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Foreword

This report describes the theoretical development, parameterization, and application softwasesBibaccumulation and quatic
SystemSimulator. This generalized, community-based simulation model is designed to predict the population and bioaccumulatior
dynamics of age-structured fish communities exposed to hydrophobic organic chemicals and class B and borderline metals th
complex with sulfhydryl groups (e.g., cadmium, copper, lead, mercury, nickel, silver, and zinc). This report is not a case study on th
application oBassbut a reference and user’s guide. The intended audience of this report and associated software includes resear
fisheries ecologists, bioaccumulation researchers, and EPA environmental scientists and ecologists who must routinely analyze a
estimate bioaccumulation of chemicals in fish for ecological or human health exposure assessments.

AlthoughBAsshas not been extensively field-tested, its process-based algorithms for predicting chemical bioaccumulation, growth
of individual fish, predator-prey interactions, and population dynamics either have been corroborated or have been formulated usir
widely accepted ecological and ecotoxicological principles. Even when a process-based model has undergone only limited field testin
it can be an extremely useful tool. Process-based models enable users to observe quantitatively the results of a particular abstrac
of the real world. Moreover, such models can be argued to be the only objective method to make extrapolations to unobserved

unobservable conditions. If the conceptualization and construction of process-based models are both comprehensive (i.e., holistic) &
reasonable, then their output, validated or not, can still be used for comparative analyses. A model’s ability to simulate trends ar
comparative dynamics are, in fact, often more important measures of a model’s utility than is its ability to replicate a specific field or
laboratory study. Althoughass can be used to analyze results from actual field studies, its principal intended use is to predict and

compare the outcomes of alternative management options associated with pollution control, ecosystem management, or restorat
activities.

Eric J. Weber, Ph.D.

Acting Director

Ecosystems Research Division
Athens, Georgia
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Abstract

BASS (Bioaccumulation andAquatic System Simulator) is a Fortran 95 simulation program that predicts the population and
bioaccumulation dynamics of age-structured fish assemblages exposed to hydrophobic organic pollutants and class B or borderli
metals that complex with sulfhydryl groups (e.g., cadmium, copper, lead, mercury, nickel, silver, and zinc). The model's
bioaccumulation algorithms are based on diffusion kinetics and are coupled to a process-based model for the growth of individual fis
These algorithms consider both biological attributes of fishes and physico-chemical properties of the chemicals that together determil
diffusive exchange across gill membranes and intestinal mucosa. Biological characteristics used by the model include the fish’s g
morphometry, feeding and growth rate, and proximate composition (i.e., its fractional aqueous, lipid, and structural organic content
Relevant physico-chemical properties includes the chemical's aqueous diffusivity, n-octanol / water partition cokffjxient(

for metals, binding coefficients to proteins and other organic matiessimulates the growth of individual fish using a standard mass
balance, bioenergetic model (i.e., growth = ingestion - egestion - respiration - specific dynamic action - excretion). A fish's realized
ingestion is calculated from its maximum consumption rate adjusted for the availability of prey of the appropriate size and taxonomy
The community’s food web is delineated by defining one or more foraging classes for each fish species based on its body weight, boi
length, or age. The dietary composition of each of these foraging classes is specified as a combination of benthos, incidental terrest
insects, periphyton / attached algae, phytoplankton, zooplankton, and one or more fish species. Population dynamics are genera
by predatory mortalities defined by the community’s food web and standing stocks, physiological mortality rates, the maximum
longevity of species, toxicological responses to chemical exposures, and dispersal. The model’s temporal and spatial scales are t
of a day and of a hectare, respectively.
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1. Introduction

