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Foreword

This report describes the theoretical developnpemgmeterization, and application software otk&sBioaccumulation andquatic
SystemSimulator. This generalized, community-based sinioifanodel is designed to predict the population laieéccumulation
dynamics of age-structured fish communities expdeelydrophobic organic chemicals and class B amddrline metals that
complex with sulfhydryl groups (e.g., cadmium, ceppead, mercury, nickel, silver, and zinc). Tigiport is not a case study on the
application oBAss but a reference and user’s guide. The intendetkacel of this report and associated software iredudsearch
fisheries ecologists, bioaccumulation researclas EPA environmental scientists and ecologists mbist routinely analyze and
estimate bioaccumulation of chemicals in fish foolegical or human health exposure assessments.

AlthoughBAss has not been extensively field-tested, its probased algorithms for predicting chemical bioacclation, growth
of individual fish, predator-prey interactions, ggmpulation dynamics either have been corroboratddve been formulated using
widely accepted ecological and ecotoxicologicatgiples. Even when a process-based model has wrdeogly limited field testing,
it can be an extremely useful tool. Process-basatka enable users to observe quantitatively thateof a particular abstraction
of the real world. Moreover, such models can beiedgo be the only objective method to make exiedjpms to unobserved or
unobservable conditions. If the conceptualizatimh@onstruction of process-based models are bathehensive (i.e., holistic) and
reasonable, then their output, validated or nat,stédl be used for comparative analyses. A modaiity to simulate trends and
comparative dynamics are, in fact, often more irtgggrmeasures of a model’s utility than is itsiabtb replicate a specific field or
laboratory study. AlthoughAss can be used to analyze results from actual fieeldiss, its principal intended use is to predia an
compare the outcomes of alternative managemendreptissociated with pollution control, ecosystemagament, or restoration
activities.

Eric J. Weber, Ph.D.

Acting Director

Ecosystems Research Division
Athens, Georgia
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Abstract

BASS (Bioaccumulation anddquatic System Simulator) is a Fortran 95 simulation program thatdicts the population and
bioaccumulation dynamics of age-structured fiskeadsages exposed to hydrophobic organic pollutamdsclass B or borderline
metals that complex with sulfhydryl groups (e.gadmium, copper, lead, mercury, nickel, silver, aidc). The model's
bioaccumulation algorithms are based on diffusioetics and are coupled to a process-based madekgrowth of individual fish.
These algorithms consider both biological attrisutEfishes and physico-chemical properties otttemicals that together determine
diffusive exchange across gill membranes and indstucosa. Biological characteristics used byrttoelel include the fish’s gill
morphometry, feeding and growth rate, and proximataposition (i.e., its fractional aqueous, liadd structural organic content).
Relevant physico-chemical properties includes treical's aqueous diffusivity, n-octanol / watertjieon coefficient K,,), and,
for metals, binding coefficients to proteins angestorganic matteeasssimulates the growth of individual fish usingarstard mass
balance, bioenergetic model (i.e., growth = ing@stiegestion - respiration - specific dynamica@tti excretion). A fish’s realized
ingestion is calculated from its maximum consumptiate adjusted for the availability of prey of Hpropriate size and taxonomy.
The community’s food web is delineated by definimg or more foraging classes for each fish spéeised on its body weight, body
length, or age. The dietary composition of eadhes$e foraging classes is specified as a combmafibenthos, incidental terrestrial
insects, periphyton / attached algae, phytoplanktooplankton, and one or more fish species. Ptipaldynamics are generated
by predatory mortalities defined by the communitiged web and standing stocks, physiological mitytahtes, the maximum
longevity of species, toxicological responses tenaital exposures, and dispersal. The model’s teahpod spatial scales are that
of a day and of a hectare, respectively.
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1. Introduction

Fish health can be defined from both an ecologindla human
health / value perspective in many ways. Questiefeing to
fish health from an ecological perspective ofterilide:

1) Are individual fish growth and condition sufficieto
enable them to survive periods of natural
overwintering) and man induced stress?

2) Are individual fish species able to maintain austble
populations? For example, is individual growth adeg
for fish to attain the minimum body size requirext f
reproduction? Is there adequate physical envirohfoen

successful spawning? Is there adequate physic#bhab

for the survival of the young-of-year?

or condition factors (i.e., the fish's current bodyeight
normalized to an expected body weight based owutsent
length), and 8) levels of chemical contaminantsnimscle or
whole fish.

(e.g.From the perspective of evaluating alternative rganzent

options or of assessing expected future conseqs@feisting
conditions, simulation models that can prediciickvidual and
population growth of fish and their patterns of rmieal
bioaccumulation are important tools for analyziagesal of the
aforementioned dimensions of fish health.

Although the growth of individual fish has oftendmedescribed

3) Do regional fish assemblages exhibit their exp@ct using empirical models such as the von Bertalanffgistic,

biodiversity or
biogeographical and physical habitat considerations
4) Areregional fish assemblages maintaining thgieeted

community structure based onGompertz, or Richards models (see for example Ri¢k&79)

and Schnute (1981)), process-based bioenergetielsach as
those described by Kitchell et al. (1977), MintordaicLean

level of productivity based on biogeographical and(1982), Stewart et al. (1983), Cuenco et al. (198%wart and

physical habitat considerations?

5) Are appropriately sized fish abundant enoughamiain
piscivorous wildlife (e.g., birds, mammals, andtileg)
during breeding and non-breeding conditions?

6) Are potential fish prey sufficiently free of caminants
(endocrine disruptors, heavy metals, etc.) so asamo
interfere with the growth and reproduction of pisebus
wildlife?

7) How will native fishes respond to the introduatiof

Binkowski (1986), Beauchamp et al. (1989), Stewart Ibarra
(1991), Lantry and Stewart (1993), Rand et al. 8)9Boell and
Orth (1993), Hartman and Brandt (1995a), Petersen\Viard
(1999), Rose et al. (1999), Schaeffer et al. (1988) van Nes
(2002) are becoming the models of choice for ptadjcthe
growth of fish. Because these process-based mpoedgct fish
growth based on the mass or energy balance of tinges
egestion, respiration, specific dynamic action,exatetion, they
can generally be parameterized independently of tuerent

nonnative fish species, including those stocked fompplication. Moreover, because of the inherentialiffies in

recreational fishing?

From a human health or use perspective, anotheorian
question related to fish health is:

8) Is the fish community / assemblage of concetmafide?
That s, are target fish species sufficiently atamicnd of
the desired quality? Fish quality is this contexbften
defined in terms of desired body sizes (e.g., lewal
trophy length) and the absence of chemical contamtin

Some of the important metrics or indicators thaehaften been
used to assess such questions include: 1) phybmhitat
dimensions, e.g., bottom type and cover, occurrehseuctural
elements such as woody debris or sand bars, mehpeak
current velocities, water temperature, sedimerditap etc., 2)
community species and functional diversity, 3) ftoammunity

biomass (kg/ha or kg/km), 4) the population dendish/ha or
fish/km) or biomass (kg/ha or kg/km) of the comniysi

dominant species, 5) the age or size class steuatfirthe
community’s dominant species, 6) annual produgtiait the

community and its dominant species, 7) individuakgh rates
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obtaining reliable field-based measurements of fiishulation
dynamics and productivity, researchers are incnghsiusing
such bioenergetic models to characterize theselatipu and
community level endpoints. See for example StewadtIbarra
(1991) and Roell and Orth (1993).

The ability to predict accurately the bioaccumulatiof
chemicals in fish has become an essential compooént
ecological and human health risk assessments femichl
pollutants. Not only are accurate estimates ne¢dqutedict
realistic dietary exposures to humans and piscivomildlife,
but such estimates are also needed to assess cwnataly
potential ecological risks to fish assemblages tweves.
Although exposure-referenced benchmarks such ag &:@l

EC,, have been widely used for hazard assessments, most

deleterious effects of chemical pollutants are eduby the
internal accumulation of those compounds, rathan ttheir
environmental concentrations per se. Many auttesly 1984,
Friant and Henry 1985, McCarty et al. 1985, McCdrd36,
Connell and Markwell 1992, McCarty and Mackay 1993,
Verhaar et al. 1995, van Loon et al. 1997) haveusised the
benefits of explicitly considering chemical bioanauation



when assessing expected ecological consequenoé=iical
pollutants in aquatic and marine ecosystems. Redidised
toxicity studies confirm this supposition (Oppedan and
Schrap 1988, van Hoogen and Opperhuizen 1988, Datldl.
1989, Tas et al. 1991, van Wezel et al. 1995, Dlisand
Landrum 1997).

Although concentrations of moderately hydropholtiericals
in fish can often be predicted accurately assuraimgjlibrium
partitioning of the chemicals between the fish'sgasic
constituents and the aqueous environment, this oappr
frequently fails to predict observed concentratiohextremely
hydrophobic chemicals and metals that are ofterciieenicals
of greatest concern. Observed deviations can bbereit
considerably above or below those predicted by |dgiuim
partitioning. Several factors can be identifiedetglain these
discrepancies.

Lower than expected contamination levels can regén the
length of exposure is insufficient to allow chentécao
equilibrate. Because bioconcentration and bioactation are
generally treated as linear, first order procegbegime needed
for chemicals to equilibrate between fish and theiposure
media is an increasing function of the eliminatiaif lives of
those chemicals in fish. For example, the time iregufor
chemicals to achieve 95% of their equilibrium corications is
approximately 4.3 times their elimination half blv@ecause the
elimination half lives of chemicals generally inase as their
hydrophobicities increase, the time needed for itedsito reach
their equilibrium concentrations in fish also ingses as a
function of chemical hydrophobicity. Consequentlior
extremely hydrophobic chemicals such as polych&tdd
biphenyls (PCBs) and dioxins that have eliminatiaff lives
ranging from months to over a year, the time taldgium can
be on the order of years. If the fish species aiceon is short
lived, the time needed for equilibrium can exceeel $pecies
expected life span. Even when time is sufficienefguilibration,
whole-body concentrations of fish can be much lotan that
expected from thermodynamic partitioning due to gitel
dilution of the chemical that accompanies body ghoov due to
in situ biotransformation of the parent compound.

One of two possible assumptions is implicitly madeenever
equilibrium-based estimators are used. The firsttldse
assumptions is that only the selected referende wfiexposure
is significant in determining the total chemicataulation in
fish. The alternative assumption is that therenauttiple routes
of exposure that all covary with the chosen refeegrathway in
a constant manner. For bioconcentration factorsFHgCthe
implicit assumption is that virtually the entire rden is
exchanged directly with the water across the figjills or

possibly across its skin. Although direct aqueopsake is
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certainly the most significant route of exchangerfmderately
hydrophobic chemicals, dietary uptake accountgarfost of a
fish’s body burden for extremely hydrophobic cheatsc This
shift in the relative significance of the direcuagus versus the
dietary pathway is determined by the relative rafesxposure
via these media and by a fundamental differentleemature of
chemical exchange from food and water. ConsideexXample,
the relative absolute exposures to a fish via faodlwater. The
fish's direct aqueous exposuret: (pg/d), is the product of its
ventilation volume,Q (ml/d), and the chemical's aqueous
concentrationC,, (Lg/ml). Similarly, the fish’s dietary exposure,
DE (pg/d), is the product of its feeding rafe,(g wet wt/d), and
the chemical’s concentration in the fish’s préy(ug/g wet wt).

If the fish feeds only on one type of prey that bgsilibrated
with the water, one can calculate when the fisksemus and
dietary exposures are equal using the equations

AE = DE

9C,=F,C, (1.1)

Q/F, = BCF

Using data from Stewart et al. (1983) and Erickaod McKim
(1990), the ventilation-to-feeding ratio for a 1tkgut would be
on the order of 1¥ ml/g. Assuming the quantitative structure
activity relationship (QSAR) for the trout’s presBCF = 0.048
K, (Mackay 1982), one would conclude that food isttbat’s
predominant route of exposure for any chemical wtaxganol
/ water partition coefficient is greater thar®9.GFor extremely
hydrophobic chemicals, not only will fish be morgesed via
food but they probably will assimilate chemicatsfrfood more
effectively than from the water. Although chemiexdchange
from both food and water occur by passive diffusioptake
from food, unlike direct uptake from water, does mecessarily
relax the diffusion gradient into the fish. Thisnflamental
difference results from the digestion and assimitedf food that
can actually cause the chemical concentrationseofish’'s gut
contents to increase (Connolly and Pedersen 1988a&et al.
1988). Predicting residue levels for chemicals vehpsncipal
route of exchange is dietary is further complicadette most
fish species demonstrate well-defined size-depen@demnomic,
and temporal trends regarding the prey they consume
Consequently, one would not generally expect aasiBéF to
be sufficiently accurate for risk assessments idish species
or even different sizes of the same species.

Process-based models that describe the kineticaageh of
chemicals from food and water in concert with trengh of fish
provide objective and scientifically sound frameksthat can
overcome many of the aforementioned limitatiorsopfilibrium-
based BAFs and BCFs. Although numerous models baea
developed toward this end (Norstrom et al. 1976oridnn
1981, Jensen et al. 1982, Thomann and Connolly,13&ber



etal. 1987, Gobas et al. 1988, Barber et al. 183Ba@mann et al.
1992, Gobas 1993, Madenjian et al. 1993), thesestnatiffer
significantly regarding how food web structure atigtary
exposures are represented.

This report describes the theoretical
parameterization, and useeais(Bioaccumulation andquatic
SystemSimulator). This generalized, process-based, Foffan
simulation model is designed to predict the groeftindividuals
and populations within an age-structured fish comitgiand the
bioaccumulation dynamics of those fish when exposed
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mixtures of metals and organic chemicals. The madel
formulated such that its parameterization doesralyt upon
calibration data sets from specific toxicokinetimlgpopulation
field studies, but rather upon physical and chehpecaperties
that can be estimated using chemical property ttms such as

framework cLoGP(http://www.biobyte.com/bb/prod/clogp40.htrdy SPARC

(Carreira et al. 1994) (also seehttp://
ibmlc2.chem.uga.edu/sparc/style/welcome.xfrand on
ecological, morphological, and physiological partengthat can
be obtained from the published literature or corepmoéd
databases.




2. Model Formulation

To model the chemical bioaccumulation and the dgnoeft Because the system of units used to formulate aami
individuals and populations within an age-struaturésh  exchanges is essentially the CGS-system (centimgtam,
community, BASS solves the following system of differential second) and the system of units used to formulisé’'a growth

equations for each age class or cohort of fish: is the CGD-system (centimeter, gram, day), sometsuni
4B conversion is necessary to make the coupled systequations
7f=Jg +J, - J, (2.1) dimensionally consistent. The reader should alste ribat
t

whereas the growth of fish is modeled in termsrgfwieight, a
fish’s chemical bioaccumulation is formulated imts of its live

aw, body weight sinceassmodels chemical uptake and excretion by
——=F,-E,-R-EX-S8D4
dt 4 (2:2) fish as chemical diffusion between aqueous phases.
ci” - _EM-NM-PM (2.3) 2.1. Modeling Internal Distribution of Chemicals

) ) Chemical exchanges across gills of fish and froeir ftood are
whereB; andW, are the chemical body burden (pg/fish) and drygenerally considered to occur by passive diffusibehemicals
body weight (g dry wtffish), respectively, 0,f theveaage  peqween a fish's internal aqueous phase and isredtaqueous
individual within the cohort; andll is the cohort’s population  gnyironment, whether the latter is the surroundimyient water
density (fish/ha). In Equatlpn (2._151g is the net _chem|cal or the aqueous phase of the fish's intestinal custe
exchange (ug/d) across the fish's gills from theewd, isthe net  cgnsequently, to model these exchanges one msistdinsider
chemical exchange (Lg/d) across the fish's intestiom food; 1,4,y chemicals distribute within the bodies of fisha fish is
and J, is the chemical's biotransformation rate (ug/d). | conceptualized as a three-phase solvent consisftwager, lipid,

Equation (2.2)F4, E,, R, EX, andSDAare the fish's feeding, ang non-lipid organic matter, then its whole-bodyemical
egestion, routine respiration, excretion, and $gedynamic  ¢oncentration can be expressed as

action (i.e., the respiratory expenditure in exadsdrequired to

assimilate food), respectively, in units of g dri/dv Although _ i _
many physiologically based models for fish growthe a < W, PaCatPiC+ P C,
formulated in terms of energy content and flow (ekgal/fish (2.4)

and kcal/d), Equation (2.2) is fundamentally ideatito these
bioenergetic models since the energy densitieistofiiepend on
their dry weight (Kushlan et al. 1986, Hartman dndt
1995b, Schreckenbach et al. 2001). Finally, in Eqoa(2.3)  whereW,, is the fish’s live weight (g wet wt/fishp,, P,, andP,
EM, NM and PM are the cohort's rates (fish/ha/d) of are the fractions of the whole fish that are waleid, and non-
emigration/dispersal, non-predatory, and predatooytality, lipid organic material, respectively; aij, C,, andC, are the
respectively. Although immigration can be a sigrfit process  chemical’s concentrations in those respective pha8ecause
in determining population sizes, this process it presently  the depuration rates of chemicals from differestt fissues often
modeled inBAss. Because cohort recruitment is treated as @o not differ significantly (Grzenda et al. 197@nwWeld et al.
boundary condition, the right-hand side of Equa(@:3) does 1984, Branson et al. 1985, Norheim and Roald 188 man
not require a term for recruitment. Though it mayt e  etal. 19864, b), internal equilibration betweessththree phases
immediately apparent from the notation used, tegs@tions are  can be assumed to be rapid in comparison to extexnhanges.
tightly coupled to one another. For example, tldized feeding  For organic chemicals, this assumption means tnaafion (2.4)
of fish depends on the availability (i.e., densid biomass) of  simplifies to

suitable prey. The fish’s predatory mortality, iarrt, is
determined by the individual feeding levels and wation
densities of its predators. Finally, the fish’'stdig exposure is
determined by its rate of feeding and the levelsl#mical
contamination in its prey.

CI Co
- Pa+PIF+PoF

a a

C

a

sz (Pa +P1Kl +P0K0)Ca (25)

whereK, andK, are the chemical’s partition coefficients between
lipid and water and between organic carbon and rwate
respectively.

The following sections describe how each massifitixe above
system of equations is formulate®ixss. Table 2.1summarizes
the definitions of the variables used to devel@s¢hequations.

For metals, however, Equation (2.4) is more conapdd.
Although metals do partition into lipids (Simkis88B), their
accumulation within most other organic media occbss
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complexation reactions with specific binding siteésnsequently,
for metals the termP,C/C, in Equation (2.4) could be
formulated as a function of an appropriate stabdiefficient
and the availability of binding sites. Appendix #¥nsmarizes an
equilibrium complexation model that was initialyriulated for
BASS. Despite its apparent correctness, this algorigmeatly
overestimated metal (in particular mercury) bioawalation in
fish. Although this overestimation can be attriloute several
factors, the most likely explanation for the algom’s
unsatisfactory performance is that kinetics limithe
complexation of metal in fish. Because kinetic modgwas
considered incongruent with the time scales of rabie other
major processes represented elsewhesass, a much simpler
algorithm was adopted.

Because many fate and transport models (&xaMs and
WASP) have successfully used operationally defitiglibution

one then obtains

c -

J =8k
g gl K,

(2.9)

Although the chemical's conductankgcould be specified as a
ratio of the chemical's diffusivity to the thickreesof an
associated boundary layer, implementation of tefsxtion can
be problematic since the boundary layer thickngssfunction
of the gill’'s ventilation velocity and varies alotite length of the
gill's secondary lamellae. To avoid this problemfjsh’s net
chemical exchange rate coefficieBj,k, , can be estimated by
reformulating the gill's net chemical exchange as

J, = Q(Cw - CB)

whereQ is the fish’s ventilation volume (é#s); andC; is the
chemical’s bulk concentration in the expired gititer. When

(2.10)

coefficientsK, to model the accumulation of metals in Orga”iCEquations (2.8) and (2.10) are equated, it folldves

media, a similar approach was adopteddass. Thus, for a

metal
Cf=(Pa+PlKl+PoKd)Ca (2.6)

whereK; is again an appropriate partition coefficient tesw

Cw B CB
Cw B Ca

S,k,=0 (2.11)

Despite its appearance, the right-hand side ofehisgtion can

lipid and water; andK, is an appropriate metal-specific be readily quantified. In particular, the ventitativolume of fish

distribution coefficient. Although this equationpgars identical
to Equation (2.5) for organic contaminants, thatreé values of

K, and K, in relation toK, can be remarkably different. See

Section 3.1.

BecauseC, equals the chemical’s ambient environmental wate}!"er€Roz

concentratiorC,, at equilibrium, it follows from Equations (2.4)
and (2.6) that a fish’s thermodynamic bioconceidrefiactor K,
= C; /C, at equilibrium) for a chemical pollutant of concés

Pa+PlKl+PoKo
Kf=
P,+PK,+P,K,

for organics

2.7)

for metalics

2.2. Modeling Exchange from Water

Because chemical exchange across the gills ofdisturs by
simple diffusion, such exchanges can be modeldeldiys first
law of diffusion as

Ty =Sk, <Cw - Cﬂ) (2.8)
where§; is the fish’s total gill area (cih k, is the chemical's
conductance (cm/s) across the gills from the iateellar water;

and C, is the chemical's concentration (pug/ml) in the

environmental water (Yalkowsky et al. 1973, Macki382,
Mackay and Hughes 1984, Gobas et al. 1986, Goloddackay
1987, Barber et al. 1988, Erickson and McKim 1999hen
Equations (2.5), (2.6), and (2.7) are substitutéalthis equation,
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can be estimated by

0= Ro,

(2.12)
002 Cy02

is the fish’s rate of oxygen consumption (L gds);is

the fish’s oxygen assimilation efficiency; ar(@,q, is the

environmental water’s dissolved oxygen concentrafjog/ml).

If one makes certain assumptions concerning thengeg of the
interlamellar spaces and the nature of mass transgoveen the
gill's secondary lamellae, the chemical’s normalizbulk

concentration in the expired gill wateg, £Cg)/(C,-C,) can also
be calculated as outlined in the following.

Because the gill's secondary lamellae form flateteds having
high aspect ratios (i.e., mean lamellar heighttériamellar
distance), they can be treated as parallel platesthe flow of
water between them can be treated as Poiseultllibos¥i (Hills
and Hughes 1970, Stevens and Lightfoot 1986). Urtllisr
assumption, an expression for a chemical’s conatatr in the
bulk expired gill water can be obtained using thietions of the
partial differential equation (PDE) that descrils¢sady-state,
convective mass transport between parallel plates,

3. poc _,@&cC
20 2

V—=D—
whereV is the gill's mean interlamellar flow velocity (¢s); D

2.13
oy dx? ( )
is the chemical’'s aqueous diffusivity (&f8); andx andy are the




lateral and longitudinal coordinates of the charatehg which
diffusion and convection occurs, respectively.His equation,
C = C(x, y) is the chemical’s interlamellar concentratiorihat
distancesx from the surface of the lamellae apdalong its
length. The surfaces of adjacent lamellae are éocatx = +r
wherer is the hydraulic radius of the lamellar channat #quals
half the interlamellar distanceé (cm). The midline between
adjacent lamellae is therefore denoted«b®. The gill's mean
interlamellar flow velocity can be readily formugatas the ratio
of the fish’s ventilation volume to the gill's ci®sectional pore

area, X, (cnt). Because the gill's pore area is related to its

lamellar surface area by

_ Sgd
X, === (2.14)

whered is the mean interlamellar distance (cm); bisdhe mean
lamellar length (cm) (Hills and Hughes 1970), d&'ismean

interlamellar flow velocity is given by
1
y-20
S,d (2.15)

To solve Equation (2.13), two boundary conditiongstnbe

specified. Because adjacent lamellae presumablyagge the
chemical equally well, the solutions should be swtrinal about
the channel’s midline. To insure this characterjstie boundary
condition

ac
ox

=0
x=0

(2.16)

is assumed. The second necessary boundary conditicst
describe how chemical exchange across the secolziagllae
actually occurs. Assuming steady state diffusioomfrthe
interlamellar water to the fish’s aqueous bloods thoundary
condition can be formulated as

pC
ox

=~ k,[Cr.») - C,] (2.17)

x=r

where k,, is the permeability (cm/s) of the gill membrane.
Although this boundary condition has been used é8arber et
al. 1991), it can also be modified to address g@kperfusion
limitations on gill uptake. To accomplish this &tttask, a
formulation patterned after Erickson and McKim (098 used.

In particular, consider the following reformulation

J(»,0)

1

p3C

Ox G~

=-k, {C(r,y) - } (2.18)

chemical’s concentration in the afferent lamellaobl; J(y, I) is
the chemical’'s accumulated uptake (pg/s) alonglaheellar
segmenty, I|; andq, is the lamellar perfusion rate (&s). If
both sides of the lamella uptake chemical, théy I) can be
formulated as

L h
Js(y,l)=2ffDE dudv
ox |._
y 0 x=r
(2.19)
aC

1
) f P
y

X

2hD av

xX=r

whereh is the height (cm) of the secondary lamella. Ushig
expression, the boundary condition (2.18) can newtitten as

L
hD f£

0
Once the solution of Equation (2.13) for these hlaup

conditions has been obtained, the chemical’s botikcentration
in the expired gill water can be evaluated usirg weighted

average
f C(x,l)[
)

aC

pocC 2
ox

dv|(2.20)

x=r

= k,[CCp) - C, -

x=r

2
1-2 |
7‘2

2

1-* &
r2

Cp

(2.21)

r

[

0
that scales each concentration profié, |) by its relative
velocity.

A canonical solution to Equation (2.13) can be wied by
nondimensioning:(X, y) X, andy as follows

® - Cc-C,
c.-C. (2.22)
x=X
, (2.23)
D
Y=-— 2.24
V2 ( )
When this is done, the chemical’'s dimensionlessk bul

concentration is given by

where C,(y) is the chemical's aqueous phase concentration at

point y along the length of a secondary laméllgt) = C, is the
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1
f@)(X,NGz)(l - X?)ax
B 0

0, =

= - (2.25)
fl -X2dx
0

whereNg, = (I D)/(V %) is the gills’ dimensionless lamellar
length or Graetz number. Two important featuresttug
expression can now be observed. First, one caly asify that

Cw B CB
Cw - Ca

CB Ca
Cc -C

w a

1-0,= (2.26)

Consequently, Equation (2.11) can be rewritten as
S, k,=0(1-8,) (2.27)

Secondly, analytical expressions g are readily available
(Brown 1960, Grimsrud and Babb 1966, Colton etli71,
Walker and Davies 1974). In particular, a chemgal’
dimensionless bulk concentration can be evaluaged b

©,=Y B exp(-%L\,N,) (2.28)
m=0

where the coefficient8,, and exponents, are known functions

of the gills’ dimensionless conductance or Sherwoaahber

~ k,r

=— 2.29
o= (2.29)

and the fish’s ventilation / perfusion volume rat@e Appendix
B. Although this infinite series solution does noave a
convenient convergence formula, for Sherwood numiagd
ventilation / perfusion ratios that are typicafish gills, only the
first two terms of the series are needed to esti®atwvith less
than 1% error (see Barber et al. 1991). Bapire 2.1 and
Figure 2.2 for displays ofA, and B, and of A, and B,,

respectively.

2.3. Modeling Exchange from Food

Chemical uptake from food has usually been modassdming
that fish assimilate a constant fraction of thenaical that they
ingest, i.e.,

Ji=0a,CF, (2.30)
whereaq, is the assimilation efficiency (dimensionless) foe
chemicalC, is the chemical’s concentration (Lg/g wet wthia t
ingested prey; andr, is the fish’s daily wet weight prey
consumption (g wet wt/d) (Norstrom et al. 1976,sé&met al.
1982, Thomann and Connolly 1984, Niimi and OliveB81Z).
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However, because the chemical exchange acrosstd#tine is
driven by diffusive gradients (Vetter et al. 19&Hark et al.
1990, Gobas et al. 1993), such formulations are
thermodynamically realistic only if, is a decreasing function of
the fish’s total body concentration.C

A thermodynamically based description for the digtptake of
chemicals can be formulated using the simple masznbe
relationship

J. =

,=C,F,-C,E, (2.31)
whereE,, is the fish’s daily wet weight egestion (g wetdjytand
C. is the pollutant’s chemical concentration (ug/d wg in the
fish's feces. When this equation is reformulateteims of dry

weight feeding and egestion (i.¢7,=P,,F,  abdg=P, E,

where Py, and P, denote the prey’'s and feces’ dry weight
fractions , respectively) the fish’'s net dietargleange becomes

C F
d
Ji = _(CaeEa+CdeEd)
dp
CF E C
-2 2|1 +_d€ CaeEd
Pdp Ed Cae
(2.32)
CF P C
=21 . CaeEd
Pdp Pde Cae
- Cde_ P +P Cde] CaeEd
d
Pdp “ ¢ Cae Pde

whereC,, andC,, are the pollutant’s chemical concentrations in
the aqueous and dry phases of the fish’s fecqsecésely;E, is

the mass / volume of the feces’ aqueous phaseParmohdP,,
are the aqueous fractions of the fish’'s feces angly,p
respectively. To parameterize Equation (2.32),assumptions
are made.

Because the transit time through the gastroint@stiract is
relatively slow, the first of these assumptionstligt the
concentrations of chemicals in the fish’s aqueolsod
intestinal fluids, and dry fecal matter equilibratéth one
another. ConsequentlyC,. = C,. Moreover, for organic
chemicals the concentration ra@y, / C,. can be replaced with
an organic carbon / water partition coefficidfy, (e.g., Briggs
1981, Karickhoff 1981, Chiou et al. 1986), and fieetals this
ratio can be substituted with a distribution cagéfint similar to
the one used in Equation (2.6).

Although reported values for the percent moistufeth®
intestinal contents of fish vary typically betwegd and 80%
(Brett 1971, Marais and Erasmus 1977, Grabner aofrH



1985), the second assumption made to parameteguatibn
(2.32) assumes that the fish’s intestinal contantswhole body
are osmotically equilibrated. Consequent®, = P,. If this
assumption is reasonable, then meals with the sayneeights
but different wet weights should be processed bYigh at equal
rates and efficiencies since both will attain taene proximate
composition relatively soon after ingestion. Havihg same
proximate composition implies that the concentraioof
digestive enzymes acting on the meals will be coatga and
that the physical forces exerted by the gut costémt control
gastric mobility will also be comparable. BecauserBley
(1980), Garber (1983), and Ruohonen et al. (198Mahstrated
that initial dietary moisture content had no sigint effect on
the assimilation efficiencies of turb@&¢ophthalmus maximus
or on gastric evacuation rates of yellow pefeér€a flavescens
and rainbow trout @ncorhynchus mykigsrespectively, the
assumption tha®,, = P, seems reasonable.

Using the stated assumptions and Equations (25),(and
(2.7), Equation (2.32) now can be rewritten as

~ C F, _ _ CfEd
i, R
(2.33)
_ Cde B K, CfEd
Pyp K (1 'Pa)

wherekK, is the distribution coefficient describing the ofieal
partitioning between the aqueous and dry organitemphases
of the fish’s intestinal contents. Althoughssuses this equation
to calculate a fish’s net chemical dietary exchatige equation
can also be further manipulated as follows

Sl PuCGKE, |CF,
! (L-P,)C,K,F,;| P, .
2.34
|- (1-a) P ke
- ( f) PCK.| P/
a=p=f

wherea, = (F, - E;)/F, is the fish's food assimilation efficiency

(g dry wt assimilated/g dry wt ingested), ahg- (1 -P,) hist
fish’s dry fraction. In other words, a thermodynaatly based
assimilation efficiency for Equation (2.30) corresgs to

P, C,K
0,=1-(1-a 7 e 2.35
( f) Pd CpKf ( )
Thus, Equation (2.33) is equivalent to EquatiorB3@2.with a
chemical assimilation efficiency that decreaseghasfish’s
whole-body chemical burdens or concentrations aseeStudies
by Lieb et al. (1974), Gruger et al. (1975), angp&huizen and
Schrap (1988) corroborate this prediction (see 8art al.

BASS 2.2 March 2008 8

1991). Moreover, using in situ preparations of clerratfish
intestines Doi et al. (2000) have clearly estaklistthat
preexposures to 3,4,3',4'-tetrachlorobiphenyl docrekese
intestinal uptake rates.

Although the preceding model development demorestriiie
potential logical inconsistency between an assuowtstant
chemical assimilation efficiency model for dietackiemical
uptake and a thermodynamically based model, mamarehers
continue to use the former assumption and modedrieters for
these constant chemical assimilation efficiency ef®denerally
have been estimated using the following equatioopgsed by
Bruggeman et al. (1981)

dc

f — _
- ®,9,,C, -k, C; (2.36)
acq)wwc
C,= TP] [1 - exp( -k, t)] (2.37)

whereo,,, is the fish’s specific feeding rate (g wet wt/gwe/d);
andk; is the fish apparent elimination rate coefficiggmvet wt/g
wet wt/d or 1/d) that is the sum of its rate caréfints of growth
(y), biotransformationk,), and actual excretiorkf). See for
example Muir et al. (1992), Dabrowska et al. (1996} Fisk et
al. (1998). Unfortunately, many researchers havkedato
acknowledge that Equation (2.37) is the solutiorEtuation
(2.36) only when initial time i, = 0 and the fish’s initial whole-
body concentration is zero (i.€, (t,) = 0). This fact, combined
with the ability of Equation (2.37) to fit experimial results
statistically, has been at least partially respaasifor the
perpetuation of the idea of constant chemical &lksion
efficiencies.

The general solution to Equation (2.36) is actually

a.0,, Cp

2

- % P Cp
C,=

+

Ci(ty) - exp[—k2 (t - to)] (2.38)

When this solution is re-differentiated, one obssrthat

dcC

_tf = [“c‘l’ww C, -k, Cf(to)] exp[ -k, (t - to)]

S (2.39)

Using this exponential form of Equation (2.36), caa analyze
the parameter behavior of a dietary exposure dwamgecutive
time segments for which,,,, andC, are constant. Therefore, let
T = (t, - t,) denote the length of such a dietary exposure]etnd
t, denote the time when the exposure is half overinguhe first
half of the exposure (i.&t, <t <t,) the fish’s bioaccumulation
dynamics will be described by Equation (2.39). Dgrithe
second half of the exposure, however, these dyrsawilt be



described by In terms of application, the proposed fecal pamitng model

dc (i.e., Equation (2.33)) is best suited to circums&s where its

I R . N ; L .

i [%‘wa Cp -k, cf(tl)] exp[—k2 (t -1, )] (2.40) equnlbr_lum gssumptlor_ws are regsonably satisfieesein where

dt the object is to predict the dietary exchange @f #iverage

R A _ oo - individual of a population. A more kinetically basapproach
where @, andk, are the fish’s assimilation efficieranyd may be needed, however, when frying to describe the
apparent elimination rate coefficient that may fegjupdating  toxicokinetics of individual fish. See for exampléchols et al.
fort, <t <t,. If an equation of the form of Equation (2.37) is (1998). Readers are referred to Barber (Barber o0& more
assumed to describe the fish's bioaccumulation mover thorough discussion and ana|ysis of dietary upmgerithms

the entire interval t&, tz.l, then the derivatives Specified by used to model chemical bioaccumulation in fish.
Equations (2.39) and (2.40) must be equal wheruated fort

= t,. This consistency condition, that is analogousttte 2.4. Modeling Chemical Biotransformation
preservation of derivatives that occurs when apprating a o

function with Bernstein polynomials, requires that BASSassumes that the metabolism of xenobiotic chemiadikh

%,0,,C, - i, C () = (2.41) ::soicselr:&laeti,of:s;t grder reaction of the chemicatgieous phase
(2.0, C, ~ k, C,(t,) | exp| -k, (1, - 1, )] » 1En
Jbt = (Sa Ca) (Pa Ww) (246)

which implies that

EC
8- 270,
(wa P

where g, is the fish’'s agueous phase biotransformation rate
exp[—k2 (’1 - ,0)] (2.42) coefficient (1/d); andR, W,) is the volume of the fish’s aqueous

phase. If Equations (2.9) and (2.46) are used tecrime
chemical bioconcentration during a water-only expesvithout
growth, then a fish’'s whole-body concentration violle

_ k, Ci1y)
9, C,

c

When the fish’s initial whole-body concentrationzisro, this
equation can be shown to reduce to

modeled as
k k
G =ai2+ | 1-22] exp[-k,(z, -t (2.43) 4¢,_ 1 4B, Sk | . G| _BP.G
¢~ Ve 2\"1 " Yo C
k, k, d w,dt Ww,| " K K, (2.47)
This equation shows that unleks=k, , chemical asdiotila =k,C, - (ky + k) C;

efficiencies estimated for different times andialitvhole-body

concentration will be different. Phrased anothery,wtnis wherek,, k,,, andk,, are the fish’s rate coefficients of gill uptake,

R o . o excretion, and biotransformation, respectively. ttmms of
equation implies that the fish’s ability to excrdedilute, and quantitative structure activity relationships (QSAR this

biotransform chemicals, as measuredl?py lgnccontributes equation predicts that a fish’s whole-body biotfarmeation rate
to the determination of the fish’s realized cheréssimilation  k, should be inversely proportional to its thermodyia
efficiencies. Because specific growth rates (7, ' aw,/dt  )anddioconcentration factoK; that in turn is proportional to the
chemical excretion rate coefficients, ) for fish are generally chemical's K,,, This relationship, however, will also be

related to the fish’s body size as allometric pofuections, i.e., influenced by any QSAR dependencies that the fiahiseous
phase biotransformation rate might have. See de Wolf et al.

y=0, W, (2.44) (1992) and de Bruijn et al. (1993).

