of Biomass Migrating (0-1) [02

166

e.g. 12115
(fraction) as
Julian Date of Adult Return (1-365)
Years Spent off site ,37

Wortality Fraction (0-1) [0.7

e.g. 615/
years

(fraction)

Zollner Creek OR, a TMDL site, exemplifies
the action of multiple stressors from ag
runoff: sediments, nutrients, and pesticides
(including legacy in soil, dieldrin, and one
exceeding state criterion, for concentration
in water, chlorpyrifos); these affect growth
and mortality of fish, including anadromous
lamprey and salmon; in addition, tissue
concentrations exceed action levels,
resulting in fishery advisories.

Case study developed as demonstration by
Dr. Richard Park, Eco Modeling, for Columbia
River Inter-Tribal Fish Commission (CRITFC),
Workshop held Nov 29-Dec 1, 2011.

Zofirwe OR (Comad)
Runon 13611438 PR Chiwimocth (g dry)
Oace ig'm2 dry)
with —

Priamurnow e dry)
Lamprey, tarval (gim2 éry)
Catoh iy dep)

e Lamvgtey, 20 b2 Ory)

Vilite Suckes gwd dry)

Largemosth flawm, YO |gim3 dry)
M. whsedah YO (gim2 éry)

Rabow frovt YOV jgm2 o)

Largemaosth Baw, Lg
Mo whiedeh acut iy
Raibow Trout fpm2 |
Chmcor Satmon, Arv
Chves Satvmn ym

1 \A:.W "

Run on 067149 11:11 AM
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developed by J. Clough
For CRITFC workshop
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to evaluate multlple environmental stressors acting singly or together

—| Broadstripe shiner is sensitive to embeddedness;
Dixie chub is not; otherwise they are similar

Clear Lake CA
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Addition of Fluridone in model

causes crash of Hydrilla and 18
change to pelagic ecosystem; 16
“nutrient pumping” from 14
sediments stops; benthic 12
detritivores are replaced by €10 ’
herbivorous zooplankton; éns
silversides and bass are os| |
favored.
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macrophyte Hydrilla, which actually first

appeared in 1994.

“Nutrient pumping”
from sediments stops
when Hydrilla dies

NO3 mg/L

(b RA Y o) Ty Iom

Ly



Chemical fate, bioaccumulation, and ecotoxicological processes are fully inte-
grated in aquatic ecosystem model for analyzing both direct and indirect effects

PCBs declined
since 1995 in
sediment but
in bass, they
remain 5-1 OppmN

—— HARTWELL D,

Rate (%)

Modeled 20km from USGS
gage to confluence:
Mean depth 4.3m %
Max depth 14.7m A
Why are bass still contaminated while
sediment is recovering? When will fish

recover?

Background

Discharged
.~ |400,000 Ibs
| -\ <= |of PCBs into
\\ e \rf’ creek from
§ ';} 1955-1990s

“Treated” through
Monitored Natural
Recovery (allow
clean sediment to
cover PCBs)

Due to contaminated input detritus, 2013
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PFOS PROCESSES IN AQUATOX

GillUptake = lmleofwmbyﬁ(ugﬂ.d)
WetToDry = conversion factor for

. o
e “’k_:

Uptake from Diet

]

L
£

EEEBE

Astinotion Eiciency

PFOS IN RIVERS

Uptake through Gill Gilluptake = WetToDry - SizeCorr - k1- StVarAnimal -e=®  Depuration
log k1 = — 5.85 + 0.966- QhainLength ‘

O e

-
L s

PFOS input set to zero to examine recovery

" 1 and other

PFAAs
found

"\, below Land
|Application

Site

(Konwick et
al. 2008)

L L i
1996 1998 2000 2002 2004 2006
Years

|| Fig. 3 - Predicted and observed total PCB fillet

| concentrations (wet-weight) over twelve years in three fish
species for Lake Hartwell TCA. Observed values are

.| concentrations averaged by fish species measured at a

central sample site in TCA (SV-107) in April of each year.
Predicted PCB in fish is similar to observed
Predicted and observed PCB tissue

H Row
H ——
" — Soumems || [AQUATOX predicts
l PFOS in biota
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| measured data
(squares) but does
not reproduce
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~——~ differences among
Yor 3 i 8 spec|$

oeesgm | |oams] Toe=] |Measured value at site

Species initialized with zero
- e r s4=|  |PFOS; assumed constant
loading of PFOS in water at

concentration equal to mean PFOS loading to the system

Simulated recovery occurs
quickly in the absence of

conc. (Rashleigh et al. 2008), PFOS dynamics (Rashleigh et aI 2012)



AQUATOX was developed originally for use in Ecological Risk
Analysis and can be readily applied in Economic Benefit Analysis

Coralville Reservoir lowa
long-term contamination with dieldrin
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Dieldrin bioaccumulates & declines over 20 years
with fish mortality, but tolerant buffalofish, Tubifex prosper

CORALVILLE LAKE, IA (PERTURBED)
Run on 11-1-07 1:16 PM
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Table 5-13: Total Social Benefits of Fish Population Recovery at Coralville Reservoir

CORALVILLE LAKE, IA (Difference)
D /_ —Tubifex tubife

H | | — Buifalofish22
V Largemouth Ba?