Fish health can be defined from both an ecological and a human condition factors (i.e., the fish’s current body weight
health / value perspective in many ways. Questions relating twrmalized to an expected body weight based on its current
fish health from an ecological perspective often include: length), and 8) levels of chemical contaminants in muscle or
whole fish.
1) Are individual fish growth and condition sufficient to
enable them to survive periods of natural (e.g.From the perspective of evaluating alternative management
overwintering) and man induced stress? options or of assessing expected future consequences of existing
2) Are individual fish species able to maintain sustainableconditions, simulation models that can predict the individual and
populations? For example, is individual growth adequat@opulation growth of fish and their patterns of chemical
for fish to attain the minimum body size required for bioaccumulation are important tools for analyzing several of the
reproduction? Is there adequate physical environment faforementioned dimensions of fish health.
successful spawning? Is there adequate physical habitat
for the survival of the young-of-year? Although the growth of individual fish has often been described
3) Do regional fish assemblages exhibit their expectedising empirical models such as the von Bertalanffy, logistic,
biodiversity or community structure based onGompertz, or Richards models (see for example Ricker (1979)
biogeographical and physical habitat considerations? and Schnute (1981)), process-based bioenergetic models such as
4) Are regional fish assemblages maintaining their expectethose described by Kitchell et al. (1977), Minton and McLean
level of productivity based on biogeographical and(1982), Stewart et al. (1983), Cuenco et al. (1985), Stewart and
physical habitat considerations? Binkowski (1986), Beauchamp et al. (1989), Stewart and Ibarra
5) Are appropriately sized fish abundant enough to maintai1991), Lantry and Stewart (1993), Rand et al. (1993), Roell and
piscivorous wildlife (e.g., birds, mammals, and reptiles)Orth (1993), Hartman and Brandt (1995a), Petersen and Ward
during breeding and non-breeding conditions? (1999), Rose et al. (1999), Schaeffer et al. (1999), and van Nes
6) Are potential fish prey sufficiently free of contaminants (2002) are becoming the models of choice for predicting the
(endocrine disruptors, heavy metals, etc.) so as not tgrowth of fish. Because these process-based models predict fish
interfere with the growth and reproduction of piscivorousgrowth based on the mass or energy balance of ingestion,
wildlife? egestion, respiration, specific dynamic action, and excretion, they
7) How will native fishes respond to the introduction of can generally be parameterized independently of their current
nonnative fish species, including those stocked fompplication. Moreover, because of the inherent difficulties in
recreational fishing? obtaining reliable field-based measurements of fish population
dynamics and productivity, researchers are increasingly using
From a human health or use perspective, another importastich bioenergetic models to characterize these population and
question related to fish health is: community level endpoints. See for example Stewart and lbarra
(1991) and Roell and Orth (1993).
8) Is the fish community / assemblage of concern fishable?
That is, are target fish species sufficiently abundant and &fhe ability to predict accurately the bioaccumulation of
the desired quality? Fish quality is this context is ofterchemicals in fish has become an essential component of
defined in terms of desired body sizes (e.g., legal oecological and human health risk assessments for chemical
trophy length) and the absence of chemical contaminantpollutants. Not only are accurate estimates needed to predict
realistic dietary exposures to humans and piscivorous wildlife,
Some of the important metrics or indicators that have often bedwut such estimates are also needed to assess more accurately
used to assess such questions include: 1) physical habitadtential ecological risks to fish assemblages themselves.
dimensions, e.g., bottom type and cover, occurrence of structuralthough exposure-referenced benchmarks such ag /@i
elements such as woody debris or sand bars, mean and p&ak, have been widely used for hazard assessments, most
current velocities, water temperature, sediment loading, etc., #Hgleterious effects of chemical pollutants are caused by the
community species and functional diversity, 3) total communitynternal accumulation of those compounds, rather than their
biomass (kg/ha or kg/km), 4) the population density (fish/ha oenvironmental concentrations per se. Many authors (Neely 1984,
fish/km) or biomass (kg/ha or kg/km) of the community’sFriant and Henry 1985, McCarty et al. 1985, McCarty 1986,
dominant species, 5) the age or size class structure of ti@@nnell and Markwell 1992, McCarty and Mackay 1993,
community’s dominant species, 6) annual productivity of the/erhaar et al. 1995, van Loon et al. 1997) have discussed the
community and its dominant species, 7) individual growth ratebenefits of explicitly considering chemical bioaccumulation
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when assessing expected ecological consequences of chemiaittainly the most significant route of exchange for moderately
pollutants in aquatic and marine ecosystems. Residue-baskddrophobic chemicals, dietary uptake accounts for most of a
toxicity studies confirm this supposition (Opperhuizen andish’s body burden for extremely hydrophobic chemicals. This
Schrap 1988, van Hoogen and Opperhuizen 1988, Donkin et ahift in the relative significance of the direct aqueous versus the
1989, Tas et al. 1991, van Wezel et al. 1995, Driscoll andietary pathway is determined by the relative rates of exposure
Landrum 1997). via these media and by a fundamental difference in the nature of
chemical exchange from food and water. Consider, for example,
Although concentrations of moderately hydrophobic chemicalthe relative absolute exposures to a fish via food and water. The
in fish can often be predicted accurately assuming equilibriurfish’s direct aqueous exposut: (ug/d), is the product of its
partitioning of the chemicals between the fish’'s organioventilation volume,Q (ml/d), and the chemical's aqueous
constituents and the aqueous environment, this approacbncentrationC, (1Lg/ml). Similarly, the fish’s dietary exposure,
frequently fails to predict observed concentrations of extremelpE (j1g/d), is the product of its feeding rafe,(g wet wt/d), and
hydrophobic chemicals and metals that are often the chemicalse chemical’s concentration in the fish’s préy(ug/g wet wt).
of greatest concern. Observed deviations can be eithérthe fish feeds only on one type of prey that has equilibrated
considerably above or below those predicted by equilibriunwith the water, one can calculate when the fish’'s aqueous and
partitioning. Several factors can be identified to explain thesdietary exposures are equal using the equations
discrepancies.