2.5. Modeling Temperature Effects on
Physiological Rates

wherea,<0 andB,<0 (Barber et al. 1988, Sijm et al. 1993, _ . o
Sijm and van der Linde 1995, Sijm et al. 1995), | Because temperature affects a fish’'s feeding, dasiom,

N o ) respiration, and egestion, a general discussion hoiv
expect thatk, <k, - when significant growth occurs during temperature modulates these processes is in orefereb

experiment. Consequently, one would also expettdfida,.  describing hoveass actually models fish growth. Although the
Importantly, this simple analysis is corroboratgdfibdings of ~ temperature dependence of physiological processesftén
Ram and Gillet (1993) who showed that assimilagifiiciencies ~ described using an exponential response equatign, e

for a variety of organochlorines by oligochaetesrdased as _ T -T

chemical exposures progressed. PL=Po exp[s( ! °)] (2.48)

k=B, W (2.45)
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where p, and p, are the reaction rates of the process aphysiological responses of fish, their utility fdoing so is
temperaturesT, and T,, respectively, such descriptions are discussed subsequently in Section 3.3. For otha@icaions of

generally valid only within a range of the organisithermal
tolerance. In most cases, the process’s reactienimareases
exponentially with increasing temperature up terageraturd,
after which it decreases. Moreover, the temperativghich a
process’s rate is maximum is often very close ¢dfganism’s
upper thermal tolerance limit. To model this bebavihornton
and Lessem (1978) developed a logistic multiptierascribe the
temperature dependence of a wide variety of phygicél
processes. Although this algorithm has been usszkssfully in
many fish bioenergetic modeBass uses an exponential-type
formulation that responds hyperbolically to incliegs
temperature. Importantly, such algorithms can beilyea
parameterized.

LetP denote the rate of a physiological process, arig tenote
the temperature at which the rate is at its maximaltue. If this
process generally exhibits an exponential respotse

temperature changes well bel@yy then Equation (2.48) can be

used to describe this process ToandT, << T,, i.e.,

P=Pyexp[(T-T,)] (2.49)
dP _
ar eP (2.50)

Equations (2.52) and (2.53) see Lassiter and Ke@rag4),
Lassiter (1975), and Swartzman and Bentley (19¥6je that
whenT, =T,, Equation (2.53) reduces to Equation (2.49).

2.6. Modeling Growth of Fish

Although the preceding algorithms for modeling cleh
bioaccumulation in fish depend on a fish’s live gi@iBAssdoes
not directly simulate the live weight of fish. lead, it simulates
the dry weight of fish as the mass balance of feggdégestion,
respiration, and excretion and then calculates fikh's
associated wet weight using the following relatlups

W,=W, +W,=W, +W,+W, (2.54)
P=1, W, (2.55)
P,=a,-a,P (2.56)
P,=1-P, -P, (2.57)

whereW,, W,, W, andW, are the fish’s aqueous, dry, lipid, and
non-lipid organic weights, respectively; aagla;, |;, andl, are
empirical constants. Whereas Equations (2.54) ar&i’{ are

where P, is the process’s rate at the low-end referencaimply assertions of mass conservation, Equati@rss) and
temperatureT,. To incorporate the adverse effects of high(2.56) are purely empirical functions. Although BEtjan (2.55)

temperatures on this process, the right-hand sidegoation
(2.50) can be multiplied by a hyperbolic temperatierm that
approaches unity as temperature decreases well hglequals

is assumed because simple power functions of thim f
adequately describe many morphometric relationdoipsost
organisms, Equation (2.56) is based on the resfitsmerous

zero atT,, and becomes increasingly negative as temperatuffield and laboratory studies (Eschmeyer and Pkillip65, Brett

approaches the fish’s upper thermal tolerance limit T,.
Modifying Equation (2.50) in this fashion yields

T-T,
ﬁ:gp !
daT T-T,

whose solution is

(2.51)

T,-T

x;(T2 - Tl)
ﬁ] (2.52)

If one assumes, without loss of generality, thigt= 0, the
preceding equation can be simplified to

)a(T2 -T;)

P=P, exp[s(T— TO)][

T

T,

P=P, exp(aT)( (2.53)

Figure 2.3displays the behavior of this equation Rgr= 1 and
T, = 36 Celsius as a function efand T,. Although these
equations apparently have not
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been used to describe

10

et al. 1969, Groves 1970, Elliott 1976a, Staples HMomura
1976, Craig 1977, Shubina and Rychagova 1981, Bsaamid
Legrow 1983, Weatherley and Gill 1983, Flath andrai 1985,
Lowe et al. 1985, Kunisaki et al. 1986, Morishiteaak 1987).
These equations yield an expression for a fish&s\weight that
is a monotonically increasing, but nonlinear, fumectof the
fish's dry weight.

BASS calculates a fish’s realized feeding by first mstiing its
maximumad libitum consumption £; g dry wt/d) and then

adjusting this potential by the availability of appriate prey as
described in the next section. Because a varietparfels are
commonly used to describe the maximum feedingsbf, BAss
is coded to allow users the option of using any ohdour
different feeding models for any particular ageé lass of fish.
The first formulation that can be used is a temjpeeadependent
power function

T,

(2.58)

F; -1, ,—,wazexp(f3 T)( 1- T]f-"(Tz_Tl)



wheref,, f,, f;, T;, andT, are empirical constants specific to the
fish's feeding.

A commonly used alternative to the preceding allisimenodel
is the Rashevsky-Holling model that is defined oy ¢quations

F; = q)dd(Gmx - G)

dG

dt

(2.59)
F;-4,-E,

whereog, is the fish’'sad libitum feeding rate (g dry wt/g dry
wt/d); G, is the maximum amount of food (g dry wt/fish) that
the fish’s stomach / gut can hol@;is the actual amount of food
(g dry wt/fish) present in the gut; ar andE, are the fish’s
assimilation and egestion, respectively, in unftg ary wt/d
(Rashevsky 1959, Holling 1966). Given a fish’s gapacity
G feeding time,, to satiation, and satiating meal siMg,,
(gq Can be estimated using the equations

t
Fi® = [ 0u] G Fi )] (2.60)
0
dr, .
=0y (o (2.61)
gyt =In| 1- m’] (2.62)

whereF;, (¢) is the total food consumed during the irgte(®, 7)
andM,, =F,(t,) (also see Dunbrack 1988). Alternatively,

sat
can be estimated by simply assuming tfig; = 0.95 xG,,in
which case

_1n0.05
t

sat

Pua (2.63)

For planktivores,BAss can also estimate a fish’'s maximum
ingestion using the clearance volume model

Fi=¥Q, (2.64)
whereVY is the plankton standing stock (g dry wt/L); &pgdis
the planktivore’s clearance volume (L/d) that istamed to be
given by

T

T,

(2.65)

'13<T2'T1)
0.=4, quzexp(an)( 1- ]

whereq, 0,, g3, T;, andT, are empirical constants specific to the
fish’'s filtering rate.
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The fourth and final feeding model back-calculatedish’s

expected feeding based on knowing the fish’s exguegtowth
and routine respiratory demands. In particular, abse
assimilation, egestion, specific dynamic actior @xcretion are
assumed to be linear functions of feeding and meuttspiration
as discussed subsequently, it is a straightforwaatter to
calculate a fish’s expected ingestion given itsemtpd growth
and respiration. When users elect this feedingoopgass

assumes that the fish’s specific growth ratew, ' aw,, [dt (2/d)
is given by
3 T ga(Tz'Tl)
Y=8 W,k exp(g3 T)( 1- 7] (2.66)
2

whereg,, 9,, 93, T;, andT, are empirical constants specific to the
fish’'s growth rate. See Thomann and Connolly (198%)
additional discussion of the use of this feedingleio

When BASs estimates a fish’'s feeding rate using Equations
(2.58), (2.64), or (2.66), the fish’'s assimilatiemd egestion are
estimated as simple fractions of its realized itigas-, i.e.,

4,=0F (2.67)

a~- %y

E;=(1-a)F, (2.68)
whereq; is the fish’s net food assimilation efficiency ths a
weighted average of its assimilation efficiencmsifivertebrate,
piscine, and vegetative prey. However, when thehBasky-
Holling feeding model is use@Ass calculates these fluxes by
substituting=,4 with a function that describes the fish’s pattefrn
intestinal evacuation. The general form of thischion is
assumed to be

T

T,

(2.69)

e e3(T2—T1)
EV=e,G"exp(e,T)

wheree,, e, &;, T;, andT, are empirical constants specific to the
fish's gastric evacuation.

The numerical value of this function’s exponextdepends both
on characteristics of the food item being consuinedi on the
mechanisms that presumably control gastrointestinélity and
digestion (Jobling 1981, 1986, 1987). For exampleen gut
clearance is controlled by intestinal peristalss, should
approximately equal Y2 since peristalsis is stinadaby
circumferential pressure exerted by the intestioaltents that,
in turn, is proportional to the square root of demtents mass.
On the other hand, when surface area controls dke of
digestion,e, should be approximately eith&s or unity. If the
fish consumes a small number of large-sized pregy.,(@
piscivore) g, =% may be the appropriate surface area model. On
the other hand, if the fish consumes a large nurobsmaller,



relatively uniform-sized prey (e.g., a planktivaredrift feeder),
e, = 1 is more appropriate since total surface areh tatal
volume of prey become almost directly proportiotmlone

another. Where, = 1, the Rashevsky-Holling model (i.e.,

Equation (2.59)) is analogous to the Elliott-Pensswmdel for
estimating daily rations of fish (Elliott and Peyas1978).
Finally, Olson and Mullen (1986) outlined a procbkssed
model that even suggess= 0.

Afish’s specific dynamic action, i.e., the respiry expenditure
associated with the digestion and assimilation addf is
modeled as a constant fraction of the fish’s adation. In
particular,

SDA =04, (2.70)

wheree = 17/14 is the ratio of the molecular weight ofraomia
to that of nitrogen.

2.7. Modeling Predator-Prey Interactions

BASS is designed to simulate aquatic food webs in wigiabh

age class of a species can feed upon other fighespdenthos,
incidental terrestrial insects, periphyton / ateathalgae,
phytoplankton, and zooplankton. The realized fegdifany

given age class of fish is determined by the eséithenaximum
feeding rate of individuals within the cohort, tlwehort’s

population size, and the biomass of prey that &lalvle to the
cohort; the latter quantity is the sum of the cart@omass of
potential prey minus the biomass of potential grgyected to be
consumed by other fish cohorts that are more efiicioragers

wherec generally varies between 0.15 and 0.20 (Ware 1973,competitorsBAss ranks the competitive abilities of different

Tandler and Beamish 1981, Beamish and MacMahon)1988

BASS assumes that body weight losses via metabolisndae
entirely to the respiration of carbon dioxide ahe ¢xcretion of

ammonia. A fish’s respiratory lo&ss therefore calculated from
its routine oxygen consumptioR,, (g G,/d), using a respiratory
guotient,RQ (L CO, respired)/L Q consumed), as follows

12gc  moleCO,

mole CO, 2241 CO,
224L O, mole O,

32g 0,

RQ

" 2.71)
*Rpy, = z'RQ'Roz

mole O,

BASS calculates a fish’s routine oxygen consumptionaas

cohorts using the following assumptions:

ASSUMPTION 1. The competitive abilities and efficoges of
benthivores and piscivores are positively correlatéh their
body sizes (Garman and Nielsen 1982, East and Matp@il).
Two general empirical trends support this assumpfite first
of these is the trend for the reactive distancgsnming speeds,
and territory sizes of fish to be positively coateld with their
body size (Minor and Crossman 1978, Breck and Git883,
Wanzenbdck and Schiemer 1989, Grant and Kramer, Miér
et al. 1992, Keeley and Grant 1995, Minns 1995ye@Gitwo
differently sized predators of the same potentiayp these
trends would suggest that the larger predator igertikely to
encounter that prey than is the smaller. Havingpentered the

constant multipl&RB of its standard basal oxygen consumptionPrey, the other general trend for prey handlingesnto be

(Ware 1975) that is assumed to be temperature-depepower
function. In particlar,

(2.72)

T bs(Tz'Tl)
i

b
R,,=RB b, szexp(b3T)( 1 T

inversely correlated with body size (Werner 1974ljaviet al.
1992) suggests that the larger predator could tlisfatercepted
prey and resume foraging more quickly than the lemaitedator.
Also see Post et al. (1999) and Railsback et @DZp

ASSUMPTION 2. Unlike benthivores and piscivoresge th

whereb,, by, bs, T, andT, are empirical constants specific to the competitive abilities and efficiencies of planktres are

fish's standard basal oxygen consumption. Althoagimonia
excretion could be modeled using an analogous ifumct
(Paulson 1980, du Preez and Cockroft 1988@Ask calculates
this flux as a constant fraction of the fish’s to&spiration since
excretion and oxygen consumption generally track amother.
For example, ammonia excretion increases afteirigeds does

oxygen consumption (Savitz 1969, Brett and Zala 5197

Gallagher et al. 1984). Likewise, conditions thatnibit the

passive excretion of ammonia also depress carborkide

excretion (Wright et al. 1989). Assuming that fislaintain a
constant nitrogen/carbon ratdC (g N/g C),BASS estimates a
fish's excretory loss in body weight as

EX=¢NC(R +SDA) (2.73)

BASS 2.2 March 2008

12

inversely related to their body size due to thestative
morphologies (Lammens et al. 1985, Johnson andavihy987,
Wu and Culver 1992, Persson and Hansson 1999)eGuastly,
“large” planktivores only have access to the ledtewof “small”
planktivores.

BASS calculates the relative frequencigs,d,,...} of the prey
consumed by a cohort using dietary electivities, .
. b/ (2.74)
A '

wheref, is the relative availability of thieth prey with respect to
all other prey consumed by the cohort. One camyeasiify that



the range of dietary electivities is1 <e,<1 . One can alscl. 1980, Gillen et al. 1981, Knight et al. 1984odde et al.
verify that if the fish does not eat a potentiabdoitemi 1985, Stiefvater and Malvestuto 1985, Storck 198@le et al.
thate, = -1 . Similarly, if the fish consumes a potenpiady item 1987, Johnson et al. 1988, Yang and Livingston 1888deur
oo . , . 1991, Elrod and O'Gorman 1991, Hambright 1991, dsiahal.
i in direct proportion to the prey's relative abunde 1993 \jattingly and Butler 1994, Hale 1996, Mademiet al.
thene, =0 .BAss actually allows users to specify a fish’s diet as199g, Margenau et al. 1998, Mittelbach and Per<ke88,
either a set of fixed dietary frequenci¢s.,d,,..} , a det oBozek et al. 1999), whemass uses the aforementioned
procedure to calculate piscivorous interactiongy arspecific
b size range of forage fish is assumed to be availabl a
electivities {...,di,...,Ej,...} . To calculate a cohort’s realized piscivorous cohort.BASS characterizes this size spectrum by

dietary composition, howevesass converts all user supplied USing either linear or complementary exponentiaktions to
fixed dietary frequencies into their equivalentcéiléties using ~ describe the maximum, minimum, and mode of preyemgths

the simulated relative abundancgs.,f,,...} of the cohort'$hat a predator of a given body length will ingéstparticular,
these key features of a fish’s prey spectrum aseriteed by

electivities{...,e, ...} , oracombination of fixed frequersémd

potential prey. These electivities are then conbimi¢h any user

specified electivites to form a set of unadjusted a0y Lo
electivities {...,¢,,...} that is subsequently converted into a Lo = (2.78)
. . Lo . 0‘1 * 0‘2 exp(a3 Lprvedator)
consistent set of realized electivitigs.,e;,...} . Usingsthe
realized electivitiesBAass then calculates the cohort’s realized B, +B, L
. . . 1 2 “~predator
dietary frequencies using L, = (2.79)
B1 + B2 CXp(B3 Lpredator)
a-| el (2.75)
! 1-¢ i ! . "1 + Y2 Lpredator
Lyoie = (2.80)
Y1 * Y, €XP (73 Lpredator)

The important step in this computational processthis  whereq,, o,, ando, are empirical constants describing the fish’s
conversion of the Unadjusted electivities into aicdaealized maximum |ength of preml, BZ! andﬁ3 are empirica| constants
electivities. Although this conversion is sometimesecessary, describing the fish’s minimal length of prey; angdy,, andy, are
it is generally needed to insure that the sum ef dietary  empirical constants describing the mode of thettend prey
frequencies calculated by Equation (2.75) equal®rie can  ingested by the fish. The relative frequendjesf forage fish
verify that the condition that guarante®d, =1 is available to a piscivorous cohort are then caledlatlative to
. the sum of forage fish biomasses whose body leragadoth
E /i greater tharo;, and less thah,,,, minus the biomass of those
=1 1-e¢ prey sizes predicted to be consumed by more efficie
piscivorous cohorts (see Assumption 1).

=1 (2.76)

See Appendix C. When Equation (2.76) is not satisfor a

given set of electivities {..,é,,..} ~ and relative prey when two or more cohorts of a forage spetiEs be consumed
availabilities {...,f;,...} ,BAss transforms the given electivities by a piscivore, the relative frequencies of thasieottss; in the
piscivore’s diet are calculated assuming that giegs follow a

i _ simple triangular distribution defined by Equatiofi.78)
and max(...,¢;,..) into e,<1 . The general form of this through (2.80). For example, l&, andL, denote the body
transformation is lengths of two age classes of spedidhat are prey for the
cohort. IfP; is the triangular distribution function

using a linear transformation that mads= -1 ieje- -1

e, =m(g+1)-1 (2.77)
2 (L, - L)
where 0<m<2max(...,é‘i,...)'1 +1 . Besides insuring that @ ILYL . L)
‘max ‘min 'mode 'min
Xd =1, this transformation also preserves the relative P;= 2 (L -L) (2.81)
max g for L;> L,
(Lmax _Lmin) (Lmax _Lmode)

for Lij <L,u

preferences represented in the original bas¢.sgi,,...}

Because many studies have shown a strong posdivelation
between the body sizes of piscivorous fish andfdhage fish  the relative frequencies of these two age classti®icohort’s
that they consume (Parsons 1971, Lewis et al. IBfmons et diet are calculated to bes,=d,[P,/(P;+P,)]
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ands.,=d.[P./(P,, + P.)] . If only one age class of a forage and non-predatory mortality is based on the ge irical
i2 i i2 il i2 y g g p y y g

species is vulnerable to the cohort, tlayeﬁ d,

If while calculating the dietary frequencies of &qivorous

cohort BAss predicts that the cohort's available prey is

insufficient to satisfy its desired level of feedjBassreassigns
the cohort’s unadjusted electivitigs..,é, ,...}

simulate prey switching. These reassignments asecban the
following assumption:

ASSUMPTION 3. When forage fish become limiting gi®res
switch to benthic macroinvertebrates or incidené&atestrial
insects as alternative prey. However, piscivorasrtiust switch
to benthos or that routinely consume benthos irtiatidto fish
are less efficient benthivores than are obligatathieores
(Hanson and Leggett 1986, Lacasse and Magnan B@8g@man
and Greenberg 1994). Consequently, only the leftsog€non-
piscivorous benthivores are available to benthiedieg
piscivores. If such resources are still insuffitiem satisfy the
piscivores’ metabolic demands, piscivores are asduiimen to
switch to planktivory (Werner and Gilliam 1984, Meagn 1988,
Bergman and Greenberg 1994). In this case, pisivbave
access only to the leftovers of non-piscivorousktiaores.
Using this assumptiomAss first assigns the cohort’s electivity
for benthos to zero regardless of its previous ezanss also
reassigns any other electivity that does not e€fydb zero.

If benthos becomes limiting for benthivores, orpifinkton
becomes limiting for planktivoresassassumes that benthivores
can shift their diets to include plankton and tstrial insects and
that planktivores can shift their diets to includenthos and
terrestrial insects. See, for example, Ingram artied! (1983).

After BAss has calculated a cohort’s dietary compositiothen
assigns the cohort’s individual realized feedirg edjusted for
prey availability as

Fy= maX( (2.82)

F;,N'Y AB}.]

ej#—l

whereF; is the cohort's maximum individual ingestigndry

wt/fish); Nis the cohort’s population size (fish/ha), @] is the
biomass (g dry wt/ha) of prgythat is available to that cohort.
Using its predicted dietary compositions and realifeeding
ratespAssthen calculates the predatory mortalities for dath
cohort and nonfish compartments.

2.8. Modeling Dispersal,
Mortalities, and Recruitment

Non-Predatory

observation that population densities of most \eetes can be
adequately characterized by the self-thinning pofuection
relationship

N=aw," (2.83)

in a manwer t whereN is the species’ or cohort’s density (fish/ha) 8ds the

species’ or cohort’s mean live body weight (Dani881, Peters
and Raelson 1984, Juanes 1986, Robinson and RetB@k]

Dickie et al. 1987, Boudreau and Dickie 1989, Gerdmd

Duarte 1992, Randall et al. 1995, Dunham and Vihyi897,

Steingrimsson and Grant 1999, Dunham et al. 20Q0jie3

2005). For fish the body weight exponbigienerally varies from
0.75t0 1.5 (Boudreau and Dickie 1989, Grant arahiar 1990,
Gordoa and Duarte 1992, Elliott 1993, Bohlin et E94,

Randall et al. 1995, Dunham and Vinyard 1997, Gedrsl.

1998, Dunham et al. 2000, Knouft 2002, Keeley 2008jger

exponents ranging from 1.5 to 3.0, however, hage &ken
reported (Steingrimsson and Grant 1999). If Equatio83) is

differentiated with respect to time, it immediatéjlows that a
species’ population dynamics can be modeled usiadiine-

varying, linear differential equation

(2.84)

where y=Ww'1 aw,/dt is the species’ specific growth rate.
Consequentlyhy corresponds to the cohort’s total mortality rate.
Readers interested in detailed discussions comuprtiie
underlying process-based interpretation and geapicability

of this result should consult Peterson and Wrohite@984),
McGurk (1993, 1999), and Lorenzen (1996).

Because Equations (2.83) and (2.84) encompassothertts
predatory mortality, non-predatory mortality, ansjersal, and
becauseassseparately models the cohort’s predatory mortality
BASs assumes that the cohort’s combined rate of diap@ti)
and non-predatory mortalitiiM) is simply a fractiom of by. In
particular,

EM+NM=8byN (2.85)

If community population dynamics are strongly doated by
predation, the fractiod will be “small” (e.g.,6 < 0.5) for forage
fishes and “large” (e.gé,> 0.5) for predatory species. However,
if community population dynamics are dominated pdrsal
mechanisms related to competition for food, spacepther
limiting community resource, the fractiémwill be large for both
forage and predatory species alike.

BASS estimates a species’ recruitment by assuming é¢hah

The algorithm thasassemploys to simulate a species’ dispersalSpecies turnsover a fixed percentage of its patesgiawning
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biomass into new young-of-year (YOY). This perceptds



referred to as the species’ reproductive biomagstmenti(i).
The species’ spawning biomass is defined to btothébiomass
of all cohorts whose body lengths are greater traegual to a
specified minimum valuetl(;) marking the species’ sexual
maturation. When reproduction is simulated, theybeelight of
each sexually mature cohort is decreased by itamthithe total
number of YOY that are recruited into the populatis a new
cohort is estimated by simply dividing the specie&l spawned
biomass by the species’ characteristic YOY bodyghvei
Although this formulation does not address the atyof factors
known to influence population recruitment, it isgically
consistent with the spawners’ abundance model fen f
recruitment. See Myers and Barrowman (1996) and rMye
(1997).

2.9. Modeling Habitat Effects

Although BAsSs does not explicitly model physical habitat
features of the fish community of concern, it dakkew users to
specify habitat suitability multipliers on the feegl, reproduction

/ recruitment, and dispersal / non-predatory mibytédr any or
all species. Because these multipliers are assurbetie
analogous to subcomponents of habitat suitabilitjces, they
are assumed to take values from O to 1. If thed&ptiers are
not specified by the usesass assigns them the default value of
1.

When feeding habitat multiplier$iGl..q,y are specifiedBAss
uses the specified parameters as simple lineaipineds on the
fish’'s maximum rate of ingestion, i.e.,

F (habitat) = HSI, F;

Jeeding

(2.86)

The resulting adjusted maximum feeding rate thetaoesF,;

in Equation (2.82). These multipliers are assurnadddify the
fish’s ability to perceive or to intercept preyhat by effecting
the fish’s reactive distance, foraging patterns;. air by
providing modified refuges for its potential preiabitat
interactions that actually change the abundanpetehtial prey
should not be specified as feeding habitat mudtiglsince these
interactions are automatically addressed by therilgns
outlined in Section 2.7.

Like the aforementioned feeding habitat multipljesss uses
any specified recruitment habitat multiplietdS,qciuimen @S
simple linear multipliers on the number of youngyefr that is
recruited into the species population, i.e.,

N, (habitat) = HSI N,

recruitment = 0

(2.87)

These multipliers can represent either the avditgloif suitable
spawning sites or the ability of the otherwise ssstul spawns
to result in the expected numbers of young-of-ysadiscussed
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in Section 2.8.

Finally, when habitat multipliersHSL,....) are specified for
dispersal / non-predatory mortality, the specifiedues are
assumed to dynamically control the species satiihg
exponenb (see Section 2.8) such that the exponent is marimu
for HSI____ =0 and minimum foHSI 1 . Thus, as habitat

survival ~— survival
suitability decreases, dispersal and non-predatooytality
increases, and vice versa (see Equation (2.85hetimeen this
range the species self-thinning exponent is assumezspond
linearly to changinddSl, ., i-€-,

b(habitat) = (1 ~ HSL, ...} (B

_bmi.n)+b i

min

(2.88)

Because constructing the aforementioned habitaaltsliy
multipliers in a general or standard way is notidal issue,
BASsrelegates their construction to the user. Nevégtiseusers
might consider several obvious starting points wéiemulating
habitat effects usingass. Turbidity, for example, is known to
affect the foraging abilities of both prey and @ty fishes, and
one could readily use results of published studies.,
Vandenbyllaardt et al. 1991, Barrett 1992, Gregt893,
Gregory and Northcote 1993, Miner and Stein 1998d Rt al.
1999, Vogel and Beauchamp 1999, Bonner and Wil@2 2@e
Robertis et al. 2003, Sweka and Hartman 2003) tonate
feeding multipliers for Equation (2.86) as powendtions or
polynominals of turbidity. Field-based HSI’s ar¢sof estimated
by logistic regression of presence-absence datdoutit
specifying the underlying mechanisms that actud#fermine
habitat suitability for a species. Such HSI's cobklused as
habitat multipliers for species’ recruitment (Eqoat(2.87)) or
persistence/survival (Equations (2.85) and (2.88pending on
the user’'s own interpretation of what the indicesstrikely
represent.

2.10. Modeling Nonfish Compartments

BASS assumes that the nonfish components of a commahity
concern can be treated as four lumped compartmests,
benthos, periphyton/attached algae, phytoplankt@md
zooplankton. These compartments can be treatee@redth
community forcing functions or as bona fide staa€eiables. In
the later case, the required compartmental dynaraies
simulated using the simple mass balance model

dy

dt

IP-R-F-M (2.89)
whereY is the compartment’'s biomass (g dry wifnand the
fluxes g dry wit/rdd IP, R, F, andM are the compartment’s

ingestion or photosynthesis, respiration, mortaditie to fish
consumption, and non-consumptive mortality and etisal,



respectively. Except foF , each of these fluxemdsleled as a
linear function of the compartment’s biomass, i.e.,

IP=¢,Y (2.90)
R=pY (2.91)
M=pY (2.92)

where the rate coefficients (g dry wt/g dry wifq), p, andu are
minimally functions of temperature and time.

For benthos, phytoplankton, and zooplankton that be
conceptualized as populations of organisms posggsanilar
body sizes, the rate coefficientg, p, andu are estimated using
temperature-dependent allometric relationshipsdestribe the
pertinent processes for the individuals comprisitige
compartment of interest. For example, considerfollewing

formulation of benthos consumption. Assuming tﬁgtis the

average dry weight of individuals comprising thenthos
compartment, it follows that the expected denditydividuals
within the benthos compartment is simply

Y

N = —

W, (2.93)
Given that the consumption (g dry wt/d) of the afoentioned
average benthic invertebrate is described by

T ] (- Ty

T,

C=c, w,” exp(c3 T)( 1- (2.94)

it follows that the ingestion of the benthos conypent at large
can be modeled as

IP=CN

T
T.

2

— ¢ e (T, - Ty)
el 1) | L
L d
(2.95)

T

2

Y

— _ & (T,-T)
¢ W,* ! exp(c; T)( 1 ]

:(PddY

Formulating compartmental ingestion, photosynthesiad
respiration using this method not only delineatehjective
procedure to parameterizass, but also yields production
relationships that are consistent with results regabby Plante
and Downing (1989), Stockwell and Johannsson (1,98l
Kuns and Sprules (2000). When estimating p, andp for
benthos, phytoplankton, or zooplankton using thipraach,
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BASS assumes that

T

T,

(2.96)

- P3(T2_Tl)
P=p1de2exp(p3T)( ]

where P is the individual's ingestion, photosynthesis, or
respiration in units of g dry wt/d; arg, p,, ps, T;, andT, are
empirical constants specific to the process ofé#e Although
BASS does not attempt to simulate the average individaey
sizes of benthos, phytoplankton, or zooplankeassdoes allow
the user to vary these parameters as functionmef t

Because periphyton communities are typically comple
amalgamations of filamentous and unicellular algadifficult

to conceptualize this compartment as a populafiarohetypical
individuals and to employ the preceding model patanization
scheme. Consequently, for periphygxss assumes that,,, p,
andp are generally temperature-dependent allometrictions

of the compartment’s biomass, i.e.,

T o @,-T)
Q=0 Y “exp(o,T) 1—7 (2.97)
2
T B (7, - T))
p =B, ¥ Pexp(B, T)( 1- 7] (2.98)
2
8,(T,~T,)
T 32 1
=87 exp(3, T)[ 1 —7] (2.99)
2

The rational for these formulations is based onasumption
that the primary production, respiration, and plolgsinortality
of periphyton communities are generally limitedgir surface-
volume relationships that are implicitly representey these
equations.

Becausep,, is generally much greater thanthe astute reader
will recognize that Equations (2.89) - (2.92) wjredict
unbounded autocatalytic growth for any nonfish caripent
whose predatory mortality and non-predatory maytaispersal
does not precisely balance its intrinsic growtke rdto prevent
such unrealistic dynamicspass internally estimates a
physiologically based carrying capacity for eachnfist
compartment based on its projected daily oxygersaamption
and the community’s prevailing dissolved oxygenteah In
particular, BASS assumes that compartmental oxygen
consumption cannot exceed the dissolved oxygenenbnt
corresponding to the difference between the comtyiani
prevailing dissolved oxygen concentration (DOC) aaua
assumed hypoxic threshold of 4 mg, @.. When the
compartment’s daily oxygen consumption is preditteeixceed
this available dissolved oxygen content, compartaiegrowth



is suspended by equating the
feeding/photosynthesis to its projected respiration

compartment’shemicals also partition into other macromolecatamponents

besides the lipid bilayers of membranes. It is noidely
accepted that partitioning of narcotic agents imgdrophobic

BASS assumes that the rates of chemical bioaccumulation regions of proteins and enzymes inhibit their pbigsjical

nonfish compartments are rapid enough to enableniclaé

concentrations within these components to be catiedlusing

simple bioaccumulation factors. In particular,
C,=BAF,C, (2.100)

whereC, is the chemical concentratiopg(/g dry wt) in the

function either by changing their conformal struetwr by
changing the configuration or availability of theictive sites
(Eyring etal. 1973, Adey et al. 1976, Middleto &mith 1976,
Richards et al. 1978, Franks and Lieb 1982, 1984y Et al.
1985, Lassiter 1990). In either case, howeverjdba that the
presence of narcotic chemicals increases the miykinensions

compartment of concerreass enables users to specify the of various physiological targets to some “critiwgalume” that

bioaccumulation factdBAF,; (ml/g dry wt) for Equation (2.100)

either as an empirically derived constant, as antifaéive
structure activity relationship (QSAR), or as tlaia of the

chemical's uptake rate to the sum of its excretate and the

renders them inactive is fundamental (Abernethglefl988).
Consequently, narcotic chemicals can be treategkasralized
physiological toxicants, and narcosis itself carcbesidered to
represent baseline chemical toxicity for organishithough any

compartment’s growth rate. WhBAF, is specified as a QSAR, particular chemical can act by a more specific mofdaction

BASS assumes that

b
BAF,.= b, K’ (2.101)
whereb, andb, are empirical constants. WhBAF, is specified
by the compartment’s chemical exchange rates amdthmrate,
BASS assumes that

ky ky
BAF,, - -
Kty kK +y

(2.102)

wherek,, k,, andy are the rates of uptake, excretion, and growth

respectively, by individuals comprising the compant; and

is the compartment’s thermodynamic bioconcentrdtotor that
is defined analogously to Equation (2.7). For lettephs,
Equation (2.102) assumes that direct chemical eptakd
excretion with the ambient water are dominant dkierdietary
uptake and fecal excretion of the organisms of eandlthough
this assumption is not satisfied for all benthic pteinktonic

heterotrophs, it does bypass the need to speafyirig rates,

assimilation efficiencies, and dietary compositiorier
compartments that are actually mixed functionalugso For
further discussions of Equation (2.102) and itsegalization,
readers should consult Connolly and Pedersen (1988jnann
(1989), and Arnot and Gobas (2004).

2.11. Modeling Toxicological Effects

Narcosis is defined to be any reversible decregghkyisiological

under acute or chronic exposure conditions, aloigchemicals
can be assumed to act minimally as narcotics (Bemu939,
McCarty and Mackay 1993).

Studies have shown that for narcotic chemicalsethisra
relatively constant chemical activity within expdserganisms
associated with any given level of biological aityiyFerguson
1939, Brink and Posternak 1948, Veith et al. 198R)is
relationship holds true not only for exposures tcsiagle
chemical but also for exposures to chemical mixurethe case
of a mixture of chemicals, the sum of the chemécdivities for
each component chemical is constant for a giverl led
biological activity. Because narcotic chemicals barireated as
generalized physiological toxicants as already ahoiteshould
not be too surprising that the effects of mixtuséshemicals
possessing diverse specific modes of action noy often
resemble narcosis but also appear to be addititesrnms of their
toxic effects (Barber et al. 1987, McCarty and Mack993).
For example, although most pesticides possesscifispaode
of action during acute exposures, the joint actibpesticides is
often additive and resembles narcosis (Hermanuét. 61985,
Matthiessen et al. 1988, Bailey et al. 1997).

BASS simulates acute and chronic mortality assuming tie
chemicals of concern are an additive mixture ofcolcs.
Because this assumption is the least conservasimgption that
one could make concerning the onset of effects,tatitbes
predicted bysass should signal immediate concern. When the
total chemical activity of a fish’'s aqueous phageeeds its

function that is induced by chemical agents. Begdlus potency calculated lethal thresholdass assumes that the fish dies and

of narcotic agents was originally found to be clatiesd with their
olive oil / water partition coefficients (Meyer 1890verton
1901), it was long believed that the principal nsdbm of
narcosis was the disruption of the transport fumstiof the lipid
bilayers of biomembranes (Mullins 1954, Miller ét 2973,
Haydon et al. 1977, Janoff et al. 1981, Pringkd.€1981). More
recently, however, it has been acknowledged thatotia
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then eliminates that fish’s age class from furt@mnsideration.
The total chemical activity of a fish’s aqueousgdhis simply the
sum of the fish’s aqueous phase chemical activgty dach

chemicalBAasscalculates the aqueous phase chemical activity of

each chemical using the following formulae



Aa:YaMa
c, ¢ (2.103)

a

103 MW 103MWKf

whereA, is the chemical’'s aqueous activity;is the chemical’s

aqueous activity coefficient (L/mol), the reciprbcd its sub-
cooled liquid solubilityM, is the chemical’s molarity within th

e

aqueous phase of the fish; adilV is the chemical’s molecular

weight (g/mol).