..... Walleye start
[ j

to recover

Problem Definition {undiscounted, 2003%)
CS?E'P‘?_’C"":";“ RBSF““:{-'“‘"?_ o Year Recreation Commercial Benefits Non-use Benefits® Total Bemefits*
’ ' 9) Enhancement of argemouth bass fishery d Benefits Lo High Low High Laorw High
Problem: Evaluate effects of ive diekdrin reducti jos on the 1969 50 £0 £0 £0 £0 0 £0
viability of fish populations in the reservoir 1970 S0 50 <0 <0 <0 o0 <0
1971 50 50 $0 $0 50 %0 0
| 1972 0 0 £0 0 0 0 £0
1973 50 50 50 0 0 0 0
67 {7 1974 50 50 h1] 0 B0 0 0
1975 50 0 $0 $0 50 0 0
System Description Scenario Development 1976 50 50 £0 0 0 0 0
Attributes Measures ) . — 1977 0 50 £0 0 50 0 0
ion No Dieldrin > Dieddrin 1978 £758 <0 £0 0 0 £758 £758
P Saomnaton Remtns Reducton Recucson Eiminatod 1979 $1.667 50 50 50 50 $1.667 $1.667
Dieldrin Persistance Recovery Time ] 1980 £5.317 $28912 $65,052 £0 50 $34. 209 £70,360
N S g 1981 $28.065 £34.123 £54.276 | $TH083 [ $1,537.796 £773,271 $£1,621,037
1982 $157362 | 20425 $45957 | $720,183 | 1,537,796 SR97.970 | £1,741,015
Jay 1983 $540,723 | 515,883 £35,736 | S720,183 | 1,537,796 | S1.276,789 |  $2.114,255
) ] 1984 $627 895 511,178 $25,152 £720,183 | $1,537,796 | $1,350,257 £2,190,843
. N Risk Assessment 1985 £427.714 $8.79 $£10.639 $720,183 $1,537,796 $£1,156,625 $1,985,149
AQUATOX . _|_|> Erobasiy/Consequonces IT?:; $326,687 $7.220 $16245 | 5720183 | $1,537,796 | $1.054000 | $1.880,728
Modal p FUPY———— undiscounted | $2.117.087 | $116.470 |  $262.057 | $4320008 | $9.226.775 | SG.554.656 | S11.605.920
Abt Associates Inc. 2005
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AQUATOX was successfully applied in risk assessment of two common house-hold products in the large

and complex ecosystem of the River Thames, UK (Lombardo et al. 2015). Currently it is being used as the

framework for an integrated environmental risk assessment of the Yangtze River (Scholz-Starke et al.2013)

AQUATOX facilitates examination of
complex aquatic foodwebs, such as in
the River Thames, and the responses
to ecotoxicological processes leading
to the direct and indirect effects of
chemicals. For example, in this risk
assessment of LAS, a toxic polar
surfactant, and TCS, which inhibits
photosynthesis, AQUATOX was used to
assess“bottom-up” and “top down”
joint responses in defensible, realistic
simulations.
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In an even more ambitious project,
AQUATOX is being used in a joint
German-Chinese integrated risk
assessment of the Yangtze River,
including the Three Rivers Gorge, one
of the largest reservoirs in the world
with a drainage basin occupied by 400
million people with urban and
industrial wastes, and pesticides from
extensive and heavily cultivated fields.
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Fig. 1 Map of the Yangtze River Basin (light to dark blue) and the Three Gorges Reservoir (TGR; red). TGD Three Gorges Dam
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Numerous endpoints facilitate analyses and document conclusions;
transparent model output meets regulatory and litigation requirements

Interpretation facilitated by qualitative and quantitative endpoints (concentration, process rates, limitations to photosynthesis)
Wide variety of stressors can be simulated together or separately

Designed to isolate stressor effects

* Perturbed simulation with stressor

* Baseline simulation without stressor} paired simulations

* Joint plots of baseline and perturbed results (for example, biomass, chlorophyll a, DO, Secchi depth)
* Difference graphs — subtract perturbed results from baseline
* Steinhaus plots — quantitative differences: dissimilarity indices
* Biomass maximum, minimum, mean, mode, variance, std dev. for given or repeating period
* Trophic state indices — especially algal concentrations

* Su m ma ry OUtlet ONONDAGA LAKE, NY (PERTURBED) Run on 04-5-16 11:27 AM ONONDAGA LAKE, NY (PERTURBED) Run on 04-5-16 11:27 AM
) . . . (Epilimnion Segment) —a— Phyto. Chlorophyll (ug/L) H ' (Epilimnion Segment) i —a— Epilimnion Chla (ug/L)

* Biomass of commercial spp. (oysters, shrimp. Redfish, etc.) % —— Threshold % e
85 86

* @Gross primary production 7 7
66 67

* Net primary production . =1 Percent exceedance graph |. = :

_ E srap 3w Duration|graph

* Annual secondary production % ®
28| 29

*  Communiuty respiration 19 19
9| 10

* Tu r n ove r 0 100 200 300 400 500 600 700 0 20 40 60 80 100

days Percent Exceedance

* Production/Respiration
* Time to recovery for persistent & biomagnified contaminants
* Percent exceedance and duration graphs (example: “Phyto. Chlorophyll (ug/L) is exceeded 12.1% of the time.”)
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