BASS estimates the lethal chemical activity threshad dach
species as the geometric mean of the spetiag, i.e., the
ambient aqueous chemical activity that causes 5@%atity in
an exposed population. These lethal thresholdsa@rlated

using the above formulae with user-specifigtl's substituted

for C,. These calculations are based on two importan

assumptions. The first assumption is that the exgosime

associated with the specified,, is sufficient to allow almost

complete chemical equilibration between the fisth e water.
The second assumption is that the speclfiég is the minimum

LC,, that kills the fish during the associated exposnterval.

Fortunately, most reliableCy,'s satisfy these two assumptions.

See Lassiter and Hallam (1990) for a comprehensivdel-
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based analysis of these issues.

Three points should be mentioned regarding theabpproach
to modeling ecotoxicological effects. First, for roatic
chemicals this approach is analogous to the taxitcapproach
for evaluating the toxicity of mixtures (CalamarichAlabaster
1980, Kdénemann 1981a, b, Hermens and Leeuwangh, 1982
Hermens et al. 1984a, Hermens et al. 1984b, Braslarid Kahl
1985, Hermens et al. 1985b, Hermens et al. 1988ankins et
al. 1985a, Dawson 1994, Peterson 1994). Secondpitr®ach
is also analogous to the critical body residue (CBRU total
molar body residue (TBR) approaches proposed bydvtg@nd
Mackay (1993), Verhaar et al. (1995), and van Ledral.
(1997). Lastly, although sublethal effects are pogsently
modeled byBASS, BASSs simulation results can be used to
indicate when sublethal effects that are inducednhascotic
pgents would be expected to occur. Results repbytétermens
et al. (1984b) indicate that fRraphniathe ratio of the Eg; for
reproductive impairment to the L{s generally on the order of
0.15 - 0.30 for chemicals whose log Kange from 4 to 8. For
individual growth inhibition, however, the mean E@® LC;,
ratio for Daphnia in 16 day chronic exposures was
approximately 0.77 (Hermens et al. 1984a, Hermdnal.e
1985b). Also see Roex et al. (2000).



Table 2.1Summary of the notation used for model developrezaluding empirical parameters describing fundaaien
model processes, rates, or rate coefficients.

A, chemical activity in aqueous fraction of the fislinfensionless)
A, assimilation rate (g dry wt/d)

B chemical burden in whole fish (ng/fish)

BAF,; bioaccumulation factor for nonfish prey (ml/g dr) w
chemical concentration in aqueous fraction of tkle fg/ml)
chemical concentration in aqueous fraction of ies contents (ng/ml)
Cy  chemical concentration in bulk interlamellar we(ieg/ml)
chemical concentration in egesta/feces (pg/ml)

G chemical concentration in whole fish (ug/g wet wt)

Cs Cchemical concentration in dry organic fractionmtestinal contents (Lg/g dry wt)
C chemical concentration in lipid (pg/g dry wt)

. chemical concentration nonfish prey (pg/g dry wt)

chemical concentration in non lipid organic mafteg/g dry wt)
chemical concentration in prey (ug/g wet wt)

chemical concentration in environmental water (p/m
oxygen concentration in environmental water (Lg/ml)
interlamellar distance (cm)

the relative frequency of preyn a fish’'s diet (dimensionless)
aqueous diffusion coefficient (éra)

the electivity prey in a fish’s diet (dimensionless)

egestive rate (g dry wt/d)

egestive rate (g wet wt/d)

EM emigration/dispersal (fish/ha/d)

EX excretory rate (g dry wt/d)

the relative frequency of preyn the field (dimensionless)

maximum feeding rate (g dry wt/d)

F, feeding rate (g dry wt/d)
F, feeding rate (g wet wt/d)
G mass of gut contents (g dry wt/fish)
h height of secondary lamellae (cm)
HSleqing habitat suitability index for cohort feeding (dinsionless)
HS|..uimen: Nabitat suitability index for YOY recruitment (densionless)
HSl,iva habitat suitability index for cohort survival (eensionless)
Jy  biotransformation of chemical (ng/s)
net chemical exchange across the gills (ug/s)
net chemical exchange across the intestine (ug/s)
apparent elimination rate coefficient (ml/g wetoyty wet wt/g wet wt/d, or 1/d), i.ek, = (y + k,, + k,))

‘]g
J
k,
k, chemical biotransformation rate coefficient (ml/gtwwt/d, g wet wt/g wet wt/d, or 1/d)
k. chemical excretion rate coefficient (ml/g wet wigdwet wt/g wet wt/d, or 1/d)
Ky
K
Ke

©

0000

e}
N

mme gf e

overall chemical conductance across the gill frominterlamellar water to the aqueous blood (cm/s)
chemical conductance through the gill membranegrm/
partition coefficient for fecal matter (ml/g wet)wt

‘ thermodynamic bioconcentration factor (ml/g wet wt)

| partition coefficient between generic lipid andt@aml/g dry wt)

partition coefficient between non-lipid organic teatand water (ml/g dry wt)

partition coefficient between organic carbon andewéml/g dry wt)

partition coefficient between n-octanol and watel/ifnl)

lamellar length (cm)

fish’s body length (cm)
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chemical molarity in aqueous fraction of the fiso{/L)
population density (fish/ha)

Graetz number (dimensionless)ID{/(V r?)
Sherwood number (dimensionless)kz )/D
non-predatory mortality (fish/ha/d)

aqueous or moisture fraction of whole fish (g watevet wt = ml/g wet wt)
aqueous or moisture fraction of feces/egesta (gnvgatvet wt = ml/g wet wt)

aqueous of moisture fraction of prey/food (g watevét wt = ml/g wet wt)
dry fraction of feces/egesta (g dry wt/g wet wt)

dry fraction of prey/food (g dry wt/g wet wt)

dry fraction of whole fish (g dry wt/g wet wt), i,eP,=(1-P)=(P,+P,)
lipid fraction of whole fish (g dry wt/g wet wt)

non-lipid organic fraction of whole fish (g dry gtivet wt)
predatory mortality (fish/ha/d)

ventilation volume (cris)

hydraulic radius of interlamellar channels (cnm®,,ir = 0.5 d
routine respiratory rate (g dry wt/d)

oxygen consumption rate (mg/®or g Q/d)

specific dynamic action (g dry wt/d)

total gill surface area (cin

temperature (Celsius)

average velocity of interlamellar flow (cm/s)
weight/volume of fish’s aqueous phase (g waterfismi/fish)
weight of fish (g dry wt/fish)

weight of fish’s lipid phase (g dry wt/fish)

weight of fish’s nonlipid organic phase (g dry \eif)

weight of fish (g wet wt/fish)

cross sectional pore area of the gill ftm

assimilation efficiency of chemical (dimensionless)
assimilation efficiency of food (g dry wt assiméatg dry wt ingested)
oxygen assimilation efficiency of the gill (dimeosless)
specific growth rate (g wet wt/g wet wt/d), i.¢.5 Ww'1 aw,,/dt
chemical aqueous phase activity coefficient (L/mol)
aqueous phase biotransformation rate coefficieif (1
specific feeding rate (g dry wt/g dry wt/d)

specific feeding rate (g wet wt/g wet wt/d)

solution viscosity (poise)

molar volume (crfimol)

lamellar density (lamellae/mm)
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Figure 2.1First eigenvalue and bulk mixing cup coefficiemt Equation (2.28) as a

function of gill Sherwood number and ventilatiopeffusion ratio.
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Figure 2.2 Second eigenvalue and bulk mixing cup coefficfentEquation (2.28) as a

function of gill Sherwood number and ventilatiopeffusion ratio.
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Figure 2.3Functional behavior of Equation (2.53)

Pt=EXP(0.1+T)+(1—t,/36)01%(t1-36) pt=EXP(0.2+T)*(1—t,/36)02*11-36)

PE=EXP(0.3+T)#(1—~t,/36)*341~36) PH=EXP(0.4+T)+(1—t,/36)04*(t-96)
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3. Model Parameterization

Because reliable application of a model depend®nliyton
the validity of its formulation but also on its paneterization,
important aspects regarding the parameterizatiopagf's

bioaccumulation and physiological algorithms arscdssed
below.

3.1. Parameterizing K

Superficially, estimation of a fish’s thermodynamic
bioconcentration factoK; via Equation (2.7) appears to
require a great deal of information. This task, beer, is
much simpler than it first appears. For exampleggia fish’s
lipid fraction (see Equation (2.56)), it is a sgtatforward
matter to calculate the fish’s aqueous fractiomgigiquation
(2.55). Having done so, one can then immediatétytate the
fish’s non-lipid organic fraction sinde, P,, andP, must sum
to unity (i.e., Equation (2.57)).

For an organic chemical, the partition coefficieltandK,
can be estimated using the chemical’s octanolémgsrtition
coefficientK . Although triglycerides are the principal storage
lipids of fish and it would seem reasonable tomateK, using

a triglyceride / water partition coefficiergass assumes that
K, equal¥K,, To estimatd,, BASSassumes that a fish’s non-
lipid organic matter is equivalent to organic cartzmd uses
Karickhoff's (1981) regression between the orgagihon /
water partition coefficient,) and K, to estimate this
parameter. Specifically,

K, =K, =0411K , (3.1)

For metals or metallo-organic compounds such as
methylmercury, the chemical’s lipid partition caeiéntK, can
again be assumed to equal its octanol / water tiparti
coefficientK,,. A metal’'s distribution coefficient into non-lipid
organic matter, however, cannot be estimated usiad,,
relationship of Equation (3.1). For example, wheréeeK,,,
of methylmercury at physiological pH’s is approxiels 0.4
(Major et al. 1991), its distribution coefficientnto
environmental organic matter is on the order of 10¢°
(Benoit et al. 1999b, Benoit et al. 1999a). O’Loliglet al.
(2000) report similar differences for organotin qarunds.
Whereas distribution coefficients for metals intodl matter
generally should be assigned values comparablmsetused
to model the environmental fate and transport ofaisg
distribution coefficients for metals into the ndpid organic
matter of fish should be assigned values 10 taib@s higher
to reflect the increased number and availabilitgafhydryl
binding sites.
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3.2. Parameters for Gill Exchange

To parameterize the gill exchange model, the fisbial gill
area §, cnt), mean interlamellar distance ¢m), and mean
lamellar length I( cm) must be specified. Each of these
morphological variables is generally assumed to doe
allometric power function of the fish's body weighe.,

S,=s5, W, 3.2)
d.

d=dw,* (3.3)

I=1 W, (3.4)

Although many authors have reported allometric ficiehts
and exponents for total gill surface area, coedfits and
exponents for the latter two parameters are selaiable.
Parameters for fish’s mean interlamellar distammeyever,
can be estimated if the allometric function for tensity of
lamellae on the gill filamentg, (number of lamellae per mm
of gill filament), i.e.,

p=p, W, (3.5)
is known. Fortunately, lamellar densities, likeataill areas,
are generally available in the literature. See Ba(2003).
BASS estimatesl; andd, from p, andp, using the interspecies
regression (n = 28, r =-0.92)

d=0.118p71° (3.6)

To overcome the scarcity of published morphometrics
relationships for lamellar length®Ass uses the default
interspecific regression (n =90, r = 0.92)

0.294

1=0.0188 W, (3.7)

Both of the preceding regressions are functiongdassions
rather than simple linear regressions (Rayner 1986sen
1986); the data used for their development arentdiam

Saunders (1962), Hughes (1966), Steen and Ber)1196iir

and Brown (1971), Umezawa and Watanabe (1973)s@atl
Barel (1980), and Hughes et al. (1986).

To calculate lamellar Graetz and Sherwood numimrss
estimates a chemical’s aqueous diffusivity s using the

empirical relationship,
D =2.101x107 714 y7058 (3.8)

where n is the viscosity (poise) of water; andis the
chemical’s molar volume (cttmol) (Hayduk and Laudie



1974). The diffusivity of a chemical through th# giembrane
that is needed to estimate the membrane’s pernitgabjlis
then assumed to equal one half the chemical's agueo
diffusivity (Piiper et al. 1986, Barber et al. 19&8ickson and
McKim 1990). The other quantity needed to estinkais the
thickness of the gill's epithelial layer. Althougbrevious
versions ofBASS assumed a constant water-blood barrier
thicknessf§,) equal to 0.0029 cm for all fish speciesassnow
uses the interspecies allometric relationship

B, = 9.17x107° w,>*" (3.9)

to estimate this parameter (Barber 2003).

To calculate ventilation / perfusion ratiBass estimates the
ventilation volumes (ml/hr) of fish from their oxgg
consumption rates assuming an extraction efficiedidy0%
and a saturated dissolved oxygen concentratiorgaation
(2.12)). Perfusion rates (ml/hr) are estimatedgisin

0,=(023T-0.78)1.862 W, (3.10)

as the default for all species. Although this ezpi@n, in units
of L/kg/hr, was developed by Erickson and McKimg0®for
rainbow trout Oncorhynchus mykisst has been successfully
applied to other fish species (Erickson and McK#8d, Lien
and McKim 1993, Lien et al. 1994).

The eigenvalues and bulk mixing cup coefficientsdwesl to
parameterize Equation (2.28) are interpolated gy by
BASS from matrices of tabulated eigenvalues and mixing
coefficients that encompass the range of Sherwooaprs
(i.e., 1<Ng,<10) and ventilation / perfusion ratios (i.e., Q<
1 Q, < 20) that are typical for fish (Hanson and Jokart70,
Barron 1990, McKim et al. 1994, Sijm et al. 1998&e
Figure 2.1andFigure 2.2 of the previous chapter.

3.3. Bioenergetic and Growth Parameters

Parameterization of the physiological processed bgeass

to simulate fish growth generally poses no spgmiablems
since the literature abounds with studies thathleansed for
this purpose. TheassData Supplement summarizes literature
data that have analyzed to date for useAss.

3.4. Procedures Used to Generate theass
Database

BASSs database for fish ecological, morphological, and
physiological parameters is generated by its owntr&o 95
software program. This program not only decodestfanal
expressions f@assmodel parameters that have been reported
in the literature but also calculates its own regi@ns using
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data reported in the literature. Each species wittéBASS
database is assigned its own data file whose namesponds
to its genus and species. Thus, all literature datd
regressions pertaining to largemouth bass are d¢edipio the
BASS database filemicropterus_salmoides.dat iterature
regressions are entered irgass database files using the
functional syntax outlined in chapter sections3\.3.4.1, and
4.4.2 herein. Except for this syntax, all literatuegressions
are recorded as reported; any required units ceiorey are
performed by th@ass database generator.

When literature regressions are not equivalemgdunctional
forms used bgass, and their associated primary data are not
reported, synthetic datasets are generated to astithe
needed parameters. For example, when a fish's oxyge
consumption does not exhibit a temperature optimaaas
assumes that this parameter is given by

so[mg(02)/hr] = a W[g]® exp(c *t[celsius])  (3.11)
or equivalently
log so[mg(02)/hr] = (3.12)

loga + blog W(g] + c t[celsius]

Although many researchers use similar expressreport a
fish’'s oxygen consumption, some researchers uderiction

so[mg(02)/hr] = a W[g)® t[celsius]® (3.13)
or equivalently
log so[mg(02)/hr] = (3.14)

log a + blog W[g] + clog t[celsius]

When such power functions of temperature are erieoen,
synthetic datasets of “observed/predicted” oxygen
consumption are generated using the reported @gresfor
the reported range of body weights and temperatiifesse
synthetic data are then refitted to Equation (3.11)

A similar procedure for generating synthetic dataiseused to
convert the temperature-dependent functions (Kitateal.
1977, Thornton and Lessem 1978) employed by thelwid
used Wisconsin Bioenergetics Fish Model (Hansoralet
1997) into the hyperbolic Arrhenius formulation ased by
BASS.

Although theBAss database generator performs most of its
parameter estimations using univariate statisticerdinary
linear least-squares regression analysis as apatepr
nonlinear least-squares regression analysis istosestimate
specific growth rates and physiological functidmsttare to be
fitted to BASSs hyperbolic Arrhenius formulation. In these
latter instancesASS's database generator uses the NL2SOL
Fortran 90 software that solves nonlinear leastszgl



problems using a modified Newton’s method with giial
Jacobians and a secant updating algorithm to camiinet
required Hessian matrix. See Dennis et al. (1981).

Estimation of Specific Growth Rates

BASS uses specific growth rateg £ W dw/dt) not only to
estimate a cohort's rate of dispersal and non-poega
mortality (see Equation (2.85)) but also as a patamby
which a cohort’'s expected ingestion rate can bek-bac
calculated, if desired. Estimating specific grow#tes for
BASS, however, obviously depends on the underlying rhode
used to describe the fish’s expected growth ratauhycs (i.e.,
dw/dt). Selecting an appropriate growth model for usé¢hiey
BASs simulation software, like most model selectionaswot

a trivial issue since over the past 50 years at fear different
models (i.e., von Bertalanffy, Richards, Gompeate] Parker-
Larkin models) have become standard tools for ateraing
the growth of fishes. See Ricker (1979) for a dedhi
discussion of these models and other less commasey
models.

According to the von Bertalanffy model, a fish’©gth rate

is the simple mass balance of anabolic processdsatie

directly proportional to the fish's surface ared afcatabolic

processes that are directly proportional to th&'didody

weight. Consequently, the fish’'s growth dynamics ar

governed by the following differential equation
dWw 2/3

=W, -pW.
dt(Pw P,

(3.15)

whereg is the fish’s rate of feeding and assimilationg ans
the fish’s total metabolic rate. Assuming isomegriawth (i.e.,
W,, = AL®), this model is also equivalent to

ar _p

dt 3("""x

wherelL is the fish’s body length; arg,, = ¢ / (p A*?) is the
fish’'s “maximum” body length that is obtained byttse
Equation (3.15) to zero. For further discussior,Rarker and
Larkin (1959) and Paloheimo and Dickie (1965).

- L) (3.16)

The Richards model (Richards 1959) is a generaizaf the
von Bertalanffy model that relaxes the assumptfasoonetric
growth and strict proportionality between a fish's
feeding/assimilatory processes and its absorptiface areas.
In this model, the fish’s feeding is simply assuntede a
power function of its body weight. The fish’s gréwis then
described by the differential equation

W
Y=o, W, -pW,

3.17
o oW, (3.17)
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Although the von Bertalanffy and the Richards medgipear
to have strong physiological foundations, a critio@alysis of
the parameters of these models casts doubts omssettions.
One particular point of contention is the assumptioat a
fish’'s metabolism (i.e., respiration and excretignyirectly
proportional to its body weight. Although this asgtion is
certainly satisfied or closely approximated for sofiish
species, most fish species have metabolic deméadsate
best described as power functions of their bodygitsi
Consequently, from a purely physiologically-based
perspective, a better anabolic-catabolic procesteirfor fish
growth would be

dWw P2 P2

= S e e, (3.18)
See Paloheimo and Dickie (1965). Unlike the vort&anffy
and Richards models, however, this model genedakls not
have a closed analytical solution. Furthermore, nwhes
model is fit to observed data, there is no a pgadrantee that
the fitted exponents will actually match expecthggiological
exponents unless the analysis is suitably congtrlain

In light of these criticisms, simpler empirical gith models
may be more than adequate for most applications. Siveh
models that have proved useful in this regardreg&tompertz
and Parker-Larkin models. Both of these modelsraeaded
to describe the growth of fishes that decreasdstivit age or
size of the individual. Whereas the Gompertz mddstribes
fish growth by
aw,

—> =g exp(-g,0) W,

- (3.19)

the Parker-Larkin model (Parker and Larkin 1959y
assumes that

3.20
=W, (3.20)

where the exponeffitis less than 1.

Although each of the aforementioned models carrideseery
different growth trajectories, much of the discossi
surrounding their use has focused on whether thdetao
predict asymptotically zero or indeterminate gro®arker
and Larkin 1959, Paloheimo and Dickie 1965, Kniya68,
Schnute 1981). Although growth rates of individigi almost
always decrease with increasing age or body sizegh
(1968) argued that the traditional notion of asyatipally zero
growth is seldom, if ever, supported by studiegd theve
focused on actual growth increments rather thaizenat-age.
Because the Parker-Larkin model is the only moddired
above that assumes fish growth is fundamentally



indeterminate, and because the Parker-Larkin noboked not
rely on the a priori assumption that fish respinatis a linear
function of their body weight as does the von Barifly and
Richards models, this model is used exclusivelgAsswhen
needed.

Three basic types of data have been traditionadlgduto
calculate fish growth rates; these are: 1) lendtlage or
capture, 2) back-calculated length at age for $igeage
classes sampled over multiple years, and 3) backdeted
length at age for specific year classes or cohdtek-
calculated body lengths for the latter two dataetymre
generally calculated by regression using measuredth
increments of body scales, otoliths, pectoral spioe other
“hard” structures. Whereas for a length at age s#ditaach
individual fish contributes only one observatione(ji its
current length), each individual fish contributetsnae series
of body lengths for both of the remaining typegmiwth data.

To estimate specific growth rates for fish, bodygiihs at age
that have been reported in the literature, whetbhack-

calculated or not, are converted into live bodyghes using
weight-length regressions that were reported blyeeithe

study of interest or other published sources. Extuoh live

body weights are then fit to the analytical solati®arker-
Larkin growth model,

aw,
di

(3.21)

w

=YW, = (gl Ww_gz) /4

using the NL2SOLV nonlinear optimization softwaréhe
explicit solution of the Parker-Larkin growth model any
time interval {, t] is

W,0) = g6, 1) + W,0,)%]"®

However, because this expression is discontinubgs=a0,
the growth parametegs andg, are actually obtained by fitting
calculated body weights to the equivalent expressio

Ww(t) - [gl exp(b) (f - to) + Ww(to) eXP(b)] 1/exp(d) (3_23)

(3.22)

whereg, = exp p).
Estimation of Hyperbolic Arrhenius Functions

When a fish’s daily rate of maximum food ingestiptankton
filtration, gastric evacuation, respiration, orgth exhibits a
temperature optimum, theass database generator fits the
process’s actual or synthetic data to the hypechiihenius
function

P=p, W‘,,pzexp(p3 T) 1-—

T,

(3.24)

T ]Ps(Tz'Tl)
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TheBass database generator also fits actual or synthatiz d
regarding satiation meal size and feeding timesat@tion to
the above equation when these feeding parametdiibitex
temperature optima. Testing of the initial NL2SOhsbd
procedure developed to estimate the parametergudti®n
(3.24) revealed that the convergence performanie BEOL
could be greatly improved by reconfiguring Equati®r24) as

T (3.25)

+8% -
P=p, Wf’exp(PsT)(l——T ]pa(T”’"‘ #7)

whereT, . is the maximum temperature of the dataset being
fitted, and, thereforel, =T, _+ & . Because estimation of

nonlinear parameters are frequently sensitivedi thquired
initial estimates, a three-step procedure was deed to
estimate the parameters for Equation (3.25).

The first step in this procedure estimates a mealy veight
exponenp, by using repeated linear least-squagesssions

logP, = p, logW, , +p,, (3.26)

on data subsets whose maximum range of temperasuess
than 3 Celsius.

The second step of the procedure then uses NL2®0OL t
estimate the parameters of the reduced model

ﬁ:%:plexp(mT) 1-
w

(3.27)

T Ps(Tm+52'T1)
max * 82

To estimate these parameters, multiple sets ofialinit
parameters are sequentially supplied to NL2SOL, ted
parameter set that produces the smallest sum stfdgaares
is used in the third and final step in the estiorafirocess.

Initial parameter estimates for Equation (3.27) geeerated
by first fitting the cubic polynomial

P=pT+p,T* + p,T + P, (3.28)
using ordinary linear least-squares techniquest@rhperature
T, corresponding to the local maximum of the abovkeicu
polynomial, i.e.,

dP . . .
ar = 31’3Te2 +2p,T,+p, =0 (3.29)
TE
d*p . .
| T 6p,T, +2p, <0 (3.30)

Te

is then assigned as the process’s optimum tempergtdor



each set of initial parameter values. Initial esties fors are
then assigned assuming that the fish’'s upper ‘@oiez”
temperature corresponds to equidistant temperatittgs the
interval

T <T, <43 (3.31)
Initial estimates of the process’s temperaturefaentsp, are
similarly assigned as equidistant values withinittierval

0.05 < p, < 0.75 (3.32)

Having assigned initial estimates f@g, T,, and§, the
process’s rate al, = 0 is finally assigned as the back-
calculated mean

1 ¢ P
==Y

n i exp(pyt)(1-1,/T) """

(3.33)

In the third and final step, the results of stepantl 2 are
supplied to NL2SOL as the “best” initial estimaiafsthe
parameters for Equation (3.25). From this step, fthal

parameters for Equation (3.24) are determined.

Table 3.1 summarizes the results obtained using the
aforementioned procedure to estimate maximum daily
consumption and maximum meal size for a varietstoflies
reported in the open literatur&able 3.2 summarizes the
results of converting the maximum daily consumption
functions used by the Wisconsin Bioenergetics Madtd
their “equivalent” hyperbolic Arrhenius forrRigure 3.1and
Figure 3.2display selected results frohable 3.2

Readers interested in obtaining the Fortran 95muimes used
to implement this procedure can do so by simplyesting
this code from the author.

3.5. Suggested Calibration Procedures
Calibrating Fish Growth Rates

Because Equations (3.21) and (3.22) do not exiyladcount
for either reproductive losses or temperature-deégen
growth, growth rates estimated by these equatiensrglly
should be calibrated for the application at hanénvbhack-
calculating fish ingestion rates from estimatednghorates.

Having estimated a long-term average growth rate
Y=g, W, " (3.34)

for a species of interest, the calibration procedieveloped
for BAss assumes that the fish’s specific growth coeffitgn
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is actually an exponential function the fish’s aemttiwater
temperature that, in turn, is assumed to be agidalfunction
of the time of year. In particular,

8, =8, exp|g, (T, +asin(Br + 0))] (3.35)

where g, = 0.1In(Q,, ;) defines the fish’s Qrelationship

for growth; T, is the mean annual water temperature
experienced by the fish; ang B, andw are the coefficients
describing the amplitude, frequency, and phasd ehithe
water temperatures experienced by the fish, respdct
Under this assumption a fish’s growth is therefiescribed by

dw. -
Ttw = {go w, % exp|g, (T, +asin(Bs + m))]} W, (3.36)

If t,is the day that the species’ young-of-year arsuitsd into
the population, anthis the integer age in years when the fish
becomes sexually mature, it then follows that a'sigre-
spawn body weight at the time of its first repraiitutis given

by
W, (2, +365m)* - W, (t.)* =
i +365m

8,8, f exp[g3 (Tm +asin(Bt + w))]dr

I

(3.37)

However, because the integrand of this equatiam&monic
function possessing an annual period, the precestjngtion
can be simplified to

W, (t, +365m)* - W, (t,) =g, g, mI (3.38)
where
1, + 365
I-= f exp[g3(Tm+asin(B1:+(o))]d1: (3.39)

)

Once fish reach sexual maturity, their underlyingvgh
equation (i.e., Equation (3.36)) is only piecevditerentiable
since fish are assumed to lose a constant fraftipaf their
body weight during spawning due both to gamete petidn
and increased metabolic expenditures associatedh wit
spawning behaviors. ifis the species’ maximum integer age
in years, Equation (3.36) can be integrated betveggrtwo
consecutive spawning events=m,(m +1),...,(n - 1) as
follows

W, (t, +365 (i +1))* -
(3.40)
[(1-0)W, @, +365)|%=g, g, I



W, (2, +365 (i +1))* -
(3.41)
(1-p) W, (t,+365) =g, g, I

wherep =1 - (1 - 6)® . Summing Equations (3.38) and (3.41)
appropriately, it then follows that

W, (2, + 365 n)* +

n-1 (342)
p( Y W, +365 i)g2] -W, ()2 =g, 8, n1

i=m

To calibrate a species growth rate for a particatgplication
using Equations (3.34), (3.39) and (3.42), one mhbsiously
specify the parametersT.( o, B, and ®) describing the
application’s water temperatures and the speciesimum
age @,, =365n ), mean age of sexual maturity (36p

annual spawning times € (t, + 365m),(t, + 365(m+1)),... ),

reproductive/spawning loss constas)t {nitial body weight of
young-of-year fish ¥, (z,) ), body weight of fish at maxim

age (,(t,+365n) ), and the species’ allometric growth
exponent @,). The species’ pre-spawn body weights for

Equation (3.41) can be estimated using Equatid®j3ising
the adjusted allometric growth coefficient

W, (t, +365m)% - W, (£,)%
g = 0 0 (3.43)

gz amax

To demonstrate this calibration procedure, growdtes
estimated for brook trou@lvelinus fontinalisfrom literature
data will how be calibrated for a “typical” Mid-Ashtic trout
stream whose annual temperature regime is assumbd t
given by

T[Celsius] = 10.8 + 8.8 sin(0.0172*¢ + 6.04 ) (3.44)

This temperature function assumes that the streamisial
range of water temperatures is 2 to 19.5 Celshag,April 1
corresponds tb= 0, and that January 15 is the coldest day of
the year. In this stream, brook trout are assumbd tecruited
into the population with an initial YOY body weigbtjual to
0.25 g wet wt/fish and live a maximum of seven gedihe
maximum size attained by these trout is assumée 825 g
wet wt/fish (i.e., =440 mm@L) assuming
Wig] = 0.148 x10™* TL[mm]*>** ). Spawning and recruitment are
assumed to occur on October 30. Sexual maturityashed
when trout attain a total body length of 157 mma.(ibetween
the ages of 2 and 3 years), and the trout’s reftoduloss
constant is assumed to equal 0.2 g wet wt/g wetpatin.
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Finally, the trout's growth ¢ is assumed to equal 2
(i.e., g, =0.069 ). Using data compiled by Carlander (1969),

the BASsS database analysis program estimated the following
specific growth rate for brook trout

-0.455

v =0.0196 7, (3.45)

Calibrating this growth rate to predict with theut's assumed
maximum and YOY body weights and maximum age using
Equation (3.43) then yields

-0.455

y=0.0178W,, (3.46)

When this adjusted growth rate is used to projeetgpawn
body weights for Equation (3.42) using Equatior223, the
specific growth rate of brook trout calibrated feproductive
losses and temperature dependencies is

y =0.0107 W, **

(3.47)
exp[0.069 (10.8 + 8.75 5in(0.0172 £ + 6.04))]

When specific feeding rateg,; g dry wt/g dry wt/d) are back-
calculated monthly using this equation and standahehonid
metabolic relationships (i.e., food assimilatioficéncies,
specific dynamic action (SDA) to ingestion rati@sygen
consumption rates, respiratory quotients (RQ), amdhonia
excretion to oxygen consumption quotients(AO)) asirmed
by Barber (2003), the following allometric regressican be
calculated

-0.205

0,y =0.0251 W, ** exp(0.064 T)

(3.48)
(n=84; 72=0.98)

This regression agrees well with results of SweldHdartman
(2001) who estimated the maximum consumption obkro
trout at 12 Celsius to be

-0.20

0, =0.13 W, (3.49)

Taken together, the proceeding equations imply that
realized ingestion rate of brook trout at 12 Celsitould be
approximately 42% of their maximum ingestion ratéis
result agrees well with that reported by ElliotdaHurley
(1998).

A Fortran 95 executable programreAES CMM_FSHEXE) is
provided with thesAss simulation software to perform the
aforementioned growth calibration procedure andkbac
calculated feeding rate estimation. See Section 5.6

Estimating Initial Conditions

Although most fish surveys typically report onlyheir total



species densities (fish/ha) or total species bisnflag wet
wt/ha), such data can be easily converted Batss initial
conditions if one assumes that the recruitmenngttefor each
cohort of observed population density has beertivelg
constant or has been fluctuating around a long terenage.
To perform this conversiorsasss assumed self-thinning
model Equation (2.84), is first rewritten as

N _ _, aw,
N W

w

(3.50)

This equation can then be reintegrated to obtain

w.,®
W, (t,)

w_ (¢
-bIn v

W, (t,)
A species total population density can then bemeddd by
applying Equation (3.51) to each of its cohorts,, i.

N® =) N,®

n ]I\>7((tt)) =-b ln[
° (3.51)

N(@® = N(,) exp

Ww,i(t)

(3.52)
w,.(t-a) }

N(¢) = E N(t-a,) exp{— bn

whereN;, W;;, anda, denote the density, average wet body
weight, and age, respectively, of ti cohort. Assuming that
each cohort is recruited into the species’ totalysation with
the same initial body weigh®#(, ,(t - a)= W, ) and population
density (V,(t-a)=N, ), the preceding equation can be
simplified to

N(t) = N, Zexp{—b In [WWT(I)” (3.53)

0

If the growth rate trajectories of each cohort halso
remained relatively constant, it follows that anpested
decomposition of a species total population derisity its
component cohort densities would be

Ww,i(ai)
W,

0

N() = N, E exp{— bIn } (3.54)

It also follows that an expected decomposition &fpacies
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total biomass into its component cohort biomassadadvwe
By = E Ww,i(ai) Ni(®)
i
Ww,i(ai)

1 } (3.55)
=N, E w,.(a) expy-b In

0

From Equations (3.54) and (3.55) it should be reabty clear
that given a species total population densily 6r total
biomass B) and given a model for the species body growth
(i.e., Equations (3.21) and (3.22)), one can dtéogwardly
calculate the species’ apparent long term yeasdaength
N,- Having done so, one cannot only estimate theispec
cohort densities but also convert the species! papulation
density into its expected total biomass and viagsae

To corroborate the density-to-biomass conversiatguure
outlined above, a database of studies that havertszp
measured fish densities and associated fish bierasas
compiled from the literature (Miles 1978, Quinn 89&eed
and Rabeni 1989, Ensign et al. 1990, Buynak &08I1, Flick
and Webster 1992, Bettoli et al. 1993, Waters e 993,
Maceina et al. 1995, Mueller 1996, Allen et al. 89Radwell
2000, Dettmers et al. 2001, Pierce et al. 2001 eHabt al.
2004). Reported fish densities were converted éstonated
biomasses assuming evenly spaced self-thinningrexysb
ranging from -0.5 to -1.0 at 0.025 increments. Redumnajor
axis (RMA) regressions were then calculated fohesmsumed
self-thinning exponent. The self-thinning exponeghat
minimized the intercurve area between the calcdI&FA

regression line and the identity relationsBip = B,,  Wwas
-0.825. This regression was
InB, =0.827InB,, -0.0528 (n=512;7r?=0.64)
(3.56)

0.827
B, =0949 B,S

Figure 3.3displays the data for the regression (3.56) aad th
identity relationshipB , = B,

est

In addition to calibrating fish growth rates andcka
calculating feeding rates, the auxiliargass program
BASS CMM_FSH.EXE described in the preceding section
estimates initial body weights and cohort densifiesusers
given a target initial total species density aargét initial total
species biomass. See Section 5.6.



Figure 3.1 Selected results for fitting Equation (2.58) toxineum consumption rates calculated by the algoritiamd parameters used by the Wisconsin Bioenesgdticiel.

Observed data corresponds to the maximum dailyuropson of fish weighing 1, 25, 50, 75, and 100gf wt/fish at seven equally spaced temperaturegdest O Celsius and
the fish’s upper tolerance limit.
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Micropterus salmoides (Fish Bioenergetics Model 8.0)

31

Morone spp. (Fish Bioenergetics Model 3.0)



Figure 3.2 Selected results for fitting Equation (2.58) toxineum consumption rates calculated by the algoritiamd parameters used by the Wisconsin Bioenesgdticiel.

Observed data corresponds to the maximum dailyuropson of fish weighing 1, 25, 50, 75, and 100gf wt/fish at seven equally spaced temperaturegdest O Celsius and
the fish’s upper tolerance limit.
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Figure 3.3 0bserved fish biomass versus fish biomass pretimtecohort self-thinningAss's algorithm.
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Table 3.1Summary of NL2SOL regressions for Equation (3f&tBd to maximum daily consumption rates and satiameal size
reported in the literature.

Species Process o) P, Ps T, T, r?

! Channa argus Cral0/d] 0.00741 052 0425 29.2 513 0.99
2 Coregonus hoyi Cral0/0/d] 0.159 -0.54 0.320 16.8 26.0 0.96
¥ Morone saxatilis Cral0/0/d] 0.000945 0.00 0.708 259 58.7 0.97
4 Morone saxatilis Cral0/0/d] 0.00542 0.00 0455 216 42.1 0.85
® Pomoxis annularis Cral0/d] 0.00213 0.03 1.051 23.1 43.0 0.50
® Salmo trutta CralKcal/d] 0.0100 0.76 0.262 185 21.8 1.00
" Salmo trutta sm[mg(dw)] 1.54 0.69 059 150 293 1.00
8 Salmo trutta sm[mg(dw)] 0.731 0.78 2.000 13.8 67.8 1.00
° Salmo trutta sm[mg(dw) ] 0.843 0.76 2.000 13.6 695 0.99
0 Salmo trutta sm[mg(dw) ] 1.72 0.79 0463 149 241 1.00
1 Salmo trutta sm[mg(dw) ] 0.906 0.80 0437 151 242 0.99
2 Salvelinus alpinus Cra0(dw)/g/d] 0.00123 0.00 0489 165 29.0 0.79
13 Salvelinus confluentus Coad0/0/d] 0.00840 0.00 0.288 140 29.0 0.98
14 Siniperca chuatsi Cra0/d] 0.0267 0.60 0.212 30.3 445 0.99
> Tilapia zillii Ca{o/g/d] 7.300E-07 0.00 2.000 30.6 75.1 0.94

Data sources and notes

! Liu et al. (1998). Rates estimated by regressgsuming no feeding or lethality at 43 Celsius.

2 Binkowski and Rudstam (1994). Rates as reportddbile 1 assuming no feeding or lethality at 26s(Del
% Cox and Coutant (1981). Rates as reported in Tabksuming no feeding or lethality at 43 Celsius.

4 Hartman and Brandt (1993). Rates estimated fragurgil assuming no feeding or lethality at 43 @slsi
® Hayward and Arnold (1996). Rates as reported inlda assuming no feeding or lethality at 43 Cslsiu
® Elliott (1976b). Rates generated by regressiopsrted in Table 2.

" Elliott (1975). Data as reported in Table 4 Raetis

8 Elliott (1975). Data as reported in Table 4 fydropsyche

° Elliott (1975). Data as reported in Table 4 foirechomids.

10 Elliott (1975). Data as reported in Table 4 foramerms Tenebrio molitoy.

" Elliott (1975). Data as reported in Table 4 fdgothaetes.

2 arsson and Berglund (1998). Rates as reportd@alite 1 assuming no feeding or lethality at 26 iDsls
13 Selong et al. (2001). Rates calculated from dapanted in Table 2 assuming no assuming or leyhatli?6 Celsius.
14 Liu et al. (1998). Rates estimated by regressssuming no feeding or lethality at 43 Celsius.

5 Platt and Hauser (1978). Rates estimated fronr€ifjlassuming no feeding or lethality at 43 Celsius
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Table 3.2Summary of NL2SOL regressions for Equation (2f8)d to maximum consumption rates (g wet wt/desfimated by
the Wisconsin Bioenergetics Model 3.0 and its dtisted database. Observed data corresponds toatkienom daily
consumption of fish weighing 1, 25, 50, 75, and §Q0@et wt/fish at seven equally spaced temperatuedseen 0 Celsius and the
fish’s upper tolerance limit.

Species f, f, f, T, T, r?
Alosa psuedoharengadult) 0.102 0.70 0426 155 293 0.99
Alosa psuedoharengygivenile) 0.112 0.70 0.214 196 27.3 0.98
Alosa psuedohareng\fgoy) 0.0919 0.70 0.196 21.8 29.2 0.99
Chrosomusspp. 0.0590 0.69 0.094 26.0 29.0 1.00
Clupea harengugadult) 0.08 0.74 0644 129 295 0.99
Clupea harengug§uvenile) 0.0808 0.74 0535 144 315 0.99
Coregonus hoyi 0.159 046 0320 16.8 26.0 1.00
Coregonusspp. 0.159 0.68 0320 16.8 26.0 1.00
Esox masquinongy 0.0147 0.82 0.188 26.0 34.0 1.00
Lates niloticus 0.0112 0.73 0235 275 38.0 1.00
Lepomis macrochirugadult) 0.0150 0.73 0172 27.0 36.0 1.00
Lepomis macrochiru§uvenile) 0.0113 0.73 0.138 31.0 37.0 1.00
Micropterus dolomieui 0.00139 0.69 0.296 29.0 36.0 1.00
Micropterus salmoides 0.0129 0.68 0.222 275 37.0 1.00
Morone saxatiligadult) 0.0336 0.75 2.000 21.8 213.9 0.95
Morone saxatiligage 0) 0.014 0.75 2.000 21.3 153.6 0.99
Morone saxatiligage 1) 0.0310 0.75 2.000 224 221.1 0.98
Morone saxatiligage 2) 0.0376 0.75 2.000 23.8 268.5 0.96
Moronespp. 0.0314 0.75 0.128 28.3 313 1.00
Oncorhynchus gorbuscha 0.142 0.73 0.102 17.0 25.9 0.99
Oncorhynchus kisutch 0.0460 0.73 0320 156 25.8 0.98
Oncorhynchus mykiss 0.102 0.70 0220 17.6 253 0.99
Oncorhynchus nerka 0.142 0.73 0.102 17.0 25.9 0.99
Oncorhynchus tshawytscha 0.0330 0.72 0.230 15.0 18.0 1.00
Osmerus mordatadult) 0.0304 0.73 0.680 10.0 223 0.99
Osmerus mordaguvenile) 0.0472 0.72 0.207 13.1 18.0 0.98
Osmerus mordagyoy) 0.0587 0.73 0143 179 26.1 0.98
Perca flavescen&dult) 0.0411 0.73 0.125 23.0 28.0 1.00
Perca flavescen§uvenile) 0.0317 0.73 0.094 29.0 32.0 1.00
Perca flavescenflarvae) 0.0647 0.58 0.094 29.0 32.0 1.00
Petromyzon marinus 0.0766 0.65 0.150 18.0 25.0 1.00
Sarotheradorspp. 0.00643 0.64 0.172 30.0 37.0 1.00
Stizostedion vitreurtadult) 0.0428 0.73 0.138 220 28.0 1.00
Stizostedion vitreurjuvenile) 0.0802 0.73 0.094 250 28.0 1.00
Theraga chalcogrammgdult) 0.146 041 0270 8 15.0 1.00
Theraga chalcogramm@uvenile) 0.0994 0.41 0461 8 15.0 1.00
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4. BASS User Guide

AlthoughBass versions 1.0 and 1.1 were written in Fortran 77,

BAssversion 2.0 and higher are coded in Fortran 9%.mbdel
enables users to simulate the population and bimaglation
dynamics of age-structured fish communities udirege€mporal
and spatial resolution of a day and a hectare,ecisgly.
AlthoughBassimplicitly models the dispersal of fish out of the
simulated hectare, it does not explicitly simutateimmigration
of fish into the simulated hectare. Monthly or yeage classes
can be used for any species. This flexibility erahlisers to
simulate small, short-lived species such as ddisesbearers,
and minnows together with larger, long-lived specech as
bass, perch, sunfishes, and trout. The commurfitgd web is
specified by defining one or more foraging clagsegach fish
species based on either body weight, body lengthge. The
user then specifies the dietary composition of éhiesaging
classes as a combination of benthos, incidentalderal insects,
periphyton, phytoplankton, zooplankton, and/or ottish
species, including its own. Standing stocks of msbnf
compartments can be simulated either as externalinfp
functions or as state variables.

AlthoughBass was developed to simulate the bioaccumulation o

of chemical pollutants within a community or ecdeys context,
it can also be used to simulate population and caomnity

requested by the user.

Please report any comments, criticisms, problensjggestions
regarding the model software or user manual to

Craig Barber

Ecosystems Research Division

U.S. Environmental Protection Agency
960 College Station Road

Athens, GA 30605-2700

office: 706-355-8110
FAX: 706-355-8104
e-mail: barber.craig@epa.gov

4.1. General Model Structure and Features
The following features are availableBassv2.2:

® There are no restrictions to the number of fisttigsethat

can be simulated.

There are no restrictions to the number of cohibids a
fish species can have.

dynamics of fish assemblages that are not expasehlemical e There are no restrictions to the number of feediagses
pollutants. For example, in its present fa@nss could be used that a fish species can have (see the command
to simulate the population and community dynamitdish /FEEDING_OPTIONS).
assemblages that are subjected to altered theegahes that N
might be associated with a variety of hydrologmi#rationsor e  There are no restrictions to the number of foraglagses
industrial activitiesBAss could also be used to investigate the that a fish species can have (see the command
impacts of exotic species or sport fishery managemegrams /ECOLOGICAL PARAMETERS).
on population or community dynamics of native fish B
assemblages. ® There are no restrictions to the number of chermittalt
_ can be simulated.
The model’s output includes:
) _ . e Biotransformation of chemicals can be simulatedhwit
e Summaries of all model input parameters and sinaulat without daughter products.
controls.
_ ) ) ® Integration of8Ass's differential equations is performed
e Tabulated annual summaries for the bioenergetics of using a fifth-order Runge-Kutta method with adaptitep
individual fish by species and age class. sizing that monitors the accuracy of its integnati:ss's
_ _ ) ) Runge-Kutta integrator is patterned on the fiftder
® Tabulated annual summaries of chemical bioaccuioulat Cash-Karp Runge-Kutta algorithm outlined by Préss.e
within individual fish by species and age class. (1992).
® Tabulated annual summaries for the community Ieveh 2. New Features
consumption, production, and mortality of each fish =~
species by age class. The following features were not available Bass v2.1 and
: _ earlier
® Plotted annual dynamics of selected model variabtes
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Users can now rusAassin a mode that is computationally the fish commandHABITAT _PARAMETERS
intermediate betweesass's FGETSand full community

modes. In particular, users can simulate fish petjpor ® The syntax for specifying the temperature depengehc
dynamics using the conceptual framework of a multi- a fish's rates of maximum daily consumption, filtey,
species Leslie matrix population model. See sinutat gastric evacuation, specific growth, and oxygen
control commandLESLIE_ MATRIX _SIMULATION. consumption has been modified. See the fish command

/PHYSIOLOGICAL PARAMETERS
Benthos, periphyton, phytoplankton, and zooplankam
now be simulated as state variables. Toaccommdtiiate = ® An interspecies allometric function is now used to

capability, the simulation control commanglaTA in estimate epithelial thicknesses for calculatingl gil
BASSV2.1 has been augmented with five new commands, Sherwood numbers and chemical exchange. See Barber
i.e., BENTHOS /TERRESTRIAL INSECTS /PERIPHYTON (2003)

/PHYTOPLANKTON, and ZOOPLANKTON. Note, however,
BASSV2.2 can still be executed using benthos, pergohyt ® Because the newass graphical user interface (GUI)

phytoplankton, and zooplankton as community forcing enables users to construct their own plots andsabl

functions as irBASS v2.1 and earlier. simulation results, the simulation control commands
/IANNUAL _OUTPUTS, J/ANNUAL_PLOTS, and

Seasonal diets can be specified for any or allgiog /SUMMARY_PLOTSshould be considered by most users to

classes of a species. See the fish command be vestigial commands. These commands have been

/ECOLOGICAL _PARAMETERSOptiondiet(.,.)={...}. retained for the convenience of model refinemert an
testing.

The mode of prey body lengths consumed by piscsrore
can be specified either as a linear or exponefotigtion 4.3, Input File Structure
of their body lengths. See the fish command

/ECOLOGICAL_PARAMETERsOptionIp[]=fnc. The general structure ofeass’s input or project file is:

Afish’s maximum and minimum prey lengths cann@vb  jcommang argument(s)

specified by the user as linear or exponentialtions of /commangd argument(s)
its body length. See the fish command : .
/ECOLOGICAL _PARAMETERS options Ip_max[]=fnc and /commangd argument(s)
Ip_min[]=fnc. Jend

Refuge levels at which cohorts of potential pregcsps  The leading slash (/) identifies the line as me@nd. Blanks
become unavailable to piscivores can now be sgecifi or tabs before or after the slash are not significBhe keyword
See the fish commanBJOLOGICAL_PARAMETERSOption  or phrase (i.e., commapyithat follows each slash identifies the
refugiaf]=fnc. type of data being specified by that record. Keyigomust be
spelled in full without embedded blanks and musségarated
Dispersal and non-predatory mortality are now dated  from the record’s remaining information by at lease blank or
directly from a fish’s expected specific growtheathe  tab. Arguments are either integers (e.g., 7),meaibers (e.g., 0,
allometric power function formulation usedsassv2.1  3.7e-2, 1.3, etc.), or character strings. If thewemnd allows
and earlier has been deleted. See the fish commangultiple arguments or options, each argument meiselparated
/ECOLOGICAL_PARAMETERS options nm[]l=fnc and by a semicolon. Commands can be continued by ajnmpas
sg_mu[]=fnc. ampersand (&) to the end of the record; therefirefollowing

commands are equivalent
Size dependent harvest and stocking functions ean b

specified for any or all species to simulate figher /command arg arg,; arg,; arg, arg,; arg
management practices. See the fish command
/FISHERY_PARAMETERS /command arg arg,; arg;; &
arg,; arg; arg
Habitat suitability indices (HSI) can be speciftec@djust
a fish’s realized feeding/growth, recruitment/spagn  Because each record is transliterated to lowersef®e being
and combined dispersal and non-predatory mort@it.  decoded, the case of the input file is not sigaific Likewise,
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because consecutive blanks or tabs are collapsedisingle
blank, spacing within a command is not significaiihe
maximum length of a command line, including condition
lines, is 1024 characters.

An exclamation mark (!) in the first column of adiidentifies
that line as a comment. An exclamation mark caalée placed
elsewhere within a record to start an end-of-liomment, i.e.,
the remainder of the line, including the exclamatiwark, will be
ignored.

The last command in arBASS project file must beeND. This
command terminates program input and any text omeands

following it are ignoredsass checks the syntactical accuracy of

each input command as it is read. If no syntaxrsriare

/ commang simulation control_data
# include data_for_chemical 1

# include data_for_chemical 2
#include data_for fish_1

# include data_for fish_2

# include data_for fish_3

# include data_for fish_4

# include data_for_benthos

# include data_for_insect$
#include data_for_periphyton
#include data_for_phytoplanktoh
#include data_for_zooplanktoh
/end

BASS's graphical user interface (GUI) enables usecsdate and

encounteredsassthen checks the specified input parameters foeditBAss project files and include files in a modular fashiThe

completeness and internal inconsistency.

BASS input data and commands are broadly classifiex fontr
categories: simulation control parameters, chengiasdmeters,
fish parameters, and nonfish biotic parameters.uBition
control parameters provide information that is aggtlle to the
simulation as a whole, e.g., length of the simalatthe ambient
water temperature, water column depth, and anyetesiutput
options. Chemical parameters specify the chemigaiigsico-
chemical properties (e.g., the chemical's moleculaight,
molecular volume, n-octanol / water partition casént, etc.)
and the chemical’'s exposure concentrations in uarimedia.
Fish parameters specify the fish’'s feeding and bwdiz
demands, dietary composition, predator-prey refatigps, gill
morphometrics, body composition, and initial cormdtis for the
body weights, whole-body chemical concentrationsd a
population sizes of a fish’s cohorts. Nonfish higierameters
specify how benthos, terrestrial insects, periphyamd plankton
will be simulated.

A BAss project file is actually constructed and manageda
series of include files, i.e., blocks of closeljated input
commands. These files are specified using the diechiatement

# include filename'

actual file structure used by tbess GUI is detailed in Section
4.5. following the discussion of theass input commands
themselves below.

4.3.1. Smulation Control Commands

These commands establish the length of the simulathe
ambient water temperature, the community’s wateel/eand
other simulation and output options. These datapeeified by
the following block of commands

/SIMULATION_CONTROL  ho argument/option required

/ANNUAL _OUTPUTS integer

/ANNUAL _PLOTS string;; ...; string,

/BIOTA string;; ...; string,

IFGETS no argument/option required
/HEADER string

/LENGTH_OF SIMULATION string
/LESLIE_MATRIX _SIMULATION no argument/option required

/MONTH_TO string
/NONFISH_QSAR string;; ...; string,
/SUMMARY_PLOTS string;; ...; string,
/TEMPERATURE string;; string,
/WATER_LEVEL string;; string,

Although the comman@IMULATION _CONTROLmMust be the first

wherefilenameis the name of the file containing the desiredcommand in the block since it identifies the stdrthese data,

commands. Each include file specifies data foregithchemical,
a fish species, or a nonfish biotic component. €quently, a
typical BAss project file is structured as follows:

I file: bass_input_file.prj

I notes: aASS project file as specified by include files
!

/ commang simulation control_data

/ commangd simulation control_data
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the order of the remaining commands is not sigaificThe use
of these commands is described below in alphabetidar.

B /ANNUAL _OUTPUTS integer

This command specifies the time interval, in yeéestween
BASSs annual tabulated and plotted outputs. This numinest
be a nonnegative integerass assumes a default value of zero
that signifies that no annual outputs will be geted. Because



the BASS v2.2 Output Analzyer enables users to generatéhe BASS v2.2 commandsSBENTHOS /TERRESTRIAL INSECTS
customized tables and plots, this command is dgtaakestigial /PERIPHYTON /PHYTOPLANKTON, and ZOOPLANKTON (see
option ofBassv2.1. Section 4.3.4), it has been retained for upward padihility.
Valid options are:
B /ANNUAL _PLOTS stringy; ...; string,
® benthosfyunits] =fncto generate benthic standing stocks

This command specifies the variables whose anngrardics according to the functioimc. The units stringunitsmust
will be plotted for the years specified by command be dimensionally equivalent to g dry wim
/IANNUAL_ouTPUTS Consequently, this command is also a
vestigial option oBAssv2.1. Valid options are: ® insectsjunits] = fnc to generate incidental terrestrial
insect standing stocks according to the functian The
e afish(variable) generates plots of each species’ total units stringyunits must be dimensionally equivalent to g
aqueous phase chemical activity as a functiomred {day dry wt/n?.

of year) and the species’ age, length, or weigigt ;|
® periphyton[yunits] =fncto generate periphyton standing

e Dbaf(variable) generates plots of each species’ stocks according to the functidnc. The units string
bioaccumulation factor (i.e., the rat® / C,) for each yunits must be dimensionally equivalent to g dry wt/m
chemical as a function of time (day of year) and th
species’ age, length, or weight class; e phytoplankton[yunits] = fnc to generate phytoplankton

standing stocks according to the functfor. The units

e bmf(variable) generates plots of each species’ string yunits must be dimensionally equivalent to g dry
biomagnification factor (i.e., the rat@ / C,.,) for each Wit/L.
chemical as a function of time (day of year) and th
species’ age, length, or weight class; e zooplankton[yunits] = fnc to generate zooplankton

standing stocks according to the functfos. The units

e cfish(variable) generates plots of each species’ whole- string yunits must be dimensionally equivalent to g dry
body concentration (ppm) for each chemical as etfon Wit/L.
of time (day of year) and the species’ age, length,
weight class; Valid specifications for the function stringsc are :

° pop(\_/aria!ole) generatesplof[sofea_chspecies’ population e nonfish_name[yunits] = a to generate a constant
density (fish/ha) as a function of time (day of gjeand compartmental standing stock ef (yunit§ for the
the species’ age, length, or weight class; simulation.

e tl(variable) generates plots of each species’ total body e nonfish_namelyunits] = a + p*sin(m + @*t[ xunits]) to

length (cm/fish) as a function of time (day of yesand the generate a sinusoidal compartmental standing stock
species’ age or weight class; the simulation whera is the mean standing stock for the
chosen time period} is its amplitude y{unit9, o is its
e wt(variable) generates plots of each species’ body weight phase angle (radians), ape 2t / period is its frequency
(g wet wt/fish) as a function of time (day of yeard the (L/xunits.

species’ age or length class.
e nonfish_name[yunits] = file(filename) to read and

wherevariable equals “age”, “length”, or “weight”. Each age interpolate the specified compartmental standingkst

class or cohort of the species is assigned to ¢riweo size from the filefilename. See Section 4.4.3.

classes that are defined Byss based on the species’ largest /

oldest and smallest / youngest individuals. Unless specified otherwiseass assumes that the first day of
simulation is April 1 and that the 365-th simulatibay is March

W/BIOTA stringy; ...; string, 31. This assignment can be changed using the cothman
/MONTH_TO.

ThisBassv2.1 command specifies nonfish standing stockis tha

are to be generated as forcing functions rather disssimulated  These options are only required when the usenialating fish
state variables. Although this command has beeersafded by that feed on these resources (see the “diet” opfimm
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/[ECOLOGICAL PARAMETERS. Note, however, becausBAss
assumes that piscivorous fish switch to benthieitebrates and
incidental terrestrial insects when appropriateader fish are
unavailable, the benthos and insect options shoellspecified
even when simulating only piscivorous fish. Alsaenthat if
project file uses th&GETs option described below, the only
/BlOTA option that might be required is the
zooplankton[yunits|=fnc option. This option is required only if
the user specifies a fish’s feeding to be simulaisihg the
clearance model formulation described in Equatihf4).

If multiple options are selected, each option rbesteparated by
a semicolon.

B /FGETS

This command enables users to Bags without simulating the
assemblage’s population dynamics, i.e., only trewgr and
bioaccumulation of individual fish are simulated.heT
command’s function and name are based ordbes(Food and
Gill Exchange of Toxic Substances) model (Barbexl 1987,
1991) that wagASS's predecessor.

M /HEADER string

This is an optional command that specifies atiitlee printed on
each page of the output file. The maximum lengtthefquoted
string is 80 characters.

B /LENGTH _OF_SIMULATION string

This command specifies the desired length of tmeilsition. The
valid syntax forstring is

® ¢funits|
wherea is a nonnegative real value. The time unit spedifiith

brackets is converted into days for internal ust subsequent
model output.

M /LESLIE_MATRIX _SIMULATION

This command enables users to mass in a mode that is
computationally intermediate betweeasss FGETS and full
community modes. When this option is specifidsssimulates
fish population dynamics using the conceptual fraor& of a
multispecies Leslie matrix population model. A cdi®
mortality is predicted using a single, lumped, -$eifining
mortality rate (i.e., Equation (2.84)) without atieting to
partition its total mortality into predatory and mpredatory
mortality and dispersal as outlined in Sections 2nd 2.8.
Although predatory mortality is not simulated, théetary
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composition of each cohort is nevertheless prediaoting the
methods described in Section 2.7. While this sitiaheoption
is designed partially to lessen the need for dedaibod web
information and the work required to calibrate hdammunity
simulation, it is also designed to simulate mowmdisécally the
population dynamics of communities in which the dwant
process driving cohort mortality and self-thinniisgdispersal
rather than predation.
B /NONFISH_QSAR string,; ...; string,
This command specifies the quantitative structwaetivity
relationships for the bioconcentration / bioaccuatioh factors
of the nonfish compartments benthos, periphytoytgutankton,
and zooplankton that are to be applied to all chatsiValid
string options are:

® BCF[-](nonfish_name)=a*Kowl[-]* B
where Kowl[-] is the chemical's n-octanol / waterrtjimn
coefficient; ande andp are real or integer empirical constants.
Also see the chemical commarndoNFisH_BCF. When this
command is used, the specified QSARs supercedB&ms
specified byMONFISH _BCFor exposures specified lBXPOSURE

B /MONTH _TO string

This is an optional command that specifies the mahat
corresponds to the start of the simulation. Ifspxcified BASS
assumes a default start time of April 1.

M /SIMULATION _CONTROL

This command specifies the beginning of input dbhtd will

apply to the simulation at large, i.e., the lengftthe simulation
and its integration step, the ambient water tempesa
community’s water level, and various output options

M /SUMMARY _PLOTS string; ...; string,

This command specifies the variables whose templgralmics
will be plotted at the completion of the simulatiomhis
command, like ANNUAL_PLOTS is a vestigial option OBASS

v2.1. The options can be specified one per car@dlan one
card, separated by semicolons. Valid options are:

e afish(variable) generates plots of each species’ total
aqueous phase chemical activity as a functiomred {day
of simulation) and the species’ age, length, orghei
class;

e Dbaf(variable) generates plots of each species’



bioaccumulation factor (i.e., the rat@ / C,) for each  both the epilimion and the hypolimnion. In thiseaalid options
chemical as a function of time (day of simulatianyl the  are:
species’ age, length, or weight class;
® temp_epilimnion[meter]=a
® Dbmf(variable) generates plots of each species’ e temp_epilimnion[meter]=a + p*sin(® + @*t[ xunits])
biomagnification factor (i.e., the rat@ / C,,) for each temp_epilimnion[meter]=file(filename)
chemical as a function of time (day of simulatianjl the
species’ age, length, or weight class; e temp_hypolimnion[meter]=a
® temp_hypolimnion[meter]=a + p*sin(® + @*t[ xunits])
e cfish(variable) generates plots of each species’ whole- e temp_hypolimnion[meter]=file(filename)
body concentration (ppm) for each chemical as etion
of time (day of simulation) and the species’ agagth, or  Note that unless specified otherwisgss assumes that its first
weight class; day of simulation is April 1 and that the 365-timalation day is
March 31. This assignment can be changed usingatmenand
® pop(variable) generates plots of each species’ populatioiMoNTH_TO.
density (fish/ha) as a function of time (day of siation)
and the species’ age, length, or weight class; M /WATER_LEVEL string,; string,

e tl(variable) generates plots of each species’ total bodyThis command specifies acommunity’s actual wategll For an
length (cm/fish) as a function of time (day of yemd the  unstratified water body only one string optiongssified. In this
species’ age or weight class; case, valid options for this command are:

e wt(variable) generates plots of each species’ body weight e depth[meter]=a generates a constant water level for the
(g wet wt/fish) as a function of time (day of yeand the simulation.
species’ age or length class.
® depth[meter]=a + p*sin(® + @*t[ xunits]) generates a

wherevariable equals “age”, “length”, or “weight”. Each cohort sinusoidal water level for the simulation wherés the

of the species is assigned to one of five sizeselaghat are mean water level for the chosen time perifidis its
defined byBass based on the species’ largest / oldest and amplitude yunity, o is its phase angle (radians), and
smallest / youngest individuals. ¢=2r / period is its frequency (initg.

M /TEMPERATURE string,; string, e depth[meter]=file(filename) to read and interpolate the

water levels from the filéilename. See Section 4.4.3.
This command specifies a community’'s ambient water
temperatures. For an unstratified water body omlg etring  For a stratified water body, users must specifydiyath of both
option is specified. In this case valid optionstlis command  the epilimion and the hypolimnion. In this casdidiaptions are:
are:
® depth_epilimnion[meter]=a
e temp|celsius]w generates a constant ambient water e depth_epilimnion[meter]=a + p*sin(m + ¢*t[ xunits])
temperature for the simulation. e depth_epilimnion[meter]=file(filename)

e temp[celsius]=w + p*sin(® + @*t[ xunits]) generates a e depth_hypolimnion[meter]=a
sinusoidal ambient water temperature for the sitiaria e depth_hypolimnion[meter]=a + p*sin(o + @*t[ xunits])
where a is the mean temperature for the chosen time e depth_hypolimnion[meter]=file(filename)
period,p is its amplitude yunity, o is its phase angle
(radians), an@=2n / period is its frequency (units. Note that unless specified otherwisass assumes that its first
day of simulation is April 1 and that the 365-tmslation day is
e temp[celsius]=filefilename) to read and interpolate the March 31. This assignment can be changed usingatimenand
ambient water temperature from the filename. See  /moNTH_TO.
Section 4.4.3.
4.3.2. Chemical Input Commands
For a stratified water body, users must specifyehgperature of
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The physico-chemical properties and exposure cdratens of
each chemical of interest are specified by a blotkwelve
commands, i.e.,

/CHEMICAL  string

/[EXPOSURE string;; ...; string,
JLETHALITY  string; ...; string,
/LOG_AC real number
/Log_kB1 real number

/LoG kB2  real number

/LoG P real number
/IMELTING_POINT real number
IMETABOLISM  string; ...; string,

/MOLAR_VOLUME real number
/MOLAR_WEIGHT real number
INONFISH BCF  string; ...; string,

The commandiHEMICAL must be the first command in the block
since it identifies the start of a new set of cheahparameters.

The order of the remaining commands, however, i no

significant. The use of these commands will nowéscribed in
alphabetical order.

M /CHEMICAL string

This command specifies the start of the input foew chemical.
Each chemical name must be a single characteg stithout
embedded blanks or hyphens. If a two-part namesged, the
user should use an underscore “_" as a separdtargcter. This
command must precede the commaBd8®SURE /LETHALITY ,
/LoG_Ac, hoG kBl, AOG KB2, MOG P, /METABOLISM,
/IMOLAR_WEIGHT, /MOLAR_VOLUME, and MELTING_POINT. The
name specified by this command is used in conjanatiith the
command INITIAL _CONDITIONS to input initial whole-body
concentrations of chemicals in each age class effith of
concern and with the commang:=TABOLISM to specify daughter
products of chemical biotransformation. If the uspecifies
chemical exposures via the file option, the indidatame is also
used to direct reading of the specified exposiles.fOtherwise,
this name is used only for output purpos®sss does not use
this name to link to any chemical data base.

B /EXPOSURE stringy; -..; string,

This command enables the user to specify the tegthggnamics
of chemical exposures to fish via water or contatdd
sediments or via the ingestion of benthic inveréds, incidental
terrestrial insects, or plankton. Exposure conegioins specified
by these options are assumed to be completely dilade to the
fish. For example, water concentrations are assuolee actual
dissolved concentrations and not total water cotnagons that
include particle-bound chemical. If multiple optsoare selected,

BASS 2.2 March 2008 42

each option must be separated by a semicolon. @ptidns are:
® chenthosjunits|=fnc generates potential dietary
exposures to fish via benthic organisms accordirtte
function fnc. Note inBASS 2.1 the six lettered name
cbnths was used to specify this exposure function.

cinsectsjunits|=fnc generates potential dietary exposures
to fish via incidental terrestrial insects accordio the
functionfnc. Note inBAss 2.1 the six lettered nansensct
was used to specify this exposure function.

cperiphyton[yunits|=fnc generates potential dietary
exposures to fish via periphyton according to thretion
fnc. Note inBAss 2.1 the six lettered nanmphytn was
used to specify this exposure function.

cphytoplankton[yunits|=fnc generates potential dietary
exposures to fish via phytoplankton according te th
function fnc. Note inBAss 2.1 the six lettered name
cpplnk was used to specify this exposure function.

csedimentlunits|=fnc generates sediment exposure
concentrations according to the function. Note inBASS
2.1 the six lettered nanesdmntwas used to specify this
exposure function.

cwater[yunits|=fnc  generates aqueous
concentrations according to the functio.

exposure

czooplanktonfyunits]=fnc generates potential dietary
exposures to fish via zooplankton according to the
function fnc. Note inBAss 2.1 the six lettered name
czplnk was used to specify this exposure function.

The concentration units for each exposure funamerspecified
within the indicated brackets. As previously noted the
simulation control functions, unless specified oitise, BASS
assumes that the first day of simulation is Aprarid that the
365-th simulation day is March 31 for all the tidependent
exposure functions discussed in the following. Tdssignment
can be changed using the commandNTH_TO.

Valid expressions for dietary exposures via bentpegphyton,
phytoplankton, or zooplankton and for benthic sesita are:

e nonfish_name[yunits]|=a generates a constant
concentration of toxicant in benthos, periphyton,
phytoplankton, sediment, or zooplankton.

e nonfish_namelyunits]=a*cwater[xunits] generates
chemical concentrations in benthos, periphyton,



phytoplankton, sediment, or zooplankton as a chalmic Users should be very cautious and judicious whémusore
equilibrium with the ambient environmental watéthis  than one of the above options since the user csly eanstruct
equilibrium is assumed to be thermodynamic, then than exposure scenario that is inconsistent with reteal
coefficient o generally is equal to the product of the constraints on the fate and distribution of conteamts in aquatic
component’s dry organic fraction and the chemidglls  systems.
Also see MONFISH BCF.

M /LETHALITY stringg; ...; string,

o nonfish_name[yunits]=file(filename) to read and
interpolate the concentration of toxicant in bestho This optional command specifies species-specifig,k@r the
periphyton, phytoplankton, sediment, or zooplanktom  chemicals of concern either as an actual concémraalue or
the filefilename. See Section 4.4.3. as a QSAR function. Valid string options are:
Valid expressions for insect dietary exposures are: ® L c50[units](fish_name)=a
® cinsectspunits]= a generates a constant concentration of ® Lc50[units](fish_name)=a*Kow[-]* B
the toxicant in incidental terrestrial insects.
wherefish_nameds the common name of the fish species to be
® cinsectspunits ]=file(filename) to read and interpolate simulated; Kow[-] is the chemical’s n-octanol / emapartition
the concentration of the toxicant in incidentat¢strial ~ coefficient; andx andp are real or integer empirical constants.
insects from the filéilename. See Section 4.4.3. BASS converts user supplied L§ into their corresponding
aqueous chemical activities and then uses the geiommean of
Valid expressions for direct aqueous exposures are: these lethal activities to trigger mortality duritige simulation.
e cwater[yunits|=e. generates a constant aqueouslf the user desires, simulation of mortality asated with the
concentration for the chemical of concern. accumulation of a lethal aqueous chemical actoatybe turned-
off by using the command line option “-I” as dissed in Section
e cwater[yunits|=e*csedimentfxunits] generates aqueous 4.5. When this is done, howevenss still calculates the fish’s
exposure concentrations as a chemical equilibriutin w total aqueous phase chemical activity and repbais a fraction
the benthic sediments. If this equilibrium is assdrto be  of the fish’s estimated lethal chemical activityptovide the user
thermodynamic, then the coefficient generally is with a simple, but useful, monitor of the total ohieal status of
assumed to equal the product of the sediment’'snarga the fish.
fraction and the chemicalls,.
M /LoG_Ac real number
e cwater[yunits|=a+p*exp(y*t[ xunits]) generates an
exponential dissolved chemical water concentratioere ~ This command specifies the Igopf the chemical’'s aqueous
a andp have units ofunits andy has units of Munits.  activity coefficient. For organic chemicals, if shparameter is
This option can be used to simulate a chemical spil not specified, BAss will estimate the chemical’'s activity
one time application of a pesticide. coefficient using its melting point and n-octanedater partition
coefficient.
e cwater[yunits|=e+pg*sin(w+¢*t{[ xunits]) generates a
sinusoidal dissolved chemical water concentratiberes B /LOG_KB1 real number
a is the mean dissolved chemical water concentration
(yunits) (over one period) is the amplitudey(inits), ®  This command specifies the lg@f a metal’s binding constant
is its phase angle (radians), apd2r / period is its for non-lipid organic matter (see Equation (2.6})is parameter
frequency (I{units). This option might be used to is input only for metals and organometals.
simulate the mobilization of sediment bound conteamis
during spring or fall turnover. M /LOG_KB2 real number
e cwater[yunits|=file(filename) to read and interpolate the This command specifies the Ig@f a metal’s binding constant

dissolved aqueous concentration of toxicant froefile  for refractory organic matter. This parameter isdi® calculate
filename. See Section 4.4.3. metal binding to the fish’'s dry fecal matter angutonly for
metals and organometalics.
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W /LOoG_P real number water over its entire liquid range is represent#h lgss than 1%

error by
This command specifies the chemical’s,|g§,,, whereK,,, is o )
the n-octanol / water partition coefficientots_P must be 1o Moo _ 1.37(T - 20) +8.36x10" (T - 20) 2
o . ) E10 (4.2)
specified for all organic chemicals. Ny 109 +T
B /MELTING POINT real number wheren; is the viscosity (centipoise) at temperafli€elsius),

andn,, is the viscosity of water at 20 Celsius (1.002tiperise)

This command specifies the chemical’'s melting p(i#lsius). (Atkins 1978).
This datum, together with the chemical's logP, &edi to
calculate the agueous activity coefficient for arigachemicals M /MOLAR _WEIGHT real number

when that parameter is not specified by the ussr Yalkowsky . . L .
etal. (1983) This command specifies the chemical’s molecular ghvei

(g/mol).

M /METABOLISM stringy; ...; string, , ,
B /NONFISH_BCF string,; ...; string,

This optional command specifies species-specifi@sraof . . ) i ) i
biotransformation for the chemical of concern aithean actual | NiS command specifies the bioconcentration / waawlation

rates or as a QSAR function. Valid string optiors a factors for the nonfish compartments benthos, pgtom,
phytoplankton, and zooplankton either as a numleraastant or
e BT[units](fish_name, chemical_name)=a as a QSAR function. Valid string options are:

e BT[units](fish_name, chemical_name)=a*Kow[-]* B ® BCF[](nonfish_name)=a

e BT[units](fish_name, none)=u ® BCF[-](nonfish_name)=a*Kow[-]" f

e sT[units](fish_name, none)=u*Kow[-]* B wherg_Kow[—] is the chemical’s _n-octanol /_v_vaterrtpwn
coefficient; andx andp are real or integer empirical constants.

wheresT specifies the whole-body-referenced biotransfoiona ~ NOte that this command O¥ONFISH_QSAR must be specified for
ratek,, in Equation (2.47)ish_names the common name of the &Y nonfish compartment that is simulated as a camitsnstate
fish species that can metabolize the chemical afcem; Variable.

chemical_namés the name of the daughter product generated bX _

the metabolism of the chemical of concern; Kowg]the #-3-3. Fish Input Commands

chemical’s n-octanol / water partition coefficiesutida andp are
real or integer empirical constants. If the usezsdnot wish to
simulate daughter products because they are ifisigni or
assumed to be harmleshemical_namean be assigned the
valuenone When daughter products are specified, the usst mu
specify all physico-chemical properties of the iifeed by-
product in the same way that the physico-chemiaggrties of
the parent compound are specified.

Model parameters for each fish species of intexesspecified
by a block of thirteen commands, i.e.,

/COMMON_NAME string

/SPECIES string

/AGE_CLASS DURATION string
/SPAWNING_PERIOD string

/FEEDING_OPTIONS string,; ...; string,
/PREY_SWITCHING _OFF

/INITIAL _CONDITIONS  string;; ...; string,
/COMPOSITIONAL PARAMETERS  string,; ...; string,
/ECOLOGICAL_PARAMETERS string,; ...; string,

B /MOLAR _VOLUME real number

This command specifies the chemical's molecularuma
(cm¥mol) that is used to calculate the chemical's agse

diffusivity, i.e /MORPHOMETRIC PARAMETERS  string,; ...; string,
T /PHYSIOLOGICAL PARAMETERS  string; ...; string,
D =2.101x1077 nl4y7058 (4.1) IFISHERY_PARAMETERS string;; ...; string,

. . e . [HABITAT _PARAMETERS string,; ...; strin
whereD is the toxicant's aqueous diffusivity (étsec);n is the - G h

viscosity of water (poise); and is the chemical’s molecular

The commanddoMMON NAME must be the first command in the
volume (cnmol) (Hayduk and Laudie 1974). The viscosity of -

block since it is the identifier for the start ohaw set of fish
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parameters. The order of the remaining commandaots
significant. The use of these commands will nowléscribed in
alphabetical order.

B /AGE_CLASS DURATION string

This command is used to specify the duration oheae class.
Two character strings, i.e., “month” and “year"e aecognized
as valid options.

B /COMMON _NAME string

This command specifies the start of input dataffish species.
The command’s specified common nastrengis used for model
output and as a label for specifying the dietamnosition of
other fish species. Each common name must be le singracter
string without embedded blanks. If a two-part nasndesired,
the user should use an underscore “_" as a sepguatnk. See
thediet option for the comman@&¢OLOGICAL PARAMETERS

B /COMPOSITIONAL _PARAMETERS string,; ...; string,

This command specifies aqueous and lipid fractadrthe fish.
Valid options that must be separated by semiccdoes

® pal-]=a +p*pl[-] specifies the fish’'s aqueous fraction as

a linear function of the fish’s lipid fraction.

® pl[-]1= e*W[ xunits)* p specifies the fish’s lipid fraction as
an allometric function of its body weight. If a His
average lipid content is independent of its bodyghie

(i.e., p equals zero), however, this parameter can be

specified simply apl[yunits]=a.
wherea andp are real or integer empirical constants.
B /ECOLOGICAL _PARAMETERS dtring,; ...; string,

This command specifies the ecological parametetdiscribe
the fish’s trophic interactions, non-predatory rabity, and
recruitment. Valid options that must be separatesemicolons
are:

e ast_yoy[-]=f(b[-]=a, yoy[xunits]=B, pop[yunits]=y)
specifies parameters for implementing acceleragdfd s
thinning of young-of-year fish (YOY), or more acately

recently recruited cohorts, that often occurs doe t

intraspecies competition for territories, refugia,other
habitat resources. The functional arguméit]=a
specifies the desired accelerated self-thinningpagpt.
The functional argumenyoy[xunits|=p defines the age,
length, or live weight threshold below which colsonill
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be subject to accelerated self-thinning. Valid esgions
foryoy are eitherage’, “tl”, or “wt”. The final functional
argument specifies the population threshold thagérs
accelerated self-thinning. Depending on the assumed
nature of the competition, this threshold can lexed
either as the total density of cohorts satisfyitg t
conditionyoy[xunits] <, or as the total density of cohorts
satisfying the conditioryoy[xunits]>p. For the former
case,pop equals pop_yoy' whereas for the latter case
pop equals pop_adults’.

diet(class, time) = {prey, = ¢ ,, ...,prey, = ¢ .} specifies
the dietary composition for fish of the age or siksss
classduring the months specified tiyne. The right-hand
side of the option specifies the prey iteqrey,) and their
contribution §,) to the fish’s diet. Eacprey, is either the
common name of a simulated fish species, “benthos”,
“insects”, “periphyton”, “phytoplankton”, or
“zooplankton” (see commands BIOTA and
/COMMON_NAME). Depending on its valueg, is
interpreted either as a constant percent contdhudi as
a prey electivity. In particular, if Je<100, theng,
designates the relative frequency of that prepérfish’s
diet independent of its relative abundance inigild fOn
the other hand, if -1s5<1, theng, is considered a prey
electivity (see Equation (2.74)). For any givenafging
class, a user can specify both constant dietanepéxges
and prey electivities.

Valid expressions foclass are:

a< a[xunits]<p for age based dietary classes

a< [[xunits]<p for length based dietary classes

a<w[xunits|<p for weight based dietary classes
whereo andp are real or integer empirical constants.
Although for a given species allass types must be the
same (i.e., age, length, or weight), thesstypes between
species can be different.
Valid expressions fdime are either the name of a month
or the names of two months separated by a hyphen. F
example,

monthl, e.g.,july, or

month1-month2, e.g.july-december.

If the diet of a specified age / size class is pedelent of
time of year, ;time’ can be omitted. In this casteme =



“january-december” is assumed.

Thediet(.,.)={...} option can be repeated as many times as
needed in order to define a complete lifetime seqe®f
diets for the fish.

Ip[yunits]= fnc specifies the average length of prey
consumed by a fish whose body length ixurits].
Unlike most fish command options, two valid functio
strings are recognized, i.e.,

Ip[yunits]=a + B*L[ xunits] or
Ip[yunits]=a + p*exp(y*L[ xunits])

wherea, B, andy are real or integer empirical constants.
If a fish’s average prey size is independent obibsly
length (i.e.p equals zero), this parameter can be specified
simply aslp[yunits]=a.

Ip_max[yunits]= fnc specifies the maximum length of
prey consumed by a fish whose body length jaihfts].
Like the option for a fish’s average prey lengtt walid
function strings are recognized, i.e.,

Ip_max[yunits]=a + B*L[ xunits] or
Ip_max[yunits]=a + p*exp(y*L[ xunits])

wherea, B, andy are real or integer empirical constants.
If a fish’s maximum prey size is independent ohitgly
length (i.e.p equals zero), this parameter can be specified
simply adp_max[yunits|=a. When this parameter is not
specified by the usemBAss assigns the default value
Ip_max[cm]=0.5*L[cm].

Ip_min[yunits]= fnc specifies the minimum length of prey
consumed by a fish whose body length isudits]. Like
the option for a fish's average prey length, twdidva
function strings are recognized, i.e.,

Ip_min[yunits|=a + B*L[ xunits] or
[p_min[yunits]=a + B*exp(y*L[ xunits])

wherea, B, andy are real or integer empirical constants.
If a fish’s minimum prey size is independent ofhitsdy
length (i.e.p equals zero), this parameter can be specified
simply aslp_min[yunits]=a. When this parameter is not
specified by the usemBAss assigns the default value
[p_min[cm]=0.1*L[cm] .
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mis[yunits|=a specifies the species’ maximum longevity
or life span.

nm[-]=e*b(p:y)*sg_mu[-] specifies a cohort’s rate of
dispersal and non-predatory mortality as a funotibits
habitat suitability and its long-term specific gtbwate
sg_mul[-]. Whereas specifies the fraction of the species’
total “mortality” that is attributable to dispersatd non-
predatory mortalityp andy specify the species’ minimum
and maximum self-thinning exponents, respectivege
Equations (2.85) and (2.88). If the user elects toot
simulate habitat effects on dispersal and non-pgoega
mortality, this parameter can be specified simgly a

nm[-] = o*b(p)*sg_mul[-]

wherep is the species’ average self-thinning exponent.
Also see theECOLOGICAL PARAMETERSOpPtionsg_mul].

rbi[-]= a specifies the species’ reproductive biomass
investment (i.e., grams gametes per gram spawishy f
wherea is real empirical constant.

refugia[yunits]=a specifies a refuge population size for
each cohort that can be prey for community pis&sor
where a is real or integer constan¥units must be
dimensionally equivalent to fish/ha. If not spesifiBass
assumes no refuge level (i.eefugia[yunits|=0)

sg_mufyunits]=e*W[ xunits]* p specifies the species’
long-term mean specific growth rate wherandp are

real or integer empirical constantgunits must be
dimensionally equivalent to dayand xunits must be
dimensionally equivalent to g wet wt/fish. If npesified,
BASS can estimate this parameter provided that the user
specifies the species’ expected body weight at its
maximum age. SeeE¢OLOGICAL PARAMETERS option
wt_max(] for details.

tl_rO[ yunits]=a specifies the species’ minimum total
length when sexual maturity is reached wheig a real
or integer empirical constant.

wli[yunits|]=a*L[ xunits]* g specifies the fish's live weight
as an allometric function of its total length wherandp
are real or integer empirical constants.

wt_max[yunits]=a specifies the species’ expected live
body weight at its maximum age wheeis a real or
integer empirical constant. This parameter is negLonly
when the user has not specified the species’ leng-t
mean specific growth rate using the



/ECOLOGICAL PARAMETERS option sg_mu[] When o< I[[xunits] < g if the fish’s length determines its feeding

sg_mul[] is not specifiedgAss will estimate the species’ algorithm;

long-term specific growth rate based on its maxintifen

span mis[], young-of-year body weighyoy[], and o < w[xunits] < B if the fish’'s weight determines its
wt_max[]. If the user has specified the species’ feeding algorithm.

temperature/seasonal dependent specific growth rate
wherea andp are real or integer empirical constants. Although
sglyunits]=a*W[ xunits* p*H(y,T,,T,) for a given species all class types must be theeggpe (i.e.,
age, length, or weight), class types between speti@ be
(see PHYSIOLOGICAL PARAMETERS option sg[]), BAss  different. The parameters for these models arefsgdasing the
estimates the species’s long-term specific groath by  /PHYSIOLOGICAL PARAMETERSCOMmMand.

sg_mu[1/d] =a *W"p
B /FISHERY_PARAMETERS string,; ...; string,
where o is back-calculated as outlined by Equation
(3.43). Ifsg[] has not been specifieBass estimates the This command specifies stocking and harvest raiesgort

Species’s |0ng_term Specific grovvth rate by fishes. Valid OptionS for this command are:

sg_mu[1/d] =o *W(-0.732) e stocking[sunits](agefaunits]=a, sizepunits]=,
- seasontime, frequency =schedule) = y specifies the

wherea is back-calculated as outlined by EquaBo#) stocking rate of fish of age and body siz¢ (i.e., total

using the mean interspecies specific growth expihen length or live weight) during the time interval sgieed by

-0.732) estimated from tlEassmodel database. Also see time and the stocking frequency specified sopiedule.
Barber (2003). The units of the specified stocking raits must be

dimensionally equivalent to fish/ha. Valid expressi for
time are given below. Valid options fachedule are:

® yoy[yunits|=a specifies the live weight of fish recruited . -9 o " . oo
into the population as age class 1 wheris a real or weekly”, biweekly”, “monthly”, ‘or “one_time”. If
integer empirical constant. schedule = weekly, then a new cohort agfindividuals is
added to the species’ population once a week tiamutg
B /FEEDING_OPTIONS gtring;; ...; string the specified period. Bchedule = monthly, then a new
- v " cohort ofy individuals is added to the species’ population
This command instructsass how to calculate ingestion for a once a month throughout the specified period.
particular age or size range of fish. Valid optidies this ] ) ) »
command are ® harvesthunits](a<L[units]< B, time) = y specifies the
fractional harvest rate of fish of the specifieddth class
e allometric(class) to model expected feeding using durln.g_ the indicated tlmg period. The. un|ts_ of the
Equation (2.58). specified harvest ratbunits must be dimensionally
equivalent to 1/d.
® clearance€lass) to model expected feeding using ) ) ] o
Equation (2.64). Valid expressions fotime are two month-day combinations
separated by a hyphen. For example,
e holling(class) to model expected feeding using Equation
(2.59). march 15 - september 1
e linear(class) to model expected feeding using EquationBOth of these fishery options can be repeated awy ties as

(2.66). needed to define the species stocking and harveditionally,
only nonzero stocking and harvesting rates nebe &pecified.

Valid expressions foclass are:

Fishing mortality and harvest can be turned ofhwitt deleting
the user’s harvest parameters by using the comiivandption
“f”. Similarly, stocking can be turned off withodieleting the
user’s stocking parameters using the command [itiero“-s”.

a < axunits] < B if the fish’s age determines its feeding
algorithm;
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See Section 4.5 for detalils. o hs_namel-]=file( filename) generates time-varying HSIs
either by reading and interpolating HSIs specifigdhe

M /HABITAT _PARAMETERS string;; ...; string, file filename or by reading and interpolating habitat
variables and then calculating HSIs using usergghp
This command specifies habitat preferences, totesnand logistic regressions. See Sections 4.4.3.

suitability indices for the species.
When HSI multipliers are calculated using user-$isppgogistic
Valid options for habitat preferences are: regressions, the desired regressions are speaifgd) the
following options:
e tpref[celsius](class) =y specifies the preferred or optimum
temperature of the age or size class specifiedirwite e hsi_feeding_equation{] = regression
parentheses.
® hsi_recruitment_equation[] = regression
Valid expressions foclass are:
® hsi_survival_equationf] = regression
a < afxunits] < p

a< [[xunits] < where regression specifies a linear combination of habitat
o < w[xunits] < B variablesX; that are transformed or raised to an integer alr re

power. Transformations recognizedgnss include:
whereo andp are real or integer empirical constants. Thisapti
can be specified repeatedly as needed. Althougta fgiven LN( X;) =>In X, =log, X,
species all class types must be the same typea@e, length, or LN_1(X) =>In (X, + 1) =log, (X, + 1)
weight), class types between species can be ditfere — ! e~
LOG( X;) =>log (X)) = log,, (X)

Valid options for habitat suitability multipliersex LOG_1( X)) =>log (X, + 1) =log,, (X, +1)

e hsi_feedingf] = fnc specifies the species’ HSI for SQRT(X) =y X
feeding by the time functiomc. This HSI is used as a  ASIN_SQRT( X)) :>arcsin(,/ X, )
simple linear multiplier on a cohort’s maximum isgien _ .
rate when feeding is modeled with either an alloimet ASIN_SQRT_PCT(X) _>arcsm(v 0.01 X, )

Holling, or clearance volume formulation. When a
cohort’s ingestion is back-calculated from its ectpe Habitat variables must be specified with units aseld within

growth rate, the specified HSI is used as a siripgar ~ brackets, and must match in name and units to coltariables

multiplier on the cohort’s specific growth rate. eSe specified by the data fifélename. After evaluating the specified

Section 2.9. logistic regressionpAss calculates the fish’'s HSI multiplier
using the standard equation

® hsi_recruitment[-] = fnc specifies the species’s HSI for _ _
recruitment by the time functidmc. This HSI is used as hsi_name =1/ (1 + EXP (-hs_name_equation))
a simple linear multiplier on the species’ YOY

recruitment. See Section 2.9.
When HSI functions are not specified by the usess assigns

e hsi_survival[-] = fnc specifies the species’ HSI for the default value of 1 to each unspecified HSI fiamc
dispersal and non-predatory mortality by the tiometion . .
fnc. This HSI is used to control the species’ selfititig M /INITIAL _CONDITIONS string,; ...; string,
exponent that determines, in combination with thk’$
growth rate, a cohort's estimated dispersal and- nonThis command specifies the species’ initial ageisolerbody
predatory mortality rate. See Section 2.9. chemical concentrations, live body weights, andjetjon sizes.
Valid options for this command are:

Valid expressions for these HSI functions are:
® agefunits|={x, ..., %} to initialize the age of each cohort

e hsi_name-]= o generates a constant HSI for the entire with the specified vector. The units that are d=dted by
simulation. brackets must be dimensionally equivalent to days.
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B /MORPHOMETRIC _PARAMETERS string,; .

chemical_name[units]={x,, ..., %,} to initialize the whole-
body concentration of each cohort for the namedite

This command specifies the species’ physiologieahmeters
for simulating growth. Eaclstring specifies a physiological

by the specified vector. Each name must correspondarameter of the fish as a constant or temperatependent

exactly to a name specified by one of theiEMICAL

enclosed by brackets must be dimensionally equivéde
ung/g wet wt.

wt[units]={x, ..., %} to initialize the body size of each
age class with the specified vector. The unitsngelied
by brackets must be dimensionally equivalent toeg w
wt/fish.

pop[units]={x, ..., %} to initialize the population density
of each age class with the specified vector. Thigsun
delineated by brackets must be dimensionally edgmta
to fish/ha.

..; string,,

This command specifies the species’ morphometniarpaters
that are needed to describe the exchange of chisraic@ss its

gills. Eachstring specifies a required morphometric parameter

as a simple allometric power function of the fisb&xdy weight.
Valid options, which must be separated by semicglare:

gafyunits]=e*W[ xunits]* p specifies the fish’s total gill
surface area whereandp are real or integer empirical
constantsyunitsmust be dimensionally equivalent tocm
or cnf/g wet wt.

id[ yunits]=e*W[ xunits]*p specifies the interlamellar
distance between adjacent lamellae winsardp are real
or integer empirical constantsyunits must be
dimensionally equivalent to cm or cm/g wet wt.

[d[yunits]=e*W[ xunits]*p specifies the density of
secondary lamellae on the primary gill filament®.(i
number of lamellae per mm gill filament) whaereandp
are real or integer empirical constants.

Il yunits]=e*W[ xunits]* p specifies the fish's lamellar

length wherea and g are real or integer empirical

constantsyunits must be dimensionally equivalent to cm
or cm/g wet wt.

Note that if the exponeng equals zero for any of these
parameters, the resulting te¥i{ xunits]*0 does not have to be
specified.

M /PHYSIOLOGICAL _PARAMETERS string;;

...; String,
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power function of its body weight. In particular,
commands. The units of measurement that must be

ae_plant[-]=a specifies the fish's assimilation efficiency
for periphyton and phytoplankton where is a real
empirical constant less than or equal to one.

ae_invert[-]=a specifies the fish’s assimilation efficiency
for benthos, insects, and zooplankton wheiie a real
empirical constant less than or equal to one.

ae_fish[-]=a specifies the fish’s assimilation efficiency
for fish whereao is real a empirical constant less than or
equal to one.

gefyunits]=e*G[ xunitg* p*H(y,T,,T,) specifies the fish’'s
gastric evacuation whefgis the mass of food resident in
the intestine, and where, B, y, T,, andT, are real or
integer empirical constantginits must be dimensionally
equivalentto g dry wt/d. In generak¥2,%s, or 1 (Jobling
1981). This parameter is required only if the fegdi
optionholling(-) is used.

kf_min[-]= a specifies the minimum condition factor for
a fish’s continuing existence. Bnss, a fish’s condition
factor is defined by the ratio

/4

K= T (4.3)

whereW andL are the fish’s current live body weight and
total length, respectively; andandp are the coefficient
and exponent for the fish’s weight-length relatiipgsee
/PHYSIOLOGICAL _PARAMETERS optionwl[-]).

mf[ yunits|=a*W[ xunits]* p*H(y,T,,T,) specifies the
fish’'s maximum filtering rate where B,y, T,, andT, are
real or integer empirical constantgunits must be
dimensionally equivalent to L/d. This parameter is
required only if the feeding optiatlearancef) is used.

mi[ yunits|=a*W[ xunits|* p*H(y,T,,T,) specifies the
fish’'s maximum ingestion where, g, y, T,, andT, are
real or integer empirical constantgunits must be
dimensionally equivalent to g dry wt/d. This paraenés
required only if the feeding optiadlometric(-) is used.

rq[-]= o specifies the fish’'s respiratory quotient; (i.e.,
L(CO,) respired/L(Q) consumed) wherer is a real
empirical constant.



rt:std[-]= @ specifies the ratio of a fish’s routine
respiration to its standard respiration wherés a real
empirical constant. If not specified by the usexss
assigns a default value equal 2.

sda:in[-]=a specifies the ratio of a fish’'s SDA to its
ingestion whereu is a real empirical constant. If not
specified by the useBass assigns a default value equal
0.17.

sglyunits]=e*W[ xunits]* p*H(y,T,,T,) specifies the
fish's specific growth rate where B, v, T,, andT, are

real or integer empirical constantgunits must be

dimensionally equivalent to day This parameter is
required only if the feeding optidimear(-) is used.

smlyunits]=e*W[ xunits]* p*H(y,T,,T,) specifies the size
of the satiation meal consumed during the intef@abt)
wherea, B, v, T,, andT, are real or integer empirical
constantsyunits must be dimensionally equivalent to g
dry wt/d. See optiost[yunits] below. This parameter is
required only if the feeding optidmlling(-) is used.

sofyunits]=e*W[ xunits)* p*H(y,T,,T,) specifies the
fish's standard oxygen consumption wheyg, v, T,, and

T, are real or integer empirical constagtmits must be
dimensionally equivalent to mg,@r or mg Q/g wet

wt/hr.

st[yunits]=a*W[ xunits]* p*H(y,T,, T,) specifies the time
to satiation when feeding with an initially emptgmach
wherea, B, v, T,, andT, are real or integer empirical
constants. See optiem[yunits] above. This parameter is
required only if the feeding optidmlling(-) is used.

For the optiongefyunits], mf[yunits], mi[ yunits], sg[yunits],
smlyunits], sofyunits], andst[yunits],

H(Y,TI,T2):eXP(YT)( 1- (4.4)

whereT, is the temperature at which each particular pr&ses

B equals zero for any of these temperature-deperummuer
functions, the termiV[xunits]*0 does not have to be specified.

If a required parameter is not specified, the paogrwill
terminate with an appropriate error message.

M /PREY_SWITCHING _OFF

This command disablea\ss's prey switching algorithms when
a cohort’s expected feeding level cannot be satisfising the
dietary compositions specified by the user. By digf@aAss's
prey switching algorithms are enabled.

B /SPAWNING_PERIOD string

This command specifies the months during which spegv
occurs. Valid character strings for this commarel either the
name of a month or the names of two months sephiatea
hyphen. For example,

/SPAWNING_PERIOD may

OR

/SPAWNING_PERIOD april-june
The names of the months must be spelled-out in full
M /SPECIES string

This command specifies the scientific name (gendsspecies)
of the fish to be modeled. When this command i©entered,
BASS uses the specified scientific name to assign dtefau
ecological, morphological, and physiological partarefor the
species of interest. These default parametershere updated
with the data that the wuser inputs via the
/ECOLOGICAL_PARAMETERS /MORPHOMETRIC PARAMETERS and
/PHYSIOLOGICAL PARAMETERSCOMmands. This option, however,
is not currently operational BASSVv2.2.

4.3.4. Nonfish Input Commands

rate is maximum and, is the upper temperature at which the These commands specify simulation parameters fathbs,

process is no longer operative. If the process doesxhibit a
temperature optimum, then the hyperbolic functit{iy,T,,T,)
should be substituted with the exponential
dependent power functions can also be specified as

o*W[ xunits]™ p*exp(y*T[celsius])

As noted for the fish’s morphometric parametershgfexponent
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periphyton, incidental terrestrial insects, phy&oiton and
zooplankton. The syntax for these commands is lksv®

function
exp@y*T[celsius]). Consequently, each of these temperature- /BENTHOS

string,; ...; string,
/TERRESTRIAL INSECTS string;; ...; string,
/PERIPHYTON string,; ...; string,
/PHYTOPLANKTON string,; ...; string,
/ZOOPLANKTON string,; ...; string,



Depending on the options selectBdss generates the standing
stocks of these nonfish compartments either as aontyn
forcing functions or as community state variabidthough these
compartments can be simulated for any desired cantynonly
those components identified as fish prey are requio be

specified

(see thediet(.,.)={...} option for

/[ECOLOGICAL PARAMETERS. Note, however, becausBAss
assumes that piscivorous fish switch to benthieiitebrates and
incidental terrestrial insects when appropriateader fish are
unavailable, the benthos and insect options shibelspecified
even when simulating only piscivorous fish.

When benthos,

incidental terrestriakets,

periphyton,

phytoplankton or zooplankton are treated as comiynémicing
functions, a single option of the form

biomassjunits]=string

is specified. Valid expressions for this option:are

biomasslunits|=a for a constant nonfish standing stock

biomasspunits]=a + p*sin(e® + @*t[ xunits]) for a
sinusoidal nonfish standing stock wherdas the mean
standing stock for the chosen time perigd,is its
amplitude yunity, o is its phase angle (radians), and
¢=2n / period is its frequency (nits.

biomasslunits|=file(filename) to read and interpolate a
nonfish standing stock from the fiikename. See Section
4.4.3.

Whereagunits must be dimensionally equivalent to g dry wt/m
for benthos, incidental terrestrial insects, andpbston, for
phytoplankton and zooplanktgmunits must be dimensionally
equivalent to g dry wt/L. As previously not@Assassumes that
the first day of simulation is April 1 and that tl865-th
simulation day is March 31. This assignment carchenged

using

the command MONTH_TO. This command-option

combination is equivalent to theass v2.1 simulation control
commandBIioTA

When benthos, periphyton, phytoplankton or zoopiamlare
treated as community state variables, the folloviing options
must be specified:

initial_biomass[yunits|=number. This option specifies
the initial compartmental standing stock of theglested
component and is required to simulate the designate
nonfish compartment asassstate variableunits must

be dimensionally equivalent to g dry wim
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mean_weightlunits|=fnc. This option specifies the
average body weight of individuals within the desitpd
nonfish compartment. This parameter is required to
simulate the designated nonfish compartment Bssa
state variableyunits must be dimensionally equivalent to
g dry wt/ind. Valid expressions fénc are:

mean_weightjunits|=a generates a constant average
individual body weight for the designated prey.

mean_weightlunits|=a + p*sin(® + @*t[ xunits))
generates the average individual body weight of the
designated prey as a sinusoidal function of timerah

a is the mean body weight for the chosen time period
B is its amplitude funity, o is its phase angle
(radians), ang=2x / period is its frequency (dnits.

mean_weightjunits]=file(filename) to read and
interpolate the average individual body weight haf t
designated prey from the filélename. See Section
4.4.3.

Unless specified otherwiseass assumes that the first
day of simulation is April 1 and that the 365-timalation
day is March 31. This assignment can be changed) usi
the commandMoNTH_TO.

ingestionfyunits]=e*W|[ xunits]* p*H(y,T,,T,) specifies
the ingestion rate of individuals within the desitgd
compartment as a function of their average bodghei
and temperature where B, vy, T,, andT, are real or
integer empirical constants. This parameter isirequo
simulate either benthos or zooplankton asaas state
variable yunitsmust be dimensionally equivalent to g dry
wt/d, andxunits must be dimensionally equivalent to g
dry wt/ind.

photosynthesisjunits|=e*W[ xunits]* p*H(y,T,,T,)
specifies the photosynthetic rate of individualghim the
designated compartment as a function of their @eera
body weight and temperature whex§, v, T,, andT , are
real or integer empirical constants. This paraméter
required to simulate either periphyton or phytogtdn as

a BASS state variableyunits must be dimensionally
equivalent to g dry wt/d, andxunits must be
dimensionally equivalent to g dry wt/ind. Currently
photosynthesis is not treated as a function ofenis and
light availability.

respiration[yunits]=a*W[ xunits]* p*H(y,T,,T,)
specifies the specific rate of dry organic matepnetion
for the designated compartment as a function ofeayee



individual body weight and temperature wher@, vy, T,,

and T, are real or integer empirical constants. This

parameter is required to simulate the designatedfisio
compartment as &ASS state variableyunits must be

dimensionally equivalent to g dry wt/d, ardnits must

be dimensionally equivalent to g dry wt/ind.

Although BASS enables users to simulate benthos, periphyton,

phytoplankton or zooplankton as community statdabdes,

incidental terrestrial insects are always treated aommunity

forcing function.

4.4. Input Data Syntax

4.4.1. Units Recognized by BASS

Most BASs commands require the specification of units (or

combination of units) as part of an option. Thist&a describes

the syntax for units that are recognized BASSS input

algorithms. The conversion of user-supplied undsthose
actually used bpassis accomplished by referencing all units to

the MKS system (i.e., meter, kilogram, secofidble 4.1and
Table 4.2 summarize prefixes and fundamental

units,

respectively, that are recognized byssSs unit conversion

subroutinesTable 4.2also summarizes the dimensionality and

the conversion factor to the MKS system standaitd Table 4.3

summarizes units that are recognize@hgs's unit conversion

subroutines for specifying ecological, morphometremd
physiological units.

Units and their prefixes can be specified in eitlfgver or lower
case. When prefixes are used, there must be nodeletdlanks

between the prefix and the unit name, e.g., “miéligs” is

correct, “milli grams” is incorrect. The circumflé€%) is used to

denote exponentiation (e.g., érs presented as cm”-2). T

he

slash (/) is used to denote division. If multiplashes are used
to specify a unit, they are interpreted accordingftict algebraic

logic. For example, both “mgl/liter”, and “mg litef® are
equivalent specifications. Similarly, the weightesjic units
“mg/g/day” are “mg g~-1 day”-1" are equivalent.

4.4.2. User Specified Functions

The following syntax rules apply to specifying teeptions

® Brackets are used only to delineate units. Dimensss

parameters like assimilation efficiency, lipid ftian, and
K, must be specified with null units “[-]".

® The order of addition and multiplication is notrsfgcant.

Thus,
equivalent.
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temp(celsius)a+p*sin(o + @*t[ xunitg) <=>
temp[celsius]B sin(*t[ xunit§+o) + o

czplnkfyunit§=o*cwaterxunity <=>
czplnkfyunitd=cwaterkunitd* o

Options that are temperature-dependent or indep¢nde
power functions can be specified by oar In transforms.
For example, the following options are valid

In(sofyunitg)=a + B*In(W[ xunitd) + y*T[celsius]
log(solyunitd)=a + B*In(W[ xunitd) + y*T[celsius]

User-specified functions do not have to be in reduc
form. For example, temperature-dependent power
functions can be specified with a reference tentpeza
other than 8Celsius. ThussAsswill correctly decode the
following functions

sofyunitd=a*W[ xunitd"p*exp(y*(T[celsius]-20))
In(sofyunitg)=a+ B*In(W[xunitg) + y*(T[celsius]-20)
log(sofyunitg)= a+ B*log(W[xunitg) + y*(T[celsius]-20)

If the temperature dependency is unknown, tempesatu
dependent power functions can be input for a sjgecif
temperaturey® Celsius, in which casBASS assumes a
default Q,=2. If this feature is used, the reference
temperature must be enclosed by parentheses dow fol
the units specification of the independent variabler
example, the following specifications are valid

sofyunitg(y)=a*W[ xunitd"f

In(sofyunitg(y))=a + B*In(W[ xunitg)

log(solyunitd(y))=a + p*log(W[xunitg)

If either the slope of a linear function or the ewpnt of

a power function is zero, the function can be inpaig
constant without specifying the expected indepehden
variable. For example, the following specificaticar®
equivalent

Ip[cm]=4.5 <=> Ip[cm]=4.5 + 0.0*L[cm]

pl[-]=0.05 <=> pl[-]=0.05*W[g(fw)]*0.0

Operators (**/ +-) may not be concatenated. Fanmgle,
the following options have invalid syntax



so[mg(02)/g/hr]=
0.1*exp(0.0693*T[celsius])*W[g(fw)}-0.2

In(so[mg(02)/g/hr])=
- 2.30+0.0693*T|[celsius]+-0.2*In(W[g(fw)])

The correct syntax for these options would be

so[mg(02)/g/hr]=
0.1*exp(0.0693*T[celsius])*W[g(fw)](-0.2)

In(so[mg(02)/g/hr])=
-2.30+0.0693*T[celsius]- 0.2*In(W[g(fw)])

4.4.3. User Supplied Parameter Files

If the user specifies a file option for the&xPOSURE
ITEMPERATURE /WATER_LEVEL, /BIOTA, /BENTHOS,
ITERRESTRIAL INSECTS  /PERIPHYTON  /PHYTOPLANKTON,
[ZOOPLANKTON, Or MHABITAT _PARAMETERS commands, the
designated files must exist and be supplied byuser. The
general format of aAss exposure file allows a user to specify
multiple exposure conditions within a single fiiach file record
specifies exposure conditions for a specific tiffiiee general
format of aBAass exposure file is as follows

I file: exposure.dat
I

/001 timepnitd ! see ensuing discussion

/C1 string

/CM string

/START _DATA

Vii  Vip Viwy ! comment

Voi Voo Vv | comment

Var1 Var2 Varmy | COMment

The records beginning with a slash (/) followgah integer CJ
identify the type of data (time, exposure concdina
temperature, etc.) contained in CJ-th column ofielata record.
In this example, NR is the total number of dataords in the
file, MV is the number of variables per record, &M..CM are
the column positions of M exposure variables thatabe read.
Note, however, that MV can be greater than CM dmat t
C1...CM need not be consecutively numbered. To Iyrthe
reading of multiple exposure filesass requires that “time” be
specified as the first column of any user-suppdirdosure file.
Valid character strings for specifying the remainilata columns
include:
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bbenthosfunits] to input the standing stock of benthic
invertebrates;

binsectspnitg] to input the standing stock of incidental terrietr
insects;

bperiphyton[units] to input the standing stock of periphyton or
grazable algae;
bphytoplankton[units] to
phytoplankton;

input the standing stock of

bzooplankton[units] to input the standing stock of zooplankton;

cbenthospnits](chemical name) to input the concentration of
chemical name in benthic invertebrates;

cinsectspnits](chemical name) to input the concentration of
chemical name in incidental terrestrial insects;

cperiphyton[units](chemical name) to input the concentration
of chemical name in periphyton;
cphytoplanktonunits](chemical name) to the
concentration othemical name in phytoplankton;

input
csedimentpnits](chemical name) to input the sediment
concentration o€hemical name;

cwater[units](chemical name) to input the unbound, aqueous
concentration o€hemical name;

czooplankton[units](chemical name) to input the whole-body
concentration othemical name in zooplankton;

depth[unitg] to input water depth.

hsi_feeding[-]fish name) to input the feeding/growth HSI for
the fish species identified within the parentheses.

hsi_recruitment[-](fish name) to input the recruitment/
spawning HSI for the fish species identified withihe
parentheses.

hsi_survival[-](fish name) to input the dispersal/non-predatory
mortality HSI for the fish species identified withithe
parentheses.

temperature[unitg] to input ambient water temperature.

wbenthos[units] to input the mean body weight of benthic
invertebrates;



winsectspnits] to input the mean body weight of incidental
terrestrial insects;

wperiphyton[units] to input the mean body weight of periphyton
or grazable algae;

wphytoplankton[units] to input the mean body weight of
phytoplankton;

wzooplankton[units] to input the mean body weight of
zooplankton;

If column names other than those listed abovep@eiied BASS
simply ignores them. Data records can be continbgd
appending an ampersand (&) to the line, e.g.,dleviing data
records are equivalent.

Via Vi oor Vj Vijer -+ My

Vig Vig.oo Vi &

Vijr Vijrz -+ Mmv

File records must be sequenced such that timendemeasing
(i,e., t < t,5, 1 =1, 2, ..., N-1). The time increment between
consecutive records can be either constant or hlariaAss
calculates the exposure conditions between spdd¢ifiee points
by simple linear interpolation.

4 .5.B8Ass Include File Structure

As mentioned in Section 4.8ASS's input processing routines
allow aBAss project file to be specified using include filels o
related parameters. This capability is the coroerstipon which
theeass GUI has been developed.

In order to select an appropriate project / inclfigehierarchy
for implementation in theass GUI, careful consideration was
given to the perceived needs of researchers aricbemental
regulators who would routinely analyze and evalustailar
scenarios that might differ either in terms of ttleemical
exposures of interest or in terms of the commusitieconcern.
For example, the USEPA Office of Pesticide Progreousinely
evaluates different pesticides for registrationesa®n their
expected fate and effects in series of canoniazdtic habitats
/ ecosystems. Similarly, the USEPA Office of Paddat
Prevention and Toxics evaluates the pre-manufagfuri
registration of industrial chemicals in much theneavay. These
considerations suggested that a practical workiss project /
include file hierarchy should be structured asofol:

e All data specifying the bioenergetic, compositigraaid
morphological parameters for a specific fish spetiat
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can be considered to be independent of the paaticul
community in which the fish resides, should be aom@d
within a single include file that is assigned tlesarved
extensiorFsH.

All data specifying the structure and function of a
particular fish community should be contained withi
single include file that is assigned the reservadresion
CcMM. These files should use the aforementionegH-.
files as include files intervened with the neceggeh
commands that are specific to the community ofrége

In general, these community-specific fish commands
define each species’ 1) the dietary compositiorinigial
ages, body weights, population densities, and atemi
residues, 3) habitat multipliers, 4) any desireshdry
parameters, and 5) any fish commands containednwith
the specified *sH files that the user wants to have
superceded or updated.

All data specifying the physico-chemical properfasa
specific chemical of concern should be containgtiwi
a single include file that is assigned the reseextension
PRP

e All data specifying a chemical exposure scenarauikh
be contained within a single include file that $signed
the reserved extensia@HM. These files should use the
aforementioned ®RPfiles intervened with the necessary
chemical commands needed to specify each chemidal's
agueous concentration, 2) dietary exposures vithben
insects, periphyton, phytoplankton, and zooplank8n
effects concentrations for specific fish, and 4) @hevant
rates of biotransformation by specific fish.

Lastly, all Bass project files should use the
aforementioned €mM files and *cHw files to specify the
fish community and the chemical exposures of cancer
All such project files will be assigned the reserve
extensiorPrl

Based on these considerations, the general steuofusBASS
project file is as follows:

! file: name.prj

! notes: general structure of a BASS project file
!

/ SIMULATION_CONTROL

/ HEADER <string>

/ MONTH_TO <string>

/ LENGTH_OF_SIMULATION  ofyear]
/| TEMPERATURE temp]celsius] = fnc
/ WATER_LEVEL depth[meter] = fnc

! specify chemical exposures (if any)
#include ‘exposures.chm’

! specify fish community

#include ‘community.cmm’



/ END

The chemical exposure scenario filePOSURESCHM specified
in this project file has the following general form

! file: exposures.chm

I notes: general structure of a chemical
! exposure scenario file

!
! specify physico-chemical parameters
#include ‘chemical_1.prp’

| EXPOSURE cwater[ppm] = fnc; &
cbenthos[ppm] = fnc; &
cinsects[ppm] = fnc; &
cperiphyton[ppm] = fnc; &
cphytoplankton[ppm] = fnc; &
czooplankton[ppm] = fnc

/ NONFISH_BCF &
bcf[-](benthos) = fnc; &
bcf[-](periphyton) = fnc; &
bcf[-](phytoplankton) = fnc; &
bcf[-](zooplankton) = fnc

/ LETHALITY &
Ic50[units]( fish_1)= fnc;&
Ic50[units]( fish_2)= fnc

/ METABOLISM &
bt[units]( fish_1,chemn)= fnc;&
bt[units]( fish_2,chemn)= fnc

! repeat above chemical data block as needed

! end exposures.chm

The general structure of the chemical

CHEMICAL_1 PRpPspecified in the above exposure scenario file is7

! file: chemical_1.prp

I notes: general structure of a chemical
! property file

!

/ CHEMICAL

<string>
/ LOG_AC <real number>
/ LOG_P <real number>
/ LOG_KB1 <real number>
/ LOG_KB2 <real number>

/ MOLAR_WEIGHT  <real number>
/ MOLAR_VOLUME  <real humber>
/ MELTING_POINT <real number>
!I'end chemical_1.prp

The community filecommunITY.cMM specified for the above
project file has the following general form

! file: community.cmm

! notes: general structure of a community file
!

#include ‘fish_1.fsh’

/ ECOLOGICAL_PARAMETERS &

diet( o<x[units]< p)={benthos= «, .., fish_n=p, .}; &
diet( o<x[units]< p)={benthos= «, .., fish_n=p, .}; &
diet( o<x[units]< p)={benthos= «, .., fish_n=p, .}; &
diet( o<x[units]< p)={benthos= «, .., fish_n=p, .}; &

nm[-]= o*b( B: v)*sg_mu[-]; &

ast_yoy[-]=f(bb[-]= o, Size=p, pop=y)
/ INITIAL_CONDITIONS &

agefyrl={ o, .., B} &

wigl={ o, .., Bh&

popl[fish/ha]={ o .., B}
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| FISHERY_PARAMETERS &
stocking[fish/ha]&
(age[yr]=  o,size[gl=  p,season= sl,frequency=
harvest[1/yr]( o<llem]< B, season_string)=vy
/ HABITAT_PARAMETERS &

s2)=v;&

hsi_feeding[-]= fnc; &
hsi_recruitment[-]= fnc; &
hsi_survival[-]= fnc

! repeat above fish data block as needed

!- specify nonfish compartments/forcing functions
/ BENTHOS &

initial_biomass[units]= o &

mean_weight[g(dw)]=  fnc; &

ingestion[g(dw)/day]= o*wlg(dw)]*  g*h( vt 1t L) &
respiration[g(dw)/day]= o*wlg(dw)]*  p*h( vt 1t )

/ TERRESTRIAL_INSECTS biomass[units]= fnc

I end community.cmm

The general structure of the fish parameter fileH 1FsH
specified in the above community file is

! file: fish_1.fsh
! notes: general structure of a fish file
|
/ COMMON_NAME <string>
| SPECIES <string>
| AGE_CLASS_DURATION <string>
/ SPAWNING_PERIOD <string>
/ FEEDING_OPTIONS &
allometric(  a<x[ uni t s]< p); &
clearance( a<x[units]< p); &
a<x[ uni t sl< B); &
linear( o<x[units]<p)
COMPOSITIONAL_PARAMETERS &
pal-]= o*pll-l+ B; &
pIll=  orwiglt
/ ECOLOGICAL_PARAMETERS &
yoylgl= o wt_max[g]l= o mis[yr]=
tl_rOfcm]=  «; rbi[-]= o &
Iplcm]= o*[cm]+ B; &
Ip_max[cm]= o*l[cm]+
Ip_min[cm]=  o*[cm]+
sg_mu[l/d]= o*wg]*
wl[gl=  o*l[cm]®
/ MORPHOMETRIC_PARAMETERS &

o, &

B &
B &
B &

galcm"2]= o*w[g]* B; &
idlcm]= o*w[g]* B; &
ld[cm]= o*w[g]* B; &
lfcm]=  o*wig]*

/ PHYSIOLOGICAL_PARAMETERS &
ae_fish[-]= o; ae_invert[-]=
rq[-l=  o; rtistd[-]= a; sda:in[-]=
ge[g(dw)/dl=  o*g[g]* B*h( vt 1t ;) &
mfllfd]=  o*w[g]* B*h( vt 1t 2); &
mi[g(dw)/d]= o*w[g]®
sg[l/d]=  orw[g]® B*h( vt 1t o) &
smlg(dw)]= ow[g]* B*h( vt 1.t 5); &
so[mg(02)/h]= otwl[g]® B*h( vit 1t ) &
st[minute]= o*wlg]® g*h( vyt 1t ,)

I'end fish_1.fsh

o; ae_plant[-]=
o, &

o &

In addition to the file hierarchy outlined abovée,was also
concluded that theass software and GUI should operate within
a fixed directory structure that would accommodbatin project-
specific include files and canonical include fitbsit could be
copied and edited as needed for new applicatiomss€tjuently,



the BASS installation software creates the directory strect
shown below

*.CMM, or *.PRPfiles,BAssinitially attempts to find these include
files in the current project file's subdirectorfthese files cannot

be found in the current subdirectoBass uses the extension of

C:\BASS
-- BASS_V22.EXE

-- BASS GUI executables and DLLs
--\FISH -- *.FSH
--\COMMUNITY -- *,.CMM

--\PROPERTY -- *PRP

--\PROJECTS -- \projectl -- *.PRJ
* CHM
| * DAT °

|
\project2
|

The FIsH subdirectory contains canonical versions of tiFgH.
files that specify the bioenergetic, compositiorablogical, and
morphological parameters of individual fish speeiad that are
used as include files for constructing fish comrnufiles. °

The LoMMUNITY subdirectory contains canonical versions of the
*.cMM files that specify the composition, trophic sturet and
initial conditions for the community’s fishes as lwas any
desired fishery and habitat suitability parameters.

The PROPERTYSuUbdirectory contains canonical versions of the
*.PRP files that specify the physico-chemical propertigfs
individual chemicals and that are used as inclutis ffor
chemical exposure files.

The PrRoOJECTHirectory contains subdirectories that are created
by the user for a particular model applicationgémeral, each
application should be assigned its own subdirecitinyee types o
of BAss data files will generally reside in eaekoJecTtdolder.
These file types are: 1) PRrJ files that define the desired
application and any desired variants of the apptioa2) *CcHM

files that specify chemical exposures and propgrtand 3)
*.DAT files that specify chemical exposures, habitatakility
multipliers, nonfish standing stocks, water tempes and
water depth when these parameters are supplietiebifite”
option. A project subdirectory can also contairelotopies of e
either *FsH, *.cMM, or *.PRP files that have been created or
modified for a particular project. Such files magvh been
created from scratch or may have been construateah f
canonical files residing in thei$H, \COMMUNITY, or PROPERTY
subdirectories.

BASS's input subroutines process project files assurtiiag the

paths ofall specified include files are relative to the projée
that is currently being read. Therefore, in theecab *.FsH,
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the specified include files to search thish, \COMMUNITY, or
\PROPERTY subdirectories. This prioritized input processing
means that a user can specify a canonicahm. file that uses
both canonical and localrsH files.

4.6. Output Files Generated byBASS

BASS generates the following four types of output files

an output file that summarizes the user’s inpuapeaters,
any input errors detected byss, and any warnings / errors
encountered during an actual simulation. This Hie the
same name of the executed project file with extemsi
“MSG’. For example, wheBASs executes the project file
INPUT.PRJ the message fileiPUT.MSG is generated. If this
message file already exists, it is silently ovetieri

an output file that tabulates selected results loé t
simulation. Tabulated summaries include: 1) annual
bioenergetic fluxes and growth statistics (i.e.am&ody
weight, mean growth rate) of individual fish by sj@s and
age class, 2) annual bioaccumulation fluxes anistts
(i.e., mean whole-body concentrations, BAF, and B g~
individual fish by species and age class, and 3juah
community fluxes and statistics (i.e., mean popatat
densities and biomasses) of each fish speciesdylags.
This file has the same name of the executed proiectith
extension “BSS”. For example, wh@&ass executes the
project file INPUT.PR] the output file INPUT.BSS is
generated. If this file already exists, it is silgverwritten

a Post-script file that contains the plots thatevequested
by the user using the commandsiMuAL_PLOTS and
/SUMMARY_PLOTS This file has the same name of the
executed project file with extension “PS”. For exde
whenBAss executes the project filgPuT.PR] the plot file
INPUT.PSis generated. If this file already exists, itilerstly
overwritten

a XML file that outputs daily values of communitiate
variables as well as integrated annual flow sumesaaind
annual means for selected state variables. Usarisngzort
this file into thesass Output Analyzer to generate their own
custom plots and tables.

4.7. Command Line Options

To run aBAss simulation that is specified by the project file
INPUT.PRJ BASS can be invoked either from tleass GUI or



using the UNIX like command line
C:\BASS22> bass_v22 -i input.prj

Although the “-i filename” option is the only reqed command
line option, the following additional options areadable

-c => print distribution of cpu time in major sulbitmes

-e => output realized monthly dietary compositioos f
electively feeding fish

-f => turn off fishing mortality

-h => print this help list and stop (also see -?)

-l=> calculate the total aqueous phase chemidtafitycof fish
but turn off associated incipient lethality

-m => enable monthly spawning for species with ahaga

classes
-mba => output mass balance analysis associatedeaith
requested annual summary
-n => internally calculate rate-based BCFs for r&mfisee
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Equation (2.102))

-p => turn on messages associated with feeding esdhfion

-s => turn off fish stocking

-t => run test of theBAass Runge-Kutta integrator and stop;
results outputted to filBASS INT_TEST.OUT.

-w => read project file and generate associated agesfile
without attempting model execution

-z => output ending vectors for age, weight, densitd cfish
(See *.BSS)

-? => print this help list and stop (also see -h)

For example, the command line
C:\BASS22> bass_v22 -i input.prj -l -c
will execute the project filevpPuT.PRIWIthout simulating acute

or chronic chemical lethality and report the disttion of cpu
time spent within various kesass subroutines.
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Table 4.1Valid Unit Prefixes.

Prefix Name Conversion
Factor
atto 10
centi 10
deca 10"
deci 10
exa 108
femto 10%
giga 10
hecto 10%
kilo 10
mega 10
micro 10%
milli 10
myria 10%
nano 10°
peta 10"
pico 10
tera 10
58



Table 4.2Valid Unit Names for Length, Area, Volume, Maséme&, and Energy. This list is not exhaustive
and summarizes only commonly used unit namesstkg's units conversion program recognizes.

Unit Name Conversion Metre Kg Second Description
Factor to SI

acre 2.471x16 2 0 0 4840 yards
are 1.000x1& 2 0 0 100 metér
btu 9.479x16%* 2 1 -2
calorie 2.388x18¢" 2 1 -2
cc 1.000x1¢* 3 0 0 cm
cm 1.000x1¢* 1 0 0
day 1.157x16° 0 0 1
decade 3.169x19 0 0 1 10 years
erg 1.000x107 2 1 -2
fathom 5.468x18" 1 0 0 6 feet
feet 3.281x10° 1 0 0
foot 3.281x10™ 1 0 0
ft 3.281x10% 1 0 0 feet, foot
g 1.000x10P3 0 1 0 grams
gallon 2.642x10? 3 0 0 3.785 liter
gm 1.000x1¢* 0 1 0 grams
gram 1.000x18? 0 1 0
gramme 1.000x1¢ 0 1 0
hectare 1.000x1Y 2 0 0 100 are
hour 2.778x18 0 0 1
hr 2.778x10* 0 0 1 hour
imperialgallon ~ 2.200x1® 3 0 0 4.54 liter
inch 3.937x10¢* 1 0 0
joule 1.000x1¢° 2 1 -2
kg 1.000x10° 0 1 0 kilograms
km 1.000x10° 1 0 0 kilometer
I 1.000x10% 3 0 0 liter
Ib 2.205x10% 0 1 0 pound
liter 1.000x10% 3 0 0
litre 1.000x10% 3 0 0
m 1.000x10° 1 0 0 meter
meter 1.000x18° 1 0 0
metre 1.000x18° 1 0 0
mg 1.000x1¢*® 0 1 0 milligrams
micron 1.000x10° 1 0 0 1 meter
mile 6.214x10* 1 0 0 5280 feet
min 1.667x10? 0 0 1 minute
minute 1.667x1®% 0 0 1
mi 1.000x10% 3 0 0

1.000x1(f* 0 0

mm
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Table 4.3Valid Ecological, Morphometric, and Physiologittit Names.

Unit Name Conversion Metre Kg Second Description

Factor to Sl
fish n.a. 0 0 0 treated as information as is byte
g(02) 7.3718x10 -2 gram of oxygen
mg(02) 7.3718x18 -2 milligram of oxygen
ug(02) 7.3718x%10 2 1 -2 microgram of oxygen
ha 1.000x10d 2 0 0 hectare
individuals n.a. treated as information asyte
inds n.a. treated as information as is byte
kcal 2.388x10 2 1 -2 kilocalorie
ul(02) 5.1603x10 2 1 -2 microliter oxygen STP = roioole
mi(02) 5.1603x16 1 -2 milliliter oxygen STP = millimole
1(02) 5.1603x16 1 -2 22.4 liters STP = mole
lamellae n.a. 0 0 treated as information asts by
umol(02) 2.3037 1 -2 micromole of oxygen
mmol(02) 2.3037x1® 2 1 -2 millimole of oxygen
mol(02) 2.3037x16 -2 mole of oxygen
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Note: For purposes of units conversion, all urotsdxygen consumption are treated dimensionaljpaies.



5.BAss Model Software and Graphical User Interface

5.1. Software Overview

The BASS v2.2 model and Graphical User’s Interface (GUI)
software are provided via two downloads from theEBS
Center for Exposure Assessment Modeling (CEAM) \itebs
(http://www.epa.gov/ceampubpl/These downloads are:

1.Install_BASS v22.exeAn InstallShield executable file that
installs theBAss model software, user’'s manual, distribution
examples, GUI, and Output Analyzer for Windows NJ//RP.

2. Install_ BASS_v22_ModelOnly.exe A WinZip Self-
extracting file that installs only thBass model software,
user's manual, and distribution examples for all
DOS/Windows systems.

The installation programnstall BASSv22.execreates and
installs the BASS model software, GUI, and Outputkzer
into the installation directory shown below

PATH\BASS_V22

BASS_V22.EXE

BASS_V22_ ABSOFT.EXE

BASS_V22 LAHEY.EXE

DISDLL.DLL

CLEAN_EXAMPLES.BAT

RUN_EXAMPLES.BAT

\BASS_CMM_FSH
BASS_CMM_FSH.EXE
BASS_FISH_CODES.DB
BASS_FISHPAR.DB
\SOURCE_CODE

\BASS_GUI

\COMMUNITY

\DOCUMENTS
BASS_MANUAL.WPD
BASS_MANUAL.PDF
BASS_DATA_SUPPLEMENT.WPD
BASS_DATA_SUPPLEMENT.PDF

\FISH

\PROPERTY

\PROJECTS
\EX_EVERGLADES_CANAL
\EX_EVERGLADES_CANAL_FISHING
\EX_EVERGLADES_CANAL_HG
\EX_EVERGLADES_CANAL_LESLIE_HG
\EX_EVERGLADES_HOLES_HG
\EX_EVERGLADES_MARSH_HG
\EX_L_HARTWELL
\EX_L_HARTWELL_PCB
\EX_L_HARTWELL_PCB_TRANS
\EX_L_ONTARIO_PCB
\EX_SE_FARM_POND

\SOURCE_CODE

wherePATH = C:\PROGRAM FILESBASS unless changed by the
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user. The contents of this directory are:

1. BASS V22 ABSOFT.EXE is the most curremsAss model
executable that has been created with the Absoft&tBion
9.0 Fortran 95 compiler using the standard 32-Witedows
XP operating system running on an IBM IntelliStati&d Pro
equipped with dual 64-byte Opteron processors. iDgles
processor machines, this executable will run apprately 3
times faster than the Lahey-Fujitsu executable; domal
processor machines, this executable will run agprately 5-7
times faster than the Lahey-Fujitsu executableeNuiwever,
that there are minor compiler bugs associated with
executable that apparently do not affect its corumnal
accuracy. Also see Section 7.2.7.

2. BASS V22 LAHEY .EXE is the most currensAss model
executable that has been created with the Laheaistuj
Fortran 95 version 5.7f compiler. This executaBleised as
the defaulBAss software executabigass v22 EXE.

3.DISDLL .DLL is a dynamic link library needed to execute the
DISLIN graphing software.

4.\BASS GUI contains the executables and associated library
and support files for theass GUI and Output Analyzer.

5.\BASS CMM _FsH contains theassfish file and community
file generator, described in Section 5.6, withdssociated
database files and source code.

6. \cCOMMUNITY is the folder designed to be a repository of
community files (*cmm) that the user wishes to save as a
canonical library for the construction of futusess projects.
Although this folder is empty, it must be presemttheBass
software to function correctly. See Section 4.556).

7. \DOCUMENTS\BASS MANUAL .WPD is the currentBASS
User's Manual in WordPerfect format.

8.\DOCUMENTS\BASS MANUAL .PDFisthe currergAssUser's
Manual in PDF format.

9. \DOCUMENTS\BASS V22 DATA_SUPPLEMENT.WPD is the
current compendium of fish data that can be used to
parameterizeAss in WordPerfect format.

10.\DOCUMENTS\BASS V22 DATA_SUPPLEMENT.PDF is the
current compendium of fish data that can be used to
parameterizeAss in PDF format.



11.\FIsH is the folder designed to be a repository of fiks
(*.FsH) that the user wishes to save as a canonicalyilioa
the construction of futurBass projects. Although this folder
is empty, it must be present for tBess software to function
correctly. See Section 4.5 (page 56).

12.\PROJECTS contains thesass v2.2 distribution example
projects that are described in Section 6.1 (page Alb of
these examples can executed by double clickindi@e®dOS
batch fileRUN_EXAMPLES.BAT .

13.\PROPERTY is the folder designed to be a repository of
chemical property files (PRP that the user wishes to save as

a canonical library for the construction of futeressprojects.
This folder must be present for thess software to function
correctly, and it is initially populated with cheral property
files used by theass distribution examples. This folder also
contains the foldeBARBER_2003which contains chemical
property files for the chemicals analyzed in Baibesview
paper of gill exchange models (Barber, M.C. 20Q3siEon.
Toxicol. Chem. 22: 1963-1992). See Section 4.5€[&6).

14.\SOURCE_CODE contains the current Fortran 95 source
code foBASSV2.2. This folder is included for those users who

would like to review thesAss code or to adapt it for other
purposes.

The installation progranmstall BASS v22 ModelOnly.exe

extracts a copy of the aforementioned installatifirectory
BASS V22 that does not include theAss GUI subdirectory.

5.2. Installation Notes

Current BASS DirectoryseeFigure 5.1). If this window is
inadvertently closed, it can be reopened usingvike button
found on the toolbar of the GUI's host windB&SS version 2.2

Figure 5.1B8Ass GUI Current BASS Directorwindow.

“ Current BASS Directory

el QST
=[] BASS_Roat
[3 community
[ fish
=R projects
[T ex_Everglades canal
[3 ex_Ewerglades_canal_fishing

LIpSia/ge R SR

[0 ex_Ewverglades canal_hg

[3 ex_Everglades canal_hg_leslie
[0 ex_Everglades hales_hg

[0 ex_Ewerglades_marzh_hg

[3 ex_L_Hartwel_pch

[T es_L_Hartwel_pch_tranz

[3 es_L_Ontario_pch

[J ex_SE_farm_pond

property

[ & ®E-®-® F-E-EEEE

&

< | i

Double-clicking on a folder’s name, icon, or dist node
expands or collapses the folder's contents intmwr of the
user’s view, respectively. Double-clicking on &filame opens
the file with one of six GUI file editors based tire selected
file’'s extension. The GUI's file editors can alse invoked by:

The BAss model and GUI v2.2 has been installed and

successfully tested on systems running Win2000NW#h0 and
WinXP operating systems with various configuratioheach. If
users are running NT, 2000, or XP operating systémy must
have Administrator privileges on their systemsrites to install
theBAass model and GUI software.

5.3. Installation Procedures

For complete installation procedures users araregfeto the
BAssinstallation readme file at the USEPA Center fap&sure
Assessment Modeling (CEAM) website
(http://www.epa.gov/ceampulpl/

5.4.BAsSS GUI Operation

1. Left-clicking on the file and pressing tB@terkey.
2. Right-clicking on the file and then left-clickiran Edit.
3. Left-clicking on the file and left-clicking on ¢hEdit

icon LLI found on th&€urrent BASS Directorjoolbar.

When users are editinggass project file that contains include
files, users can also open file editors for thowduide files by

4. Left-clicking on the desired include command #émeh
left-clicking on the resulting activatédpen Include File
link (see Section 5.4.1).

BASS output files (i.e., *.BSS, *.MSG, and *.XML), aneot
displayed in th€urrent BASS Directorwindow. These files, if
they exist, are accessed via the project files R3)Pthat

The BAass GUI has been designed to emulate Microsoﬂ’sgenerated them.

Windows Explorer in much of its form and functiokiter the
BASSGUI is opened, the first window that users sekasGUI’s

BASS 2.2 March 2008

62



BASS message files (*.MSG) and simulation summary filesdouble-clicking on the element name or by leftidlig on the
(*.BSS) can be reviewed by right-clicking on thiexant project  element and then left-clicking on t@pen Editor.. button.

file and then left-clicking oWiew Project Message Filer View

BSS Filerespectively. These files can also be reviewekthy

clicking on the desired project file and then lgftking on the  Figure 5.2 General structure @ass GUI file editors.

arrow of theFile Viewing icon 0 ~ found on th€urrent community file: everglades_canal.cmm

BASS Directorytoolbar. TheFile Viewing icon has an Elements of This File: [ — |
associated drop-down selection that enables usespdcify commentBlock Mave U | — Down|
which output file type is to be viewed. If tiéle Viewingicon commentBlack - |
. . . . ) laaical b emove
is left-clicked directly, the project's message fi opened by acalogioal_ parametars
default. iniial_conditians Iz ey
include ﬂ
comme_ntBIock
BASS XML files can be loaded into theass Output Analyzer ;g_g:gg;gg:;_;g;gmg{g:z I —
either by right-clicking on the relevant projedefand then left- intal_conditons e Tagemadih_bass s
. . . . . INclude
clicking on View Output Analyzeor by left-clicking on the commentBlock S
desired project file and then left-clicking on tiotting ggg:gg;g;:;gg;gmg{:;g
. . initial diti
icon @| found on th€urrent BASS Directortoolbar. nchide e

commentBlock,
ecological_parameters
ecological_parameters
initial_conditions

BASS project files are executed either by right-clickion the

desired project file and then left-clicking &un Projector by ol
left-clicking on the desired project file and tHeft-clicking on ecolagical_parameters v
the arrow of theExecutionicon # - on theCurrent BASS Click 'Show Text Wiew' to se= the full text

Directorytoolbar. Like thd=ile Viewingicon, theExecutioricon
has an associated drop-down selection that enaisiers to
specify command line options as described in Se@i@ (page
56). When a project file is being executed, alleotiGUI
functions are unavailable until the simulationaésnpleted.

Show Test View »» | Apply | ak. | Cancel |

The position of elements can be changed by usmbltve Up
andMove Dowrbuttons. Existing elements can be removed and
new elements added by using tRemovebutton andinsert
Commandbox, respectively. When elements are either added,
removed, or reordered, however, users must fiitstliek on the
Apply button before opening any GUI command editor. The
left-clicking on theValidate Projecticon /1| on theCurrent Apply button is also used to save editorial changesiatime

BASS Directoryoolbar. If the project file has syntax errors or during an editing session.

missing input data, the GUIBvent Viewemwill automatically

open and display validation status of the projestwell as Because the typic&lose“X” button has been disabled on all
associated errors and warnings. Most users, howitkiind it GUI file editors, users can exit GUI file editonslpby using the
easier to review these errors by opening the prejmSG file, OK andCancelbuttons. These buttons either save or cancel any
as outlined previously, and search for the phr&RROR:” to editorial changes since the last invocation ofApely button.

determine the needed corrective actions. This GUI behavior is designed to preserve the nittegf the
GUI's Document Object Model (DOM).

BASS project files can be checked for their syntax afada
completeness before attempting execution eitheghy:clicking
on the desired project file and then left-clicking Validate
Project or by left-clicking on the desired project filecathen

5.4.1. ass File Editors . ) ) ]
Figure 5.3 displays the structure of tleass GUI project file

All six GUI file editors have the same essentiainfat and €ditor. This editor differs from the GUI's othevéifile editors
function as displayed iRigure 5.2 Commands, include files, intwo ways. First, this editor explicitly ident$ all include files
and comment blocks contained within the file beduited are  that will be used by the project. Secondly, anyude file that is
displayed in abbreviated form and in order of tlagipearance directly referenced by the project file can be aeand edited
within the Elements of This Filbox. The full details of these by left-clicking on theDpen Include Filéyperlink that appears
elements can be viewed individually within tEement Value —below theElement Valudox whenever an include statement is
box or as they appear within the file by left-clingzon theShow  highlighted in theElements of This Fileox.

Text Viewtoggle button. Elements can be edited by either
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Figure 5.3 Structure oBAss GUI project file editor.

project file: everglades_canal. prj

File: Inclhudes:
-community everglades canal. crmm
-largemouth_bass fzh
-flonda_gar. fzsh
-yellow_bullkead.fsh
--bluegil_sunfish.fzh M
Elements of This File: Open Editar... |
c_omme_ntBlock Mowve Up | Move Down |
simulation_control
header |
month_t0 (Fiemayz
length_of_simulation |rzert Commatd
ternperature
water_lewvel ﬂ
annual_outputs
commentBlack Element ' alue
commentBlock Hinclude 'everglades_canal.crm'
commentElock
Open Include File
Click 'Show Test View' to see the: full text
Showe Text View »> | Apply ok Cancel

5.4.2. BASSs Command Editors

GUI command editors are opened from GUI file editas
outlined in Section 5.4.1. In terms of their appeae and
functionality, there are 17 basic command editpegythat are
described in the following:

Compositional and Morphometric Editor that edit® th
commands ¢OMPOSITIONAL PARAMETERS and
/MORPHOMETRIC PARAMETERS SeeFigure 5.1Q

Ecological Editor that edits the command
/[ECOLOGICAL PARAMETERS SeeFigure 5.11 and Figure
5.12

Physiological and Growth Editor that edits the caanih
/PHYSIOLOGICAL PARAMETERS SeeFigure 5.13

Cohort Initial Conditions Editor that edits the amand
/INITIAL _CONDITIONS. SeeFigure 5.14

Spawning Period Editor that edits the command
/SPAWNING_PERIOD SeeFigure 5.15
Fishery Editor that edits the command

/FISHERY_PARAMETERS SeeFigure 5.16

Nonfish Biotic Editor that edits the comman@sMTHOS
/PERIPHYTON /PHYTOPLANKTON, /TERRESTRIAL INSECTS
and ZOOPLANKTON. SeeFigure 5.17andFigure 5.18

Nonfish BCF Editor that edits the commaRdKFISH BCF.
SeeFigure 5.19

Chemical Metabolism Editor that edits the command
IMETABOLISM. SeeFigure 5.20

Chemical Toxicity Editor that edits the command

® Simple String Editors that edit the commandseMICAL,

/COMMON_NAME, /HEADER, /SPECIES and include file MLETHALITY . SeeFigure 5.21

specifications (i.e., HCLUDES . . . ). Sedtigure 5.4 ® Plot Selection Editor that edits the commands

Simple String Editor with pull-down selection theatits the /ANNUAL_pLOTSand SUMMARY_PLOTS SeeFigure 5.22

commands AGE_CLASS DURATION and MONTH_TO. See

Figure 5.5 As noted with the GUI file editors, the typid@lose“X” button

has been disabled on all GUI command editors. Useronly
exit or close a command editor by using @k and Cancel
buttons. These buttons either save or cancel d@tgriedichanges
since the editor was opened. This GUI behavioesghed to

Numeric Editor without units that edits the commend PTESETVe the integrity of the GUI's Document Objstdel
IANNUAL _OUTPUTS /LOG_AC, LOG_KB1, LOG_KB2, LOG_P, (DOM).

IMELTING_POINT, /MOLAR_VOLUME, and MOLAR_WEIGHT.
SeeFigure 5.7.

Numeric Editor with units that edits the command
/LENGTH_OF SIMULATION. SeeFigure 5.6.

5.4.3. Special Function Editors

In addition to the file and command editors desdilin the
previous section, th@ass GUI has two special function editors,
ie.,

Forcing Function Editor that edits the commargleTa,
/[EXPOSURE /HABITAT PARAMETERS /TEMPERATURE and
IWATER_LEVEL. SeeFigure 5.8

Comment Block Editor that is used to insert comnbémtks

[ J
the ~ command before or afteBAss commands, as opposed to end-of-line

Feeding Model Editor that edits

/FEEDING_OPTIONS SeeFigure 5.9,
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comments associated with the individual optionsads
commands. Seigure 5.23

Time Series Data Editor for editing external daesfthat
are specified as file functions (e.ggjQTA, /[EXPOSURE
/HABITAT _PARAMETERS, /TEMPERATURE, and
/WATER_LEVEL). SeeFigure 5.24

5.4.4. File and Folder Operations
Using the GUI'sCurrent BASS Directoryvindow, users can

create new files and project folders either fromatdh or from
existing files and project folders.

To create ®Ass project or include file from scratch, users must

first left-click on the subdirectory (i.e., \COMMUN, \FISH, or
\PROPERTY) or project folder where the file is ® dreated.
The user then must left-click on the drop-downwarhead of the
Add New Fileicon |1 -| . When theAdd New Filedrop-down
menu appears, the user must left-click on the dédile type to
be created. Finally, after the new file appearshimCurrent

TheBassOutput Analyzer (OA) is a dual purpose post-preoes
that enables users to construct customized graguhtsibles. This
software can be invoked either from within #resss GUI or as

a standalone application. Using this software, sisan create
two and three-dimensional graphs of any state birihat is a
valid option for the plotting commandanNUAL_PLOTS or
/suMMARY_PLOTS Unlike the plots generated by these
commands, however, users can generate plots fgrseidcted
species as desired. Additionally, users can spadifigrary time
periods of interest as well as change the numbsizefor age
classes that are plotted. TdressOA also enables users to create
customized versions of the summary tables thagemerated for
BSS output files. These tables can be copied astkganto
either Word or WordPerfect documents.

WhenBAsSs executes a user’s project file, two XML files are
generated for use by tleass OA. Both of these files reside in
the project folder of the PRJ file that generatesin. The first of
these files contains the actual data that the OW wse for
graphing and table construction. This file beagsidime name as
its associated project file but possesses the sterXML.

BASS Directorywindow, the user must complete the naming oflmportantly, it is this file that users must opehem using the

the new file. New project folders can be creatdidfang these
same steps.

Users can create a file from an existing file by

1. Left-clicking on the desired file and then leficking on
theCopyicong .
2. Left-clicking on the desired destination folder o

subdirectory and left-clicking on tHeasteicon E

Users can also create a new file from an exisflaghy/

1. Right-clicking on the file to be copied and thieift-
clicking onCopy.
2. Right-clicking on the destination folder or suleditory

and then left-clicking oPaste

Lastly users can create a new file from an exidiiaghy

1. Left-clicking on the file to be copied and theregsing
CTRL-c.
2. Left-clicking on the destination folder or suleditory and

then pressing CTRL-v

New project folders can be created from existirgjguts using
the same procedures.

5.5. TheBass Output Analyzer
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BASS OA.

The second XML file generated for any particuBass
simulation contains general summary statistichkefsimulation
and is loaded automatically into the OA when
aforementioned XML file is opened. The name of fitésis the
associated project file’s name appended with thiegstincl.

the

5.6. Auxiliary BASS Software

To aid users in constructimassfish files and community files,
an auxiliary piece of software namedss CMM_FSHEXE is
distributed with thesass model and GUI software. Using a
combination of an internal database of fish gromaths and two
external database files BASS FISH cCODESDB and
BASS FISHPARDB), this software can generate default FSH files
for many North American freshwater fish. Althoughese
generated FSH files are setup toBisgs's linear feeding model,
users can easily edit these files to Bises's allometric feeding
model or a combination of both. Users can also tcocis
multiple FSH files and an associated, rudimentdviMfile for
an arbitrary selection of fish using this softwarkis software,
however, does not have a GUI and must be execytddehiser
from a DOS command prompt.

To generate a FSH file for a single species ofé&d the user
should open a DOS command prompt window and navitgat
the project folder in which they want the file te generated.
Assuming that the usemssroot directory i€:\BASS v22, the
DOS command



...>C:\BASS v22\BASS CMM_FSH\bass_cmm_fsh.exe
“bluegill” -g “lepomis macrochirus” -m “January 16I'10 -u

33

f

will generate a fish file for bluegill sunfish wregrowth rate has

been calibrated to an annual sinusoidal water testyje cycle
that varies from 10 to 33 Celsius and whose mininaumual

temperature occurs on January 10.

To generate multiple FSH files and an associated/Gii& for

an arbitrary selection of fish, the user shouldragpen a DOS

command prompt window and navigate to the projelctefr in

which the user wants the files to be generatedusy that the
user’'sBAssroot directory isc:\BAss v22, the DOS command

...>C:\BASS v22\BASS cMM_FSH\bass _cmm_fsh.exe

fishes.datO

will generate a FSH file for each fish species tifien in the file
fishes.dat@nd an associated CMM file. The fiighes.dat@nust

reside in the desired project folder. An exampl¢hef general

structure of these input files is illustrated below

| File:bass_bluegill_catfish.dat0

CMM_FILE_NAME bass_bluegill_catfish.cmm
MONTH_TO August

COLDEST_DAY January 10
TEMPERATURE_MAXIMUM 30
TEMPERATURE_MINIMUM 10

FISH_START micropterus salmoides
COMMON_NAME largemouth bass

SPAWNING_PERIOD april-may
paraneter_option_1; coment/reference
paraneter _option_2; coment/reference

bar amet er_option_n; comment/reference
biomass[kg/ha]= nunber !ordensity[fish/ha]= nunber
FISH_END

FISH_START Lepomis macrochirus
COMMON_NAME bluegill sunfish
SPAWNING_PERIOD april-october
paraneter_option_1; coment/reference
paraneter_option_2; coment/reference

bar amet er _option_n; comment/reference
biomass[kg/ha]= nunber !ordensity[fish/ha]= nunber
FISH_END

FISH_START ictalurus puntatus
COMMON_NAME channel catfish
SPAWNING_PERIOD may-june
paraneter_option_1;, coment/reference
paraneter _option_2; coment/reference

bar amet er_option_n; comment/reference
biomass[kg/ha]= nunber !ordensity[fish/ha]= nunber
FISH_END

whereparameter_option_is any valid option for theass fish
commands COMPOSITIONAL_PARAMETERS,
\ECOLOGICAL_PARAMETERS WMORPHOLOGICAL PARAMETERS Or
\PHYSIOLOGICAL PARAMETERSthat the user wants to supercede
the default assignment madeBagss CMM_FSH.EXE. Most of the
FSH files used by the exampass distribution projects have
been generated using earlier versions of this soéw

Figure 5.4 GUI command editor for simple strings.

Source: species of largemouth_bass fzh

Yalue: micropterus salmoides

Comment:

ak. | Cancel
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Figure 5.5GUI command editor for simple strings with dropagioselection.
age_class_duration

Source: age clasz duration of largemouth_bass. fsh

Walue: | year ﬂ

Comment:

(o]

Cancel

Figure 5.6 GUI command editor for numeric data with user #ggt units.
length_of_simulation

Source: length_of_simulation of everglades. prj

Camment: |

Parameter Commerts

length_of_simulation

(]9 | Cancel
Figure 5.7GUI command editor for numeric data fixed units.
annual_outputs
Source: annual_outputs of everglades.prj
Walue: |2D
Carnment:
0K | Cancel
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Figure 5.8 GUI command editor for forcing functions.
temperature

Source: temperature of everglades. prj

Comment: |

Parameter Uit Walue Usze File Comments
temp celsiug 22547 2%2in[0.172142e-01 " [dap]0. 2797 31)

temp_epilimnion | o
temp_twpalimmion o

QK Cancel

Figure 5.9 GUI command editor for feeding model options.
feeding_options

Source: feeding_options of largemouth_bass fsh

Comment: |

Class: |age j Urits:  |day

Lower Boundary Upper Boundar Model Type | Comments

25931 linear

Ok Cancel

Figure 5.10GUI command editor for compositional and morphaiogiarameters.
compositional_parameters

Source: compozitional_parameters of largemouth_bass fsh

Comment; |

Log Parameter Yalue Comments
0.800-1.57*pl-] lowe et al. (1985). schmitt and brumbaugh

0.0800%(g]"0.000 azsumed alzo zee lowe et al (1935], sch

0K Cancel
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Figure 5.11GUI command editor for nondiet ecological paramete

ecological_parameters

Source: ecological_parameters of largemouth_bass.fsh associated with

Comment: |

Ecological Parameters l Diiet E ditar

Log Parameter Walue Comments
» Ip mm = [0.300%mm] estimated from timmong and shelton [1980] for lepomis

Ip_rniny mm = 0.060%[rmm] azzumed ta allow 500 mm largemouth to prey on 30 mm gambusia
Ip_max mm = [0.500mm] azsumed
mlz days = 2592119 azsumed
wi_max g = 1750 azummed see carlander [1977 pg 226)
him =
20_Mmu gfofday = 0.898e-01%w[g]"[-0.635] long-term mean calbrated to wt_yoy, wt_max, and age_max
tro =
thi - = 02 bass interspecies default
wl g = 0.6780e-05"rmm]~3.130 azzigned uzing bass/carlander databaze
oy g = 025 bass/carlander database default
agt_yoy =
refugia

oK Cancel

Figure 5.12GUI command editor for fish diets.
ecological_parameters

Sowrce: ecological_parameters of everglades. cmm associated with largemouth_bass fsh

Comment: |

Ecological Parameters  Diet Editor l

Class Type: [length p Units: |mm
0-20
12301230 Frey ltem january-iune july-december
» benthaos 25 25
300-1000 insects 1
periphyton 1
phytoplankton 1
zooplankton -1
fish a
largemouth_bass 0
Add | Sart | Remowve | Split Time A ahge Remove A ange Add Prey Fish Remove Prey Fish | Refresh |

Ok | Cancel |
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Figure 5.13GUI command editor for physiological parameters.
physiological parameters

Source: physiological_parameters of largemouth_bass fzh

Carmment: I

Log | Parameter | Units | temperature | = |Value | Comments

» ae_plant - = 044 bags interspecies default
ae_inwvert - = [E& bazz interspecies default
ae_fish - = 089 bazs interspecies default
ge =
mf =
mi gldw)/da = 0.202e-01w]g] 0557 exp(0  back-calculated from fish's
] - = |1 bass interspecies default
thstd - = |2 bags interspecies default
zdain - = 0127 beamizh [1974), tandler &
] g/gsdap = 0.282e-01"w[g] [0698exp  calibrated for specified bem
Em =
0 ma(oZlth = 011 Fw{g] "0.76E%exp(0.043  glass [1969), beamish 13
st =
kF_rain =

QK Cancel

Figure 5.14GUI command editor for cohort initial conditions.
initial_conditions

Source: initial_conditions of everglades. crm

Camment: Ibiomass[kg.-’ha]ﬂD.DD;densily[fish.fmAE]:D.DD488

Add Calumn | Remaowve Colurnn |

M arne | Units | Caomment
»

pop fishd/m”™2

wi grams

| pap

» 2130 0.293e-02 427
578.0 0.719e-03 1739
343.0 0.358e-03 3487
1308.0 0.225e-03 556.8
16730 0.158=-03 897
20380 011903 1046.8
24020 0.944=-04 13246

0.771e-04

ak. Cancel
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Figure 5.15GUI command editor for spawning parameters.

spawning_period

Source; spawning_penod of largemouth_bass. fsh

Comment: Iassigned by Lser

Beain Month | End Manth

may jure

Ok I Cancel

Figure 5.16 GUI command editor for fishery parameters.

fishery_parameters

Source: fizhery_parameters of everglades_fishing.cmm

Comrment: I

Parameter | Uniits

» stocking
%_ Stacking Yalues

Harvest Parameter:  harvest | Units 1/day
Min  |Max | Length Units | BeginMonth | BeginDay | End Month |EndDay |WValue | Comment :
» 10 14 inch april 1 october 30 In[0.80)7210
18 24 inch april 1 actober an In(0.90)/210
*
Ok Cancel

Figure 5.17GUI command editor for nonfish biota as forcingdtions.

Source: benthos of everglades. cmm

Cornment: I

& Use Forcing Function  Use Community State Varables

= |Value | Uze File | Comments

Parameter

biomazs = nonfizh.dat v

] | Cancel
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Figure 5.18GUI command editor for nonfish biota as statealalds.

Source: benthos of everalades.crm

Comment; |

" Use Forcing Function

initial_biormaz
mear_weight
ingestion
rezpiration

Log Parameter Urits

v Use Commurity State Yarables

temperature Walue

Use File

Comments

-

r
r
r

(1]4

Cancel

Figure 5.19GUI command editor for nonfish bioaccumulationtdes.

nonfish_bef

Source: nonfish_bef of pcb_new.chm

Comment: |

Monfizh_bef Value

0.02%owl-]
0.0 kow(-]
0.01 kow(-]
0.05% owl-]

benthos
periphykon
phutoplankton
zooplankbon

Comrments

azzsumed gzar

assumed gsar
azzumed gear
aszumed gzar

0K

Cancel

Figure 5.20GUI command editor for chemical biotransformatgayameters.

metabolism

Source: metabolism of pchtrans. chm

Comment: | half life = 30 days

Fish Urits

largemouth_baszz  1/day
longnose_gar 1/day

channel_catfish ~ 1/day
blugail_sunfish 1/day
redear_sunfizh 1/day

Walue D aughter Product
In[2)430
In[2]/40
In(2)/60 pchb_rmetabalite
In(2)430 hone
2000 kowl-]"-0.9) hone

pcb_metabolite
pcb_metabaolite

Comments

half life = 40 dayz
half life = B0 dayz
half life = 30 days
approximately 0,001

Add a Fish ok

Cancel
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Figure 5.21GUI command editor for chemical toxicity paramster

Source: lethality of pcb_trans.chm

Comment: I

Fish | Units | Walue | Comments
bazs malar 0,501 352K owl-17[-0.871) half BASS default LC50
bluegill maolar  2.0°001 352K owl-17[-0.871) twice BASS default LCS0

Add a Fish Qk. Cancel

Figure 5.22GUI command editor for automatic graphing seletio
summary_plots

Source: summary_plots of |_ontario_pcb.prj

Comment: I

| age | weight | length | Comments

r
-
r
-
r
-

ok Cancel
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Figure 5.23GUI Block comment editor.
commentBlock

Source: commentBlock of largemouth_bass. fsh

References:

Bearnizsh, F.\W H. 1970, Oupgen consumption of largemauth bass, Microptenis salmaoides.
in relation to swimming speed and temperature. Can.J Zool. 4812211228,

Beamizh, F\W.H. 1974, Apparent specific dynamic action of largemouth bass, Microptenus
salmoides. J.Fish.Res.Bd.Can. 31:1763-1769.

Carlander, K.D. 1977, Handbook of Frestusater Fishery Biology, wvol 2. lowa State University
Press. Ames, lA

Glass, M.R. 1969, Dizcussion of the calculation of power function with special reference
to rezpiratory metabalism in fish. J.Fish.Res Bd Can. 26:2643-2650.

Lewis, W .M., R. Heidinger, . Kirtk, . Chapman, and D. Johnson. 1974, Food intake
of the largemouth bazs. Trans.Am.Fizh.Soc. 103.277-280.

Lowe, T.P.. T May, W .G. Brumbaugh, and D .A. Kane. 1985. Mational Contaminant Biamaritoring
Program: concentrations of seven elements in freshwater fish, 19731981, Arch.Environ. Contam, T oxical,
14:363-388.

Miimi, &.J. and F H. Beamish, 1974, Bioenergetics and growth of largemouth bass
[Micropteruz salmoides] in relation to bady weight and temperature. Can.) Zool. 52:447-456.

Price, J.Ww. 1931. Growth and gil development in the small-mouthed black bass. Micropterus
dolomiew, Lacepede, Ohio State University, Franz Theodore Stone Laboratory 4:1-46,

Schmitt, C.J., and W.G. Brumbaugh. 1930, Mational Contaminant Biomonitoring Program:
Concentrations of arsenic, cadmium, lead, mercury, selenium, and zinc in U5, freshwater
fish, 1976-1984. Arch.Enviran.Contam. Toxicol. 19:731-747.

Schmitt, C.J., J.L. Zajicek, and P.H. Peterman. 1330 National Contaminant Biomanitoring
Program: Residues of organochlonne chemicals in U5, freshwater fish, 1976-1984,

Arch. Erwiron.Contam. T oxicaol. 19:748-781.

Tandler, &, and F.\w H. Beamish, 1981, Apparent specific dynamic action (SDA), fizh
wieight, and level of calonic intake in largemouth bass, Micropterus salmoides Lacepede.
Aquaculture 23:231-242.

Timmones, T.J. and WL, Sheltan, 1980, Differential growth of largemouth bass in‘wWest
Point Reszervair, &labama-Georgia. Trans.Am.Fish.Soc. 109:176-186.

Ok I Cancel

Figure 5.24Data file editor for forcing functions specified files.
timeTableData

Source: timeT ablelata of water. dat

Add Calurin | Remove Column |

Column | Mame | Uniits | Selector | Comment

time day
depth reter

Ok Cancel
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6. Example Applications

6.1.BASS Software Distribution Examples

Several example projects are provided withahses model
software and GUI. Each project resides in its ovladr within
the PROJECTSSUbdirectory.

The example proje@x_EVERGLADES CANAL simulates the
growth and population dynamics of a canal fish camity in
the Florida Everglades, USA using the project file
EVERGLADES CANAL.PR1 The principal fish species in these
communities are assumed to be bluegill sunfisbpémis
macrochiru3, Florida gar Kepisosteus platyrhincys
largemouth bassMicropterus salmoidgs mosquito fish
(Gambusia holbrookj redear sunfishgpomis microlophys
and yellow bullheadsXmeiurus natalis The community file
EVERGLADES CANAL.CMM is used to specify the ecological and
physiological parameters and the initial conditiémsthese
species. Each species’ daily consumption rate isk-ba
calculated from its expected growth rate usiagss linear
feeding option. The community’s water depth andstaading
stocks of benthos, periphyton, and zooplanktorspesified
using the data fileE£VERGLADES CANAL_WATER.DAT and
EVERGLADES NONFISH.DAT, respectively.

The example projectEX_EVERGLADES CANAL_FISHING
simulates the growth and population dynamics of the
aforementioned Everglades canal fish community rasgy
that largemouth bass, bluegill sunfish, and redeafish are
harvested by fishing. This example’s project file
EVERGLADES CANAL_FISHING.PRJ uses the modified
community fileEVERGLADES CANAL_FISHING.CMM to specify
the fishes’ ecological and physiological parameteérgial
conditions, and assumed fishing mortalities. Thamonity's
water depth and non-fish standing stocks are agpauoified
using the data fileE£VERGLADES CANAL_WATER.DAT and
EVERGLADES NONFISH.DAT, respectively.

The example proje@X_EVERGLADES CANAL_HG simulates
the bioaccumulation of methylmercury in an Evergkdanal
fish community using the project file
EVERGLADES CANAL_HG.PRJ This example’s project file uses
the same community file as does the example project
EVERGLADES CANAL to specify the ecological and
physiological parameters and initial conditionstfar species

of interest. The community’'s chemical exposures to
methylmercury are provided by the include file
EVERGLADES MERCURY.CHM that in turn uses the include file
\PROPERTYMETYL_HG.PRP. As before, the community’s water
depth and the non-fish standing stocks are spdaifééng the
data files EVERGLADES CANAL_ WATER.DAT and
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EVERGLADES NONFISH.DAT, respectively.

The example projeCEX_EVERGLADES CANAL _LESLIE HG
simulates the bioaccumulation of methylmercury in a
Everglades canal fish community usisgss's Leslie matrix
option and the project file
EVERGLADES CANAL_LESLIE_HG.PRJ This project’s ecological
and physiological data are provided by the commyuiili¢
EVERGLADES CANAL_LESLIE.CMM. Chemical exposures and
properties of methylmercury are provided by thdude file
EVERGLADES MERCURY.CHM that uses the include file
\PROPERTYMETHYL_HG.PRP. Once again, the community’s
water depth and non-fish standing stocks are peavia/ the
ancillary data fileSEVERGLADES CANAL_WATER.DAT and
EVERGLADES NONFISH.DAT, respectively.

The example projedtx_EVERGLADES HOLES simulates the
growth, population, and methylmercury dynamics of a
alligator hole fish community in the Florida Eveades, USA
using the project fil&evERGLADES HOLES.PRI The principal
fish species in these communities are assumed biuegill
sunfish, Florida gar, largemouth bass, least Iighif
(Heterandria formosp mosquito fish, redear sunfish, spotted
sunfish Lepomis puntatys warmouth sunfish Ligpomis
gulosu3, and vyellow bullheads. The community file
EVERGLADES HOLES.CMM is used to specify the ecological and
physiological parameters and the initial conditiémsthese
species. Each species’ daily consumption rate isk-ba
calculated from its expected growth rate usiagss linear
feeding option. The community’s water depth andstheding
stocks of benthos, periphyton, and zooplanktorspeeified
by the project and community files
EVERGLADES HOLES HG.PRJ and EVERGLADES HOLES.CMM,
respectively. Methylmercury exposures are providgdhe
include file B/ERGLADES MERCURY.CHM that uses the
property file PROPERTYMETHYL_HG.PRPas an include file.

The example proje@x_EVERGLADES MARSH simulates the
growth, population, and methylmercury dynamicsrobpen
marsh fish community in the Florida Everglades, Ug#ng
the project fileEVERGLADES MARSH.PR1 The principal fish
species in these communities are assumed to bdirblue
killifish (Lucania goodegi Florida gar, golden top minnow
(Fundulus chrysotys largemouth bass, least Killifish,
mosquito fish, spotted sunfish, warmouth sunfisid gellow
bullheads. The community fileVvERGLADES MARSH.CMM is
used to specify the ecological and physiologicabpeeters
and the initial conditions for these species. Esgpeties’ daily
consumption rate is back-calculated from its exgegrowth
rate usingBAsss linear feeding option. The community’s



water depth and the standing stocks of bentho#pipgon,
and zooplankton are specified by the project amdroaonity
files EVERGLADES MARSH_HG.PRJ and
EVERGLADES MARSH.CMM, respectively. Methylmercury
exposures are provided by the include file
EVERGLADES MERCURY.CHM that uses the property file
\PROPERTYMETHYL_HG.PRPas an include file.

The example projecEx_L_HARTWELL_PCB simulates the
bioaccumulation of tetra-, penta-, hexa-, and &8 in a
largemouth bass/ gizzard shad/ sunfish/catfish comitynin
the Twelve Mile Creek arm of Lake Hartwell, SC, USging
the project file TWELVEMILE_CREEK PCB.PR1 The
community’s ecological and physiological parametansl
initial conditions are specified using the commyniie
TWELVEMILE_CREEK.CMM. Chemical exposures and properties
of tetra-, penta-, hexa-, and hepta-PCBs are pedvity the
include files TWELVEMILE _CREEK.CHM
\PROPERTWPCB _TETRA.PRP, \PROPERTWPCB PENTA.PRP,
\PROPERTYPCB _HEXA.PRP, and PROPERTYPCB HEPTA.PRP,
respectively. This example demonstratasss ability to
simulate the bioaccumulation of arbitrary mixtures.

The example projecteX L HARTWELL_PCB TRANS also
simulates the bioaccumulation of tetra-, pentaxaheand
hepta-PCB in the aforementioned largemouth bagzzagi
shad/ sunfish/catfish community of Lake Hartwell;, &)SA
using the project file WELVEMILE_CREEK PCB TRANS.PRJ
This example, however, allows for the biotransfaroraof
selected PCB congeners by selected fish species. Th
community file TWELVEMILE_CREEK.CMM iS again used to
specify the ecological and physiological parameserd the
initial conditions for this community.

The example projectEX_L_ONTARIO_PCB simulates the
bioaccumulation of tetra-, penta-, hexa-, and h&@8 in
Lake Ontario salmonids and alewife usingsss “fgets”
option and the project filBARBER ET_AL_1991pPRa This
example is theAssimplementation of theGeTsapplication
published by Barber et al. (1991). Whereas salmfi@ding
is simulated usingass's Holling feeding option, the feeding
by alewife is simulated usirgpss's clearance feeding option.
The community fileBARBER ET_AL_1991cmMmMm is used to
specify the ecological and physiological parameserd the
initial conditions for this community.

The example projeex_SE FARM_PONDsimulates the growth
and population dynamics of a typical southeastegnfaim
pond community using the project fige FARM_POND.PRJ
The principal fish species in these communitiesaseimed to
be largemouth basMcropterus salmoidgsbluegill sunfish
(Lepomis macrochirys redear sunfish Lepomis
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microlophu3, redbreast sunfish_épomis aurituy channel
catfish (ctalurus punctatus and yellow bullhead#\meiurus
natalis). The community fileSE FARM_POND.CMM is used to
specify the ecological and physiological parameterd the
initial conditions for these species as well as $kending
stocks of benthos, periphyton, and zooplanktonhEaecies’
daily consumption rate is back-calculated fromeitpected
growth rate usingAsss linear feeding option.

6.2. An Analysis of Everglades Mercury
Bioaccumulation

The BASS example projectEX _EVERGLADES CANAL_HG
simulates methyl mercury contamination in a cariah f
community of the Florida Everglades and is consgdi@as
outlined in Section 4.5. For thiass application largemouth
bass WKicropterus salmoidgs Florida gar I episosteus
platyrhincug, yellow bullheads Ameiurus natalis bluegill
sunfish {epomis macrochirys redear sunfish Lepomis
microlophu$, and mosquito fishGambusia holbrookiare
assumed to be the dominant species in the habftatterest.
The sources of the ecological, morphological, and
physiological parameters used by this example@camented
in its associated FSH files. Turner et al. (19%9arted the
mean biomass of large and small fishes acrossiatyanf
Everglades habitats to be approximately 60 kg whay
Initial standing stocks of the bass, gar, bullhedudseqill,
redear sunfish, and mosquito fish were assignditb, 10,
10, 50, 25, and 5 kg wet wt/ha, respectively, fototal
community biomass of 105 kg wet wt/ha. The water
concentration of methylmercury for the simulatiorasw
assigned to be a constant 0.2 ng/L (Stober eB8B)land the
BAF's for benthos and zooplankton were assigneakth(-°
and 16 respectively (Loftus et al. 1998).

At the end of the 10 year simulation, the mean ahstanding
stocks of the bass, gar, bullheads, bluegill, redeafish, and
Gambusiaare 0.867, 1.08, 4.79, 30.0, 35.4, and 2.55 kg wet
wt/ha, respectively, for a total community biomas34.7 kg

wet wt/ha.

The simulated whole-body concentrations of methgtauary

in these species agree reasonably well with ungludadi data
collected by Lange et al. and Loftus et al. (19%®)eFigure
6.1 - Figure 6.6. BASSs significant over prediction of the
whole-body methylmercury concentrations of redeafish is
probably due to the specialized feeding behaviorthid
species. In particular, redear sunfish, which &e kenown as
shellcrackers, often feed almost exclusively onlasak that
generally have significantly lower methylmercury
concentration than do other benthic macroinvertelral he
annual averaged concentrations of methylmercury in



largemouth, gar, bullhead, bluegill, redear @&dmbusia
weighted by cohort biomasses were 0.842, 0.822800.5
0.440, 0.513, and 0.180 mg Hg/kg wet wt, respelstivi#hen
weighted by cohort densities, the annual
concentrations of methylmercury in largemouth, galihead,
bluegill and redear were 0.450, 0.491, 0.332,0.2R9, and
0.143 mg Hg/kg wet wt, respectively. Loftus et edport
average whole-body concentrations of methylmercumry
largemouth, gar, bullhead, bluegill, redear, &ambusiato
be 0.967,1.16,0.443-0.755, 0.478,0.247, and’6(2d21 mg
Hg/kg wet wt, respectively. The average body weigbit
largemouth, gar, bullhead, bluegill, redear, @ambusia
analyzed by Loftus et al. were 205, 278, 37.5-92198, 73.0,
and 0.0602-0.218 g wet wt/fish, respectively.
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As is typically observed under field conditions (fester et al.
1972, Scott and Armstrong 1972, Cross et al. 18Kiglaszek
and Haines 1981, Watling et al. 1981, Boush ancl€kée
1983a, b, MacCrimmon et al. 1983, Ueda and Tak&88,1
Wren and MacCrimmon 1986, Braune 1987, Luten &19d7,
Moharram et al. 1987, Sprenger et al. 1988, Grieih €990,
Parks et al. 1991, Gutenmann et al. 1992, Langé 893,
Tracey 1993, Joiris et al. 1995, Munn and Shor#71 $8afford
and Haines 1997Figure 6.1 - Figure 6.6 predicts a strong
interdependence between the body sizes of fishthei
whole-body mercury concentrations.



Largemouth bass (Micropterus salmoides)
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Figure 6.1 Predicted and observed methylmercury concentmtibtargemouth bass in Florida Everglades canals.
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Florida gar (Lepisosteus platyrhincus)
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Figure 6.2 Predicted and observed methylmercury concentmtibirlorida gar in Florida Everglades canals.

BASS 2.2 March 2008 79



Yellow bullhead (Ameiurus natalis)
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Figure 6.3 Predicted and observed methylmercury concentmtidyellow bullhead in Florida Everglades canals.
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Bluegill (Lepomis macrochirus)

18

14

1.2

0.8 -

Total Hg ug/g(ww)

04 { o

0.2 1 4

0+ \ \ \ \ \ \ \ \ \
0 20 40 60 80 100 120 140 160 180

Wet Weight g

Figure 6.4 Predicted and observed methylmercury concentmitidibluegill sunfish in Florida Everglades canals.
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Redear sunfish (Lepomis microlophus)

1.2
1 n
e
0.8 -
T ot
H L
D
g —p"
5 06 - rﬂﬂ'
(=2
T
©
S '
[ [ . .
0.4 -
* P'S *
’0 M * *
* e
* oy o * o
0.2 1 * 0’ * * .
. o ¢
TS
0 T T T T T
0 50 100 150 200 250

Wet Weight g(ww)

Figure 6.5Predicted and observed methylmercury concentmtibmedear sunfish in Florida Everglades canals.
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Mosquiotfish (Gambusia holbrooki)
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Figure 6.6 Predicted and observed methylmercury concentmtid@ambusian Florida Everglades canals.
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7. Model Quality Assurance

Quality Assurance (QA) and Quality Control (QC) fbeBass
simulation model has been addressed with respect to

1) The model's theoretical foundations, i.e., dihes
model’s conceptual and mathematical framework stand
to scientific / engineering peer view?

2) The model's implementation, i.e., does the cactaally
do what it is intended to do?
3) The model's documentation and application, ¢an the

(1993) took exception teGETS predictions that “excretion of
PCB through the gills is an important flux in th€®budget of
lake trout”. Madenjian et al. claimed that thisulesvas not
supported by any laboratory study on trout andddité&ininger
(1978) as proof that gill excretion was, in facgglhgible.
Nevertheless, Madenjian et al. used a single, utifikl
excretion constant in their model that simply lurapp&xcretion
pathways (i.e., gill, intestinal, urinary, and dafjninto one.
Thus, what Madenijian et al. are essentially quast®is not

model be used by the outside research and regylatoFGETSper se but rather the need to use thermodynamlzadied

community in a meaningful way?

7.1. Questions Regarding QA of a Model's Scientific
Foundations

7.1.1. Isthe model’s theoretical foundation putindid in the peer
reviewed literature?

With the exception of its population and trophodyia
algorithms,BAss is based on theGeTs bioaccumulation and
bioenergetics model that has been published ipgbereviewed
literature (Barber et al. 1988, 1991). These atjors have been
reviewed and compared with other existing bioacdatiun
models to document their scientific foundation snderify their
predictive performance (see Barber 2003, 2008).
bioenergetic modeling paradigm tleass uses to simulate fish
growth has been employed by many researchers irpeke
reviewed literature (Norstrom et al. 1976, Kitchetllal. 1977,
Minton and McLean 1982, Stewart et al. 1983, Thamand
Connolly 1984, Cuenco et al. 1985, Stewart and ®ivgki
1986, Beauchamp et al. 1989, Barber et al. 19%wat and
Ibarra 1991, Lantry and Stewart 1993, Rand et3931 Roell
and Orth 1993, Hartman and Brandt 1995a, Peters#i\éard
1999, Rose et al. 1999, Schaeffer et al. 1999)ceSiits

diffusion models for bioaccumulation in general.

The second criticism is the&ETSis overly complex and requires
too much additional data to parameterize (McKinaletL994,
Stow and Carpenter 1994, Jackson 1996). SIRGETSS
bioenergetic model for fish growth is not signifitly different
from those used by several other authors (Norsebah 1976,
Weininger 1978, Thomann and Connolly 1984, Madargizal.
1993, Luk and Brockway 1997), this criticism isaaggenerally
aimed atBasss gill exchange model. A recent review and
comparison of gill exchange models, however, cearl
demonstrated that there is more than ample literatata to
parameterize the gill exchange formulations usesd®rsand
BASS (Barber 2003).

The

7.1.2. How has the model or its algorithms beematworated or
used?

BASSs dietary and gill exchange algorithms have been
corroborated by comparing its predicted dietaryinaitstion
efficiencies and gill uptake and excretion ratahtse published

in the peer reviewed literature (Barber et al. 1388ber 2003,
2008).BAssS's dietary exchange algorithms have also been cited
by other researchers to explain results of actjabsure studies

constructionFGETShas also been included in numerous reviewge.g., Dabrowska et al. 1996, Doi et al. 2000). \Fdidation of

of bioaccumulation models that are applicable ém@gical risk
assessments and environmental management (Bai®onJches
etal. 1991, Barnthouse 1992, Chapra and Boyer,199%irum

et al. 1992, Olem et al. 1992, Dixon and Floria®@3,9%urbs
1994, Cowan et al. 1995, Campfens and Mackay 1P8ijtel et

al. 1997, Deliman and Gerald 1998, Exponent 1998ydhte
1998, Vorhees et al. 1998, Wania and Mackay 199@teB et

al. 2000, Gobas and Morrison 2000, Mackay and Fr23@0,

Bartell 2001, Limno-Tech 2002, Exponent 2003, Seodl

Bhagat 2005).

Two criticisms have been lodged agaiFsETsin the literature.

The first of these is th&GETSassumes or attempts to prove thatSites.

the gill exchange of chemicals is more importarnttother
routes of exchange (Madenjian et al. 1993). Madengt al.
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BASS's bioenergetic growth algorithms, the reader femred to
Barber et al. (1991) and the examples herein.

BASS's predictive performance as an integrated bioactation
model has been corroborated for organic chemicals b
simulations of PCBs dynamics in Lake Ontario salit®n
various laboratory studies, largemouth bass-bllegifish
communities of Lake Hartwell / Twelvemile Creek, ,Sihd
Tennessee stream fishes (Barber et al. 1991, USEF4,
Brockway et al. 1996, Simon 1999, Marchettini et 2001,
USEPA 2004). Similarly, Hunt et al. (1992) usedTsto model
DDT bioaccumulation in caged channel catfish atesiymd
For sulfhydryl binding metalsgasss predictive
performance has been corroborated by simulations of
methylmercury bioaccumulation in Florida Evergladish



communities one of which is presented herein gpiadl BASS

application. Murphy (2004) also successfully usesisto model
and analyze mercury bioaccumulation in the SoutleiRind the
South Fork of the Shenandoah River in Virginia. Mogcently,
BASswas used to estimate lag times of mercury residuésh

responding to mercury load reductions as part obGReview
of the Agency'’s Clean Air Mercury Rule (CAMR, Febry 15,

2005). This work was subsequently incorporated itite

Regulatory Impact Analysis (RIA) that assessedotbmefits of
atmospheric load reductions to aquatic ecosystan®EPA
2005).

Several researchers (Lassiter and Hallam 1990, R2OF
Aquatic Effects Subcommittee et al. 1998, ECOFRAS89Y,
Boxall et al. 2001, Boxall et al. 2002, Reinertiet2002) have
usedBASS's predecessoRGETS to predict acute and chronic
lethality, and the EPA’s Office of Water's AQUATQKXodeling
system uses th€GETIBASS lethal effects algorithm as its
principal effects module (Park and Clough 2004)ditidnally,
the Office of Water has recognizedss as one of the leading
models available for simulating time dynamic biasoalation
for applications when steady-state methods (e.@\F$Bor
BSAFs) are considered insufficient (USEPA 2003).eTh
Commonwealth of Virginia has identifi&hss as an accepted
tool for its PCB bioaccumulation assessments (VOEQS5).
BASS has also been recommended to the states of Mitliga
Washington as an assessment tool (Exponent 1998).20

Whereas Hallam and Deng (2006) implemented@Br9BASS
bioaccumulation framework within sophisticated Mcideick-
von Foerster partial differential equation modets fage-
structured populations, Cohen and Cooter (200282120
incorporated simpler forms of this framework intona holistic
fate and transport exposure software. Lastly, Apiegil. (2005)
modified FGETSto simulate metal bioaccumulation in shellfish.

7.1.3. What is the mathematical sensitivity of miedel with
respect to parameters, state variables (initialueaproblems),
and forcing functions / boundary conditions? Whatthe
model’s sensitivity to structural changes?

There are four major classes of mathematical geibgit
regarding a model’s behavior. These are the modefisitivity
to parameter changes, forcing functions, initiatestvariables,
and structural configuration. The first three oégth classes
generally are formally defined in terms of the daling partial
derivatives

oX 0X, oX,

i, i i

op,’ 3z, 3X,(0)

(7.1)

whereX; is a state variable of intereptjs some state parameter
of concernZ; is some external forcing function; aXd0) is the
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initial value of some state variable of interesittinay beX;
itself. Structural sensitivity, which generally cet be
formulated as a simple partial derivative, typigaibncerns the
number and connectivity between the system’s s@atiables.
An excellent question regarding structural senigjtfor a model
like BASSmight be how does a predator’s population numbers
growth rate change with the introduction or remaxMahew or
existing prey items?

Because sensitivity is simply a mathematical charéstic of a
model, model sensitivity in and of itself is neitlypod nor bad.
Sensitivity is desirable if the real system beimadeled is itself
sensitive to the same parameters, forcing functimitsal state
perturbations, and structural changes to which ntoglel is
sensitive. Even though model sensitivity can cooteé to
undesirable model uncertainty or prediction efités,important
to acknowledge that model sensitivity and uncetyaire not one
and the same (Summers et al. 1993, Wallach andr:4088).
Model uncertainty, or at least one of its most camm
manifestations, is the product of both the modet'ssitivity to
particular components and the statistical varigbdissociated
with those components.

A generalized sensitivity analysis @fass without explicit
specification of a fish community of concern is aadle.
Furthermore, the results of a sensitivity analykis one
community generally cannot be extrapolated to other
communities. Issues related ®ASSs sensitivity must be
evaluated on a case by case basis by the usdne sbttware.
Although procedures for enabling users to conduréety of
structured sensitivity analyses are currently bedegeloped,
presently the onus of performing such analyses negh the
user. Users interested in issues and techniquatedeio model
sensitivity and uncertainty should consult thedading papers:
Giersch (1991), Elston (1992), Summers et al. (1.398kanson
(1995), Norton (1996), Loehle (1997), and WallacH &enard
(1998).

7.2. Questions Regarding QA of a Model’s Implement@n
7.2.1. Did the input algorithms properly proceskusler input?

As part of its routine outpuBAss generates a *.MSG file that
summarizes all the input data that were used fpardicular
simulation. This summary includes not only a ling lme
summary of the user’s input commands but also aptetm
summary of all control, chemical and fish parangetbhatBAss
assigned based on the user’s specified input ¥il&fse onus is
then on the user to verify that their input data heen properly
processed. If not, the user should report theiblero to the
technical contact identified in theass user’s guide.



BASS has a series of subroutines that check for theptatamess
and consistency of the user's input data. When ingssr
inconsistent data are detected, appropriate eremsayges are
written to the *.MSG file, and an error code is ®etrue. If this
error code is true after all the user’s input hasrbprocessed,
BASS terminates without attempting further program estie.

To insure that all program subroutines, functiamsi procedures
are transmitting and receiving the correct varigbkl BASS
subroutines and functions are called using implitierfaces
generated by the Lahey / Fujitsu Fortran 95 5.7hpuiter.
Subroutines and functions are packaged togetherdiog to
their function and degree of interaction. Hassv2.2 software
is coded with one main prograRROGRAM BASS MAIN (see

BASS PROGRAMFI0) and 33 procedure modules. These modules

are:

® MODULE ADAMS_GEAR - subroutines for performing
EXAMS Adams-Gear integrations (see
EXAMS_ADAM _GEAR.F90).

® MODULE BASS ALLOC - subroutines for allocating and
reallocating derive type pointers (S2ess ALLOC.F90).

® MODULE BASS CHECK - subroutines for checking the

completeness and consistency of user input (see

BASS CHECK.F90).

® MODULE BASS DEBUG - subroutines for program

debugging. Used only for program development (see

BASS DEBUG.F90).
® MODULE BASS DEFINED - functions for determining

whether program parameters and variables have beene

initialized or assigned (se&&ss DEFINED.FO0).
® MODULE BASS EXP - subroutines for calculating chemical

exposures, community forcing functions, and habitat

suitability multipliers (se®Ass _Exp.FO0).

® MODULE BASS INI - subroutines for initialization of
program variables (s&Ass _INI.F90).

® MODULEBASS INPUT - subroutines for decoding user input
(seeBAss INPUT.F90).

® MODULE BASS INT - subroutines for Adams-Gear, Euler,
and Runge-Kutta integrations (s®&ss _INT.F90).

® MODULEBASS INT_LOADER - subroutines for loadirgpss
derived type variables into standard integratiootmes
(SseeBASS INT_LOADER.F90).

® MODULE BASS |0 - subroutines for processing user input
and output (seBASS 10.F90).

® MODULE BASS ODE - subroutines for the computational
kernel of thesass software (se8Ass_ODE.F90).

® MODULE BASS PLOTS- subroutines for generating output
plots for BAss v2.1 and earlier as well as for code
development and maintenance (Bees PLOTSF90).

® MODULEBASS TABLES - subroutines for generating output
tables forsass v2.1 and earlier as well as for code
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development and maintenance (Bees_TABLES.F90).
MODULE BASS WRITE_CSV - subroutines for generating
CSV output files for import into Excel workshetseés
BASS CSV.F90).

MODULE BASS WRITE_XML - subroutines for generating
XML output files for post processing by tBass GUI
(seeBASS XML.F90).

MODULE DECODE _FUNCTIONS - subroutines for decoding
constant, linear, and power functions from characte
strings (se®TL_DCOD_FNC.F90).

MODULE DISLIN - implicit interfaces for the DISLIN
graphics subroutinessLIN.F90).

MODULE DISLIN_PLOTS - general utility subroutines for
generating 2 and 3-dimensional DISLIN plots (see
UTL_PLOTSF90).

MODULE ERROR MODULE - subroutines for printing error
codes encountered with general utility modules (see
UTL_ERRORSF90).

MODULE FILESTUFF - subroutines for parsing file names
and obtaining version numbers or time stamps (see
UTL_FILESTUFRF90).

MODULE FLOATING_POINT_COMPARISONS- operators for
testing equality or inequality of variables withpéirit
consideration of their computer representation and
spacing characteristics (se€._FLOATCMP.FO0).

MODULE GETNUMBERS - subroutines for extracting
numbers from character strings (88€_GETNUMS.F90).
MODULE I0SUBS- subroutines for assigning, opening, and
closing logical units (seeTL_I0SUBSF90).

MODULE MODULO_XFREAD - subroutines for reading files
that contain comments, continuation lines, anduitel
files (seeuTL_XFREAD.F90).

MODULE MSORT - subroutines for sorting and generating
permutation vectors for lists and vectors (see
UTL_MSORT.FO0).

MODULE MXGETARGS - subroutines for extracting
arguments from a command line (see
UTL_MXGETARGS.FO0).

MODULE REALLOCATER - subroutines for allocating and
reallocating integer, logical, and real pointerge(s
UTL_ALLOC.F90).

MODULE SEARCH- subroutines for finding the location of
a key phrase within a sorted list (3€®_SEARCHFI0).
MODULE SEARCH LISTS - subroutines for finding the
location of a value within a sorted list (see
UTL_SEARCH LISTS.F90).

MODULE STRINGS - subroutines for character string
manipulations and printing multiline character tésee
UTL_STRINGSF90).

MODULE TABLE_UTILS - subroutines for generating self-
formating tables (seeTL_PTABLE.FO0).

MODULE UNITSLIBRARY - subroutines for defining and



performing units conversions (se®L_UNITSLIB.F90).

In general, these procedure modules are codedmiithmal
scoping units. Consequently, their component subres and
functions explicitly initialize all required inteahvariables. This
safeguard is intended to prevent inadvertent usmioftialized
variables. Whenever possible, subroutine and fanetiguments
are declared with INTENT(IN) and INTENT(OUT) decdéipns
to preclude unintentional reassignments.

Although global constants and Fortran parametersapplied
to program procedures via modules (see questioB)7 @ata
exchanges between program procedures are perforaftedmal
subroutine / function parameters whenever possithe. only
notable exceptions to this coding policy are mosithat must be
used to supply auxiliary parameters to “externabrsutines that
are used as arguments to certain mathematicalstites (e.g.,
root finding subroutines). Working areas usedhgs are not
used for data transfers between internal and eadtprocedures.

To simplify the construction and maintenance of themal

parameter lists of margass subroutines and functions and to A good example ofAssS's use of derived type data structures is

help prevent the inadvertent transposition of fdrpaaameters,
BASS makes extensive use of derived type data strigté@ch
derived type definition is specified within its owrodule, and all
derive type definition modules are maintained isirggle file

(Bass TYPESF90.) Derived types used BaASS V2.2 are:

® MODULE BASS TYPE CHEM PAR - type definition for
chemical parameters

® MODULE BASS TYPE DIET_MEAN - type definition used to
summarize average realized diets.

® MODULE BASS TYPE DIET_PAR - type definition used by
derived typeBASS TYPE _FOODWEB PAR

® MODULEBASS TYPE DIETS- type definition used for input

current nonfish variables and fluxes

® MODULE BASS TYPE PLOT DATA - type definition for
user-specified plots

® MODULE BASS TYPE PREY_ITEMS - type definition used
by derived typeBAsSS TYPE FISH VAR to store a fish’'s
currently realized dietary composition

® MODULE BASS TYPE_QSAR DATA - type definition for
linked list used during data input

® MODULE BASS TYPE_QSAR _LINKED_LIST - type definition
for linked list used during data input

® MODULE BASS TYPE QSAR NODE - type definition for
linked list used during data input

® MODULE BASS TYPE TROPHIC - definition used for the
calculation of realized diet composition and congtiom

® MODULE BASS TYPE_VMATRIX _LOGICAL - type definition
for DISLIN graphing matrices

® MODULE BASS TYPE_VMATRIX _REAL - type definition for
DISLIN graphing matrices

® MODULEBASS TYPE ZFUNCTION_PAR-type definition for
user-supplied exposure and forcing functions

the derived type variable used to store and trangie
ecological, physiological, and morphometric dataafparticular
fish species. This derived type is defined by felltg module

MODULE bass_type_fish_par
USE bass_type_hsi_par
TYPE:: fish_par
CHARACTER (LEN=80) :: ageclass, ast_type, ast_wammon_name, &
fmodel_var, genus_species, spawning_interval, temp_
INTEGER :: fmodel_cls=0, harvests=0, spawnings=0, &
stockings=0, temperatures=0

INTEGER,DIMENSIONC(:),POINTER::
INTEGER,DIMENSION(:),POINTER::
INTEGER,DIMENSIONC(:),POINTER::
INTEGER,DIMENSION(:),POINTER::
INTEGER,DIMENSIONC(:),POINTER::

fmodel=>NULL()
spawn_dates=>NULL()
harvest_date1=>NUDL(
harvest_date2=>NUIL(
stock_dates=>NULL()

processing of user-specified fish diets

® MODULE BASS TYPE FISH INT - type definition for
integrated fish variables and fluxes

® MODULE BASS TYPE FISH PAR - type definition for fish
parameters

® MODULE BASS TYPE FISH VAR - type definition for
current fish variables and fluxes

® MODULE BASS TYPE FOODWEB PAR - type definition for
the decoded user-supplied fish diets and community
trophic structure.

® MODULE BASS TYPE HSI_PAR - type definition for fish
habitat multipliers

® MODULE BASS TYPE _NONFISH_INT - type definition for
integrated nonfish variables and fluxes

® MODULE BASS TYPE NONFISH PAR - type definition for
nonfish parameters

® MODULE BASS TYPE NONFISH VAR - type definition for

LOGICAL :: bb_constant=.TRUE., prey_switching_onRUJE.

REAL :: ae_fish, ae_invert, ae_plant, ast_bb, asisbast_pop, &
dry2live_ab, dry2live_aa, dry2live_bb, dry2live_gco2_d, kf_min, &
la, longevity, mgo2_s, rbi, refugia, rq, rt2stdagu, tl_r0, wt_max, yoy

REAL, DIMENSION(2) :: ga, id, Id, II, lw, pa, plgs mu, wl

REAL, DIMENSION(3) :: nm

REAL, DIMENSION(4) :: Ip, Ip_max, lIp_min
REAL, DIMENSION(5) :: ge, mf, mi, sg, sm, so, st

REAL, DIMENSION(:), POINTER ::
REAL, DIMENSION(:), POINTER ::
REAL, DIMENSION(:), POINTER ::
REAL, DIMENSION(:), POINTER ::
REAL, DIMENSION(:), POINTER ::
REAL, DIMENSION(:), POINTER ::
REAL, DIMENSION(:), POINTER ::
REAL, DIMENSION(:), POINTER ::
REAL, DIMENSION(:), POINTER ::
REAL, DIMENSION(:), POINTER ::

fmodel_bnds=>NULL()
harvest_len1=>NULL()
harvest_len2=>NULL()
harvest_rate=>NULL()
stock_age=>NULL()
stock_rate=>NULL()
stock_tI=>NULL()
stock_wt=>NULL()
temp_bnds=>NULL()
temp_pref=>NULL()

TYPE(hsi_par) :: hsi_feed, hsi_persist, hsi_recruit

END TYPE fish_par

END MODULE bass_type_fish_par
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Many components of this derived type are user ippuameters

subroutines (se@TL_CONSTANTSFI0).

that have already been discussed. For examplarthg ga(2) ® MODULE GEAR DATA - stores control parameters for the
stores the coefficient and exponent of a specikkgrga function EXAMS Adams-Gear integrators (see
(seeMMORPHOMETRIC PARAMETERSpage 49). Other components EXAMS_ADAM _GEAR _MODULES.F90).
are secondary parameters that are calculated freoser’s input ® MODULE LOCAL_GEAR_DATA - stores control parameters
data. For example, dry2live_ab, dry2live_aa, dselbb, and for the Exams Adams-Gear integrators (see
dry2live_cc are constants that are used to cak@dish’s live EXAMS_ADAM _GEAR _MODULES.F90).
weight from its dry weight (see introduction to Sea 2.6. ® MODULE STEP DATA - stores control parameters for the
Modeling Growth of Fish). Using a declaration oé florm EXAMS Adams-Gear integrators (see
EXAMS_ADAM_GEAR _MODULES.F90).
TYPE(fish_par), DIMENSION(nspecies) :: par ® MODULE STIFF_DATA - stores control parameters for the
EXAMS Adams-Gear integrators (see
all data defined by the above derived type candssed to a EXAMS_ADAM _GEAR _MODULES.F90).
BASS subroutine by the simple calling statement ® MODULE UNITS_PARAMETERS- specifies parameters used
by the wunits conversion subroutines (see
CALL subi(...., par, ....) UTL_UPARAMS.F90)
without fear of data misalignment. BASS Vv2.2 wuses the following modules (see

BASS WORK_AREAS.FI0) to define work areas that are common
Toinsure that all program subroutines, functiamsi procedures to two or more functions or subroutines.

use the same global constants or parameters, sustaots are
declared and defined within a set of 15 data maduléese
modules include:

MODULE ADAM_DATA - stores control parameters for the
EXAMS Adams-Gear integrators (see
EXAMS_ADAM _GEAR _MODULES.F90).

MODULE BASS CONSTANTS- specifies various biological
and physical constants used BysSSs computational
subroutines (seBASS GLOBALS.F90).

MODULE BASS CPU_PERFORMANCE
MODULE BASS FOODWEB WORK_AREA
MODULE BASS HSI_MEANS

MODULE BASS MULTISORT_WORK_AREA
MODULE BASS ODE_WORK_AREA
MODULE BASS OUTPUT_WORK_AREA
MODULE BASS PLOT_WORK_AREA

7.2.3. Is the developer reasonably confident tHaprgram

MODULE BASS GRAETZ - specifies parameters used to subroutines, functions, and procedures are using shme
calculate chemical exchange across the fish giée ( global constants or parameters?

BASS GLOBALS.F90).

MODULE BASS IOFILES - specifies logical unit numbers for All global constants are defined within their owmdividual

input and output devices (sB&SS GLOBALS.F90).

MODULE BASS NAMES - stores user-supplied fish and
chemical hames (s@assS _GLOBALS.F90).

MODULE BASS NOVALUE - specifies values for integer,
real, and character variables that have not bétalired
(seeBASS GLOBALS.F90).

MODULE BASS PRECISION - specifies the precision of
floating point variables as either single, doublegquad
precision variables. This module also assigns iterta
associated floating point constants (see
BASS GLOBALS.F90).

MODULE BASS UNITS - specifies unit conversion factors
that are specific teassfor use byMODULE UNITSLIBRARY
(seeBAsSS UNITS.F90).

MODULE BASS WORKING_DIMENSIONS - specifies
“standard” sizes for character variables, inpubrds, etc.
(seeBASS GLOBALS.F0).

MODULE CONSTANTS - constants used by utility
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modules. These modules include

MODULE BASS CONSTANTS - constants used b§ASSs
computational subroutines (se&ss _GLOBALS.F90).
MODULE BASS NOVALUE - specifies values for integer,
real, and character variables that have not bétalired
(seeBASS GLOBALS.F0).

MODULE BASS PRECISION - specifies the precision of
floating point variables as either single, douldlequad
precision variables. This module also assigns iterta

associated floating point constants (see
BASS GLOBALS.F90).
MODULE BASS WORKING_DIMENSIONS - specifies

“standard” sizes for character variables, inpubrds, etc.
(seeBASS GLOBALS.F0).

MODULE CONSTANTS - constants used by utility
subroutines (se@TL_CONSTANTSFI0).

MODULE UNITS_PARAMETERS- specifies parameters used



by the wunits conversion subroutines

UTL_UPARAMS.F90)

7.2.4. Do all strictly mathematical algorithms dbat they are
supposed to? For example, are root finding alganh
functioning properly?

During executiongAss must employ root finding algorithms for
two important types of calculations. The first bgse is the
calculation of a fish’s live weight from its dry gét given an
allometric relationship between its live body weignd its
fraction lipid, and linear relationships betweamitoisture, lipid,
and non-lipid organic matter fractions. The secayyge of
calculation involves the linear transformation atanditioned
dietary electivities into self-consistent setsietary electivities.
These calculations are performed using the combbszttion

/ Newton-Raphson algorithm outlined by Press ef1#192).

As mentioned earlieeass's differential equations are integrated
using a fifth-order Runge-Kutta method with ada@step sizing
that monitors the accuracy of its integratissss's Runge-Kutta
integrator is patterned on the fifth-order CashgRunge-Kutta
algorithm outlined by Press et. al. (1992) and teased using
the following system of equations.

dy,/dx = 1.0

dy,ldx = x

dy,/dx = cos(x)

dy,/dx = cosh(x)
dyJa = expl(x)
dygldx = 1.0/(1.0 +x)
dy,/dx = 1.0/(1.0 +x2)

dyldx = 1LON1.0 +x2

dyg/dx = ~100 (y, - sin(x))  y5(0) =1
duldx =998 u + 1998 v u(0) =1
avidx = 999 u-1999 v v(0)=0

(7.2)

The analytical solution to this system of equatisns

Yi=Xx "%
y,=0.5x%-x0)

¥, = sin(x) - sin(x,)
¥, = sinh(x) - sinh(x,)
¥s = exp(x) - exp(x,)

Vs =In(1 +x) - In(1 +xy) (7.3)
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(see

y, = arctan(x) — arctan(x,)
Yg = asinh(x) - asinh(x,)

10101

_ 10101 100

¥s = 10001 P10
10000

100 .
- ———— cos(x) + sin(x
10001 ) 10001 ®)

u = 2 exp(-x) - exp(-1000 x)
v = —exp(-x) + exp(-1000 x)

On the interval [0%<10], the above solutions range in value
fromv=0.453999E-04 tg.=0.220255E+05. Besides their large
numerical range, the last three equations in thigesn are
numerically stiff (Press et al. 1992, Ascher antz&ld 1998).
When integrated on the interval [0<10], the ratio of the
numerical solutions and the corresponding analysohutions
equaled unity with an absolute error of €10

BASSs Runge-Kutta algorithm has also been compareithéo
adaptive Adams-Gear algorithm employed by the widsled
Exams fate and transport model. These comparisons
demonstrated thahss's Runge-Kutta algorithm was not only as
accurate as thexams Adams-Gear algorithm but was also
computationally faster.

7.2.5. Are mathematical algorithms implemented ectty, i.e.,
are the assumptions of the procedure satisfiethéyptoblem of
interest?

Becausesass is a differential equation model, a question of
paramount concern is how its integration betweeimtpoof
discontinuity / nondifferentiability is controlledass, like many
ecological models, utilizes threshold responsesolake value
functions, maximum and minimum functions, and linea
interpolations between time series in its formolatiand
implementation. Although most BAsS's parameters are updated
continuously, some parameters that change venhskvd that
are computationally intensive to evaluate (e.g.etaly
compositions) are updated only daily. All of théessatures create
points of discontinuity or nondifferentiability. tlough there is
nothing intrinsically wrong with using such formtitas in
differential equation models, numerical integrasioof such
models must proceed from one point of discontinuity
nondifferentiability to another.

With these considerations in mirghss's computational kernels
(subroutines BASS ODESOLVR and FGETS ODESOLVR are
designed to integrat@ass's differential equations for a single
day of the desired simulation period. Immediatelofving the
call of these computational kernets\ss calculates the dietary
composition of each fish that will be held constamtthat day.
The progress of the subsequent numerical integratithin the



day is then controlled by any condition that resirita point of
nondifferentiability. The two most important condits in this

Using the “-mba” command line optiomAss performs a
comprehensive mass balance analysis of its fundaien

regard occur wheBass must read an exposure file to update thedifferential equations (i.e., Equations (2.1), §2.@nd (2.3)).

parameters for the linear interpolation of one orerexposure
variables, or when one or more cohorts are elirathéitom the
community. In the later caseass also recalculates the dietary
compositions of the remaining fish that again wiimain
constant for the remainder of the day. Note thatuigment of
new cohorts into the simulated community does reste a point
of nondifferentiability forsass since such amendments to the
community’s structure are performed before -callitige
computational kernelASS ODESOLVROrFGETS ODESOLVRand,
therefore, constitutes a simple reinitializatioolgem.

7.2.6. Are simulated results consistent with knowathematical
constraint of the model? For example, if state abiés are
supposed to be non-negative, are they? Simildligeimodel is
supposed to mass balance, does it?

BASS'S state variables, like those of most physicdbiofogical
models, must be by definition non-negative. Howegiresuring
that the numerical integration of a differentiabation model
remains constrained to its appropriate state sisauet a trivial
issue. Consider, for example, the case when oneswaitake a
simple Eulerian step for a non-negative state ttgithat has a
negative derivative. If the state variable is tonaén non-
negative, then the largest allowable size for titegration step
can be calculated as follows

y(h) = y(@& + hy'(d)
0<y@® +hy'®

L(t) > h

y'(
If his greater than the numerical spacing(@€.,z + A # t ), then
an integration step is possible. If the converdeuis, however,
the functiony(t) is approximating a step function in which case
the desired integration can simply be restartedh w(t) = O.
There are at least two types of situations thatocaor during a
BASS simulation that might necessitate this type ofrective
action. The first of these occurs when a cohorteemces
intense predation or other mortality that drivegpidpulation to
extinction whereas the second situation might oedwen there
is the rapid excretion of a hydrophilic contaminfmtibwing the
disappearance of an aqueous exposure. When thatierifor
a fish’s body weight, population density, or bodyrden is
negative Ass verifies whether the current integration step,will
in fact, yield non-negative state values. If nBASS either
executes a simple Euler step of the appropriagemsirestarts the
integration with the appropriate state variabl@gilived to zero.

(7.4)

where y'()) <0
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BASsalso calculates and reports mass balances forcehont's
total biomass and the community’s total predicteddptory
mortality and its total predicted piscivorous camgtion. For the
example presented herein, this mass balance B02:09 g dry
wt/ha/yr. Since this community’s total piscivorydalculated to
be 8.850E+03 g dry wt/halyr, this mass balance lchexuld

have a relative error of less than'10

7.2.7. Are simulation results consistent across hres or
compilers?

BASS was originally developed on a DEC 3000 work statio
using the DEC Fortran 90 compiler. In November 198@as
ported to the Windows operating system on the DBElptiPlex
using the Lahey / Fujitsu Fortran 95 5.7f compifdthough the
results of these two implementations agree withamaher up
to single precision accuracy, due to differencesaompiler
optimization, model computations must be perforinedbuble
precision to obtain this level of consistency.

In September 2004Ass was ported to a IBM Intellistation A
Pro workstation equipped with dual 64-byte Optgymotessors
and a Windows XP operating system. Basssource code was
then recompiled using the Absoft multiprocessottfaor90/95
compilers 8.2 MP and 9.0 MP. Although initial comatibns
using these compilers failed due to compiler bhgshave been
acknowledged by Absoft Technical Support, workadsifor
these bugs were successfully implemented. Simulagisults of
theBassAbsoft MP dual processor executables were in éxtel
agreement with those of tBass Lahey-Fujitsu single processor
executable. With respect to execution times:

1) BassLahey-Fujitsu executable runs on standard EPAlein
processor machines were approximately 1.5 timegeslthan
BASS Lahey-Fujitsu executable runs on the dual progesso
workstation.

2)BAssLahey-Fujitsu executable runs on standard EPglesin
processor machines were approximately 2.9 timegeslthan
BASS Absoft MP executable runs on standard EPA, single
processor machines

3)BAssLahey-Fujitsu executable runs on standard EPAlein
processor machines were approximately 5.2 timegeslthan
BASS Absoft MP SOF executable runs on the dual progesso
workstation.

7.2.8. Have test and reference / benchmark data keen
documented and archived?



The temBAss projects discussed in Section 6.1 serve not aly a7.3.3. What internal checking can be made to hedprie that

BASS distribution examples but also as test projecas ttack
changes in the operation &Ass associated with code
maintenance and updates. These project files agd as
benchmarks to verify that code modifications tHatdd not
changeBAsSs computational results do not changesss
simulation output.

7.3. Questions Regarding QA of Model Documentatioand
Applications

7.3.1. Is the model intended for absolute or corapee
prediction?

the model is being used appropriately?

Currently, the only internal checking performedgnss is to
verify that all parameters needed by the modehfparticular
simulation have, in fact, been specified by ther.uaéhough
BASS does assign default values for a limited number of
parameters, most unassigned parameters are faded.dfuture
versions ofBass will perform bounds checking on many of its
physiological and morphological parameters.

7.3.4. Has the developer anticipated computatiguralblem
areas that will cause the model to “bomb™?

AlthoughBAss can be used to analyze results from actual fieldSeveral key mathematical calculations have beemtifa=l as

studies or predict the expected future conditiospcific real
communities, its principal intended use is to pcedihd compare
the outcomes of alterative management options Hrat
associated with pollution control, fisheries mamaget, and / or
ecosystem restoration activities.

7.3.2. Does the User Guide provide the informatieeded to
appropriately apply and use the model?

potential problem areas forBass simulation. In general, these
problem areas involve either the unsuccessful uéisol of a root
of a nonlinear equation or the unsuccessful integrafBASS's
basic state variables. Examples of the former telsituations
whenBAssS's calculated dietary compositions do not sum fityun
or when a fish’s live weight is calculated to besler equal to its
dry weights. Examples of the latter include sitolasi when the
current integration step is less than the numesigating of the
current time point, or wheanss's integration error exceeds 1.0

The BAss User's Guide summarizes the model's theoreticaWhen these situations are encounteredss terminates

foundations and assumptions, the model’'s input cantn

execution and issues an appropriate error messdge turrent

structure, issues related to user file and projestagement, and *.MSG file.

software installation. The User's Guide also préseand
discusses the results of one of eight example egjins that are
distributed with thesass software.
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8. Planned Future Features

Presently, ten major program developments are pthfurBAss. chemicals.
These include:
® Development of immigration algorithms for simulatihe

® Development of canonical fish and community databas movement of fish into the simulated community based
(i.,e., *FSH and *.CMM files) to facilitate easier habitat parameters such as water depth, curreotitgl
application of8Ass. availability of prey, etc.

e Software to perform model sensitivity analyses. ® Development of subroutines to simulate sublethal,

residue-based effects.
® Implementation of an option to read a simulated or

measured time series of dissolved oxygen concémisat ® FEnable lipid fractions, fecundity, and physiolodica
that are needed to calculate the fishes’ ventitatio mortality to be functionally dependent on the fish’
volumes. See Equation (2.12). CurrentBass uses predicted growth rate and/or duration of fastinge(s
saturated dissolved oxygen concentrations that are Adams and Huntingford 1997, Simpkins et al. 2003).
calculated as a function of water temperature.

® FEnable an option for specifying habitat suitability

® Development of submodels for simulating the multipliers on respiratory expenditures. See fareple
physiological tolerances of fish to water quality Sweka and Hartman (2001) and Facey and Grossman
parameters other than toxic chemicals. (1990).

® Incorporation of quantitative structure activity ® Implementation of light and nutrient dependent jaiiyn
relationships (QSAR'’s) to predict metabolism ofamip production by phytoplankton and periphyton.
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APPENDICES

APPENDIX A. Equilibrium complexation model for metals

As reviewed by Mason and Jenkins (1995), metals man that

classified into three different categories based tbmeir
complexation behavior and preference for differkgands.
These groups are generally designated as cladags B, and
borderline metals. Of these, however, class B adédsline
metals are the most important from an ecotoxicaligioint of

view. Class B metals (e.g., Au, Ag, Cu, Hg, and Pb)

preferentially bind to marcromolecules such as ginst and
nucleotides that are rich in sulfhydryl groups #maderocyclic
nitrogen. Borderline metals (e.g., As, Cd, Co,\GrSn, and Zn)
bind not only to the same sites as do class B sbtalalso to
those sites preferred by class A metals (i.e., @afates,
carbonyls, alcohols, phosphates, and phosphodi@stdthough
factors determining the preference of borderlingatsefor a
particular binding site are complex, the fact thattransport and
storage of these metals in fish and other biotaegalated by
metallothioneins via sulfhydryl complexation react suggests
that the total availability of sulfhydryl groupsthin organisms
plays a key role in their internal distribution aactumulation.

To formulate complexation reactions for class B baerline
metals, one can assume that protein sulfhydryl ggaare the
only significant ligand for these metals, i.e.,

RSH+M*<RSM +H* (A1)
The stability constant for this reaction is
RSMI[H*] _ RSM[H"

Kp - [RSMI[H"] _ RSM[H"] A2)

[RSH] [M"]

where H "] is the hydrogen ion concentration (molaift ] is

the concentration of free metal (molar)RSH is the
concentration of reactive sulfhydryls (molarRgM is the
concentration of sulfur bound metal (moleRSMis the moles

RSH[M"']

of metal bound to sulfhydryls; afiSHis the moles of free, non-

disassociated sulfhydryl. If a fish’'s metal conecatibns (i.e.C,

, C ,C,, andC,) are expressed on a molar basis, then the

following identities hold

[M°]=C, (A-3)
RSM=C,P, W, (A.4)

Co
Cf: P, +P K, +P"F C, (A.5)

where W,, is the fish’s kilogram live weight. Substituting

Equations (A.3) and (A.4) into Equation (A.2), atan verify
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P,C, _ KbRSH

C, W,IH'] (A8)
and consequently
Kb RSH
C.=| P, +P,K_ ~+ C
f a 1" ow Ww [H+] a (A?)

To parameterize Equation (A.7) f&SH the following mass
balance for the fish’'s sulfhydryl content is thessamed

TS=RSH+RS™ +Y, RSM,
i

RSHK Kb,C, RSH
= RSH + 2y — 1
K Kb, C,
=RSH| 1+ —"+ :
[H] @ [H7]

where TS is the total moles of sulfhydryl ligandRS is the
moles of disassociated sulthydryls; addis the sulfhydryl’s
disassociation constant. Therefore,
_ TS[H]
[H+] + Ka + E Kbl Ca.

(A.9)

Using Equation (A.7), however, this expressionloamewritten
as

TS
Kb, B,

(A.10)

1+ K, +E

[H1 (Pa + P,Kowi>Ww [H"] + Kb, RSH

Wherer_ =C. W, is the fish’s total burden (mol/fish) of et
For most class B metals, however,
(Pa + P,Kowi>Ww [H*]<Kb,RSH (A.11)

Consequently, Equation (A.10) can be simplified to

1s-Y ' B
B TS ) E %
RSH = =
% B, K, (A.12)
1+—2 + E — 1+ —
[H*] 7 RSH [H]

This expression can then be substituted into Equd#.7) to
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calculate the fish aqueous phase metal concentsatio

To use the aforementioned complexation model (Equation
(A.12) substituted into Equation (A.7)), one muyseafy both
the metal’s stability constant (see Equation (A&t)dl the total
concentration of sulfhydryl binding sitds (mol SH/g dry wt)
within the fish. Although numerous studies haveestigated the
sulfhydryl content of selected fish tissues, itegus that no study
has attempted to quantify the total sulfhydryl emtof fish. A
reasonable approximation of this parameter, howeeerstill be
made since data do exist for the major tissues ifuescle, liver,
kidney, gill, and intestine) typically associatedthvmetal
bioaccumulation.

Iltano and Sasaki (1983) reported the sulfhydrylteoih of
Japanese sea bassfeolabrax japonicusmuscle to be 11.5
umol SH/g(sacroplasmic protein) and 70.5mol
SH/g(myofibrillar protein). Using these authorg)oeted values
of 0.0578 g(sarcoplasmic protein)/g(muscle) and20.1
g(myofibrillar protein)/g(muscle), the total sulfiiyl content of
Japanese sea bass muscle is estimated

researchers have investigated the occurrence ofitvifis liver,
kidney, and gills of fish, and most have shown ttissue
concentrations of MTs generally vary with metal esyres.
Under moderate exposures, typical hepatic MT camnagons in
fish are on the order of 0.03 - 0.gtol(MT)/g(liver) (Brown
and Parsons 1978, Roch et al. 1982, KlaverkampDamtan
1987, Dutton et al. 1993). Using data from Takeuth &himizu
(1982) who report the sulfhydryl content of skigjatuna
(Katsuwonus pelamlis MTs to be approximately 25
mol(SH)/mol(MT) and assuming a dry to wet weighito&qual
0.2, these MT concentrations would be equivaletis - 37.5
umol(SH)/g(dw liver). This range of values suggesist the
hepatic sulfhydryl content of fish, that includedttbbaseline MT
and cytoplasmic components that can be convertiedNIT,
might be on the order of 40mol(SH)/g(dw liver). This latter
value, however, is probably too conservative. Gibersifor
example, the observation that the ratios of mercury
concentrations in liver to those in muscle ofteryeom 1.5 to
6 or more (Lockhart et al. 1972, Shultz et al. 198Brenger et
al. 1988). If liver and muscle are equilibratingtwthe same

to be 9ihPernal aqueous phase, then either the MT sulffigy@dre more

umol(SH)/g(muscle) or 45 ,8mol(SH)/g(dw muscle). Opstevedt available than are the sacroplasmic and myofilbréidfhydryls

et al. (1984) reported the sulfhydryl content ofifemackerel
(Pneumataphorus japanicusand Alaska pollock Theragra

or the inducible concentrations of hepatic MT axgmhigher
than 40umol(SH)/g(dw liver). Of these two possibilities,eth

chalcogrammamuscle to be 6.6 and 6.2 mmol(SH)/16 g(muscldatter appears more likely.

N), respectively. Using conversion factors reportsdthese
authors, these values are equivalent to 48.7 arfdd®l/g(dw
muscle). Chung et al. (2000) determined the sutylyzbntent
of mackerel $comber australasicusmuscle to be 88.2
umol(SH)/g(protein). Using
g(protein)/g(dw muscle) (Opstevdt et al. 1984)s thalue is

Although qill, kidney, and intestine MTs have neteln studied
in the same detail as hepatic MTs, it appearsdMifatand hence
sulfhydryl, concentrations in gills and kidney éoever and not

the conversion factor 3.8 asinducible as hepatic concentrations (Hamiltaal.€t987a, b,

Klaverkamp and Duncan 1987). Klaverkamp and Du¢88T)

equivalent to 73.@mol(SH)/g(dw muscle). Several studies haveestimated the concentrations of gill MT in whitecleers

determined sulfhydryl contents of the actomyosid aryosin
components of fish myofibrillar proteins (ConneildaHowgate
1959, Buttkus 1967, 1971, Takashi 1973, Itoh etl18I79,
Sompongse et al. 1996, Benjakul et al. 1997, LihRark 1998).
Because the results of these studies agree wel thi¢
actomyosin analysis reported by Itano and Sas&83), the
results of Itano and Sasaki (1983), Opstevedt. €i.8B4), and
Chung et al. (2000) can be assumed to be reprdisendé fish
in general. Consequently, the sulfhydryl contenfisif muscle
can be assumed to be on the order of 45mM0I(SH)/g(dw
muscle).

Although the sulfhydryl contents of liver, kidnegills, and
intestine have not been measured directly, théifl content
of these tissues can be estimated from their rogtédinein
concentrations. Metallothioneins (MT) are sulfurkriproteins
that are responsible for the transport and stocdideeavy and
trace metals and that are also usually considevedet the
principal source of sulfhydryl binding sites in $eetissues

(Catostomus commersgrtio be 33ug(MT)/g(gill) which is
equilvalent to 3.3 nmol(MT)/g(gill) or 0.0828n0l(SH)/g(gill).
This latter value agrees well with the estimatetbemtrations of
unidentified binding sites (0.03 - 0.Q6ol/g(qill)) for copper on
the gills of rainbow trout@ncorhynchus mykiyand brook trout
(Salvelinus fontinalls(MacRae et al. 1999), but is somewhat
higher than the concentration of unidentified bimgsites (0.013

- 0.03umol/g(gill)) for copper, cadmium, and silver on tils

of rainbow trout and fathead minnowRithephales promelas
(Playle et al. 1993, Janes and Playle 1995).

Based on these considerations and the acknowledginan
many other important organic compounds containhgdifyl

groups, e.g., enzymes involved in fatty acid sysithe
glutathione, etc., it seems reasonable to assurat tte
sulfhydryl content of fish is approximately 7@nol(SH)/g dry
wt. Because Davis and Boyd (1978) reported the nseiar

content of 17 fish species to be 2060I(S)/g dry wt, this
assumption implies that almost 1/3 of a fish’s@wuffool exists

(Hamilton and Mehrle 1986, Roesijadi 1992). Numerou as sulfhydryl groups.
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The aforementioned complexation model was implesgnt the stability constants of methylmercury, howeBss over
within BASS using 70umol(SH)/g dry wt to calculate the fish’s predicted the bioaccumulation of methylmercuryighfoy at
total sulfhydryl content. The mean dissociation stant for least an order of magnitude. Consequently, a mimipler
organic sulfhydryls was then assigned ag pk9.25 (i.e., the distribution coefficient algorithm was adopted.

SPARC estimated plor cysteine). Using literature values for
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APPENDIX B. Canonical equations for modeling diffusve chemical exchange across fish gills with verailion and perfusion
effects. See Section 2.2 for background informatioand notation.

If chemical exchange across fish gills is treatedtaady-state,
convective mass transport between parallel plateeny the
following PDE and boundary conditions can be ugsethbdel
chemical uptake from and excretion to the interlégamevater:

2
3[q-% Vﬂ:pﬂ (B.1)
2 r:) oy ox?
acC
A )
x|, (B.2)
)
p€¢| -_x C(r,y)—ca—”’—Dfﬂ &|(B.3)
ox |,_, 4, ox |,_,
y

To obtain a canonical solution for this gill modbkse equations
can be nondimensionalized using the following tfamsations:

Cc-cC,
0= c (B.4)
x=X
- (B.5)
_yD
Y——Vr2 (B.6)

Applying these transformations, chemical exchang®ss a
fish's gills is described by the following dimensiess PDE and
boundary conditions:

31-x)po0.2e (B.7)
2 Y ax?
30
= - (8.8)
90Xy o
NGZ
20 2rhV [ 30
901 - _Nglea,p - f_ &| (B9)
0X|x-1 ) 0X |y

where Ny, =k, rD ™
permeability (i.e., Sherwood number); aNg, =/DV "' r
the gills’ dimensionless lamellar length (i.e., &@number).

is the gills’ dimensionless lamellar

The boundary condition (B.9) describing exchang®essthe
secondary lamellae, however, can be simplifieddting that the
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solution of Equation (B.7) is separable, i&(X, Y) = ©(X)¥(Y)
and thatqg, = 2 rhV is the ventilation volume of an individual
interlamellar channel. Using these observationg, @an then
write

do
yr | =
O
N, (B.10)
9, do
- Ng,|o(D)¥D) - —==— f‘l’(v)dv
q, dX |y, .

that can then be differentiated with respecY to obtain

d¥ do|
dy dx|,_,
(B.11)
dv 9, do
-N, |0(1) &+ w(r) 2 42
| O G+ D G|

Because¥(Y) =exp(-%s12Y) wheré. is the constant of
separation for Equation (B.7), the preceding equatis
equivalent to

22 92
dX|y_,
(B.12)
- N, |- 0(1) + 2 42
P X=1

which can be rearranged to yield
%A\’ N,
Y3 A2 - (qv/qp)NSh

o
dx

] o(1) (B.13)

X=1

Although this boundary condition is dependent @digenvalue
A, the eigenvalue expansion for the solution of EiQugB.7) is
still straightforward (Walter 1973, Fulton 1977)td that as the
fish's perfusion rate increases, this boundary tmrdconverges
to

o
ax

N, ©(1)

(B.14)
X=1

iSwhich is the boundary condition originally usedBgrber et al.

(1991).

See Barber et al. (1991) for the method used tatoact the
series solution for the dimensionless bulk conegiatn of the
aforementioned PDE gill exchange model (i.e., EqudR.28)).
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APPENDIX C. Derivation of the consistency conditiorfor feeding electivities.

To derive a self consistency condition for a fiskectivities and
relative prey availabilities such that its calcathtdietary
frequencies will sum to unity, consider the follogi

When Equation (C.3) is substituted into Equatiorbj(bne then
obtains

I 1+e, . 2e.f
d-f e SEIAEDD Ji_g (C.6)
e = (C.2) i=1 1-e, 1 1-¢
d
or equivalently
€ <d1 +f1) = dx _fl (CZ) L e.f
171 :0

1 e (C.7)

1+e
d; = 1-e i (C.3) Finally, addingZf,=1 to each side of Equation (C.7) th
' following consistency condition is obtained
Summing Equation (C.2) over althen yields z”: e, f, of ] =1
Tl 1-¢ '
n n n (C8)
e,(d+f)=Y.d-X f C.4 N
izzl: 1< i f;) 1221: i ’221: f; ( ) E =1
i1 1- e,
e,(d +f)=0 (C.5)
i=1
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