AE = DE
Lower than expected contamination levels can result when the QC,=F,C, (1.1)
length of exposure is insufficient to allow chemicals to
equilibrate. Because bioconcentration and bioaccumulation are Q/F, = BCF

for chemicals to equilibrate between fish and their exposu sing data from Stewart et al. (1983) and Erickson and McKim

media is an increasing function of the elimination half lives o 1990), the ventllatlon-to-feedlng ratio for a 1 |_<g trout would be
n the order of 1% ml/g. Assuming the quantitative structure

those chemicals in fish. For example, the time required fO?ctivity relationship (QSAR) for the trout’s preyBEF = 0.048

chemicals to achieve 95% of their equilibrium concentrations ig . ,
approximately 4.3 times their elimination half lives. Because th OW(Ma‘.:kay 1982), one would conclude that .fOOd Is the trout's
redominant route of exposure for any chemical whose octanol

elimination half lives of chemicals generally increase as thet " o .
hydrophobicities increase, the time needed for chemicals to reagwater partition coefficient is greater thar?1(For extremely

their equilibrium concentrations in fish also increases as ydrophobic chemicals, not only will fish be more exposed via

. ; - ood but they probably will assimilate chemicals from food more
function of chemical hydrophabicity. Consequently, for%ffectively than from the water. Although chemical exchange

generally treated as linear, first order processes, the time neef?d
r

extremely hydrophobic chemicals such as polychlorinate both food and wat b ve diffusi tak
biphenyls (PCBs) and dioxins that have elimination half live rgm fo(()) q u%(l)ikeagire\::\ltau;:a(l)(?# (r)m)(/vg?;rszgesl nlz)?gg(’:eus?s:riﬁ/
ranging from months to over a year, the time to equilibrium ca lax the diffusion gradient into the fish. This fundamental

be on the order of years. If the fish species of concern is shdi . ) Lo
lived, the time needed for equilibrium can exceed the speci erence results from the digestion and assimilation of food that

expected life span. Even when time is sufficient for equilibrationCan actually cause the chemical concentrations of the fish’s gut

whole-body concentrations of fish can be much lower than th%ontents to i.nc'rease (Connolly and Pedergen 1988, Gob'as .Et al.
expected from thermodynamic partitioning due to physica 988). Predicting residue levels for chemicals whose principal

dilution of the chemical that accompanies body growth or due th?slﬁtg ZLF:;CQ:;%?]S';ggf\t?éﬁ_ég;gzzz?&pI';i;gﬂ tstlgignrgr%?(t:
in situ biotransformation of the parent compound. P b ' '

and temporal trends regarding the prey they consume.

?onsequently, one would not generally expect a single BAF to

One of two possible assumptions is implicitly made wheneve%e sufficiently accurate for risk assessments for all fish species
equilibrium-based estimators are used. The first of thes >Nty . . P
even different sizes of the same species.

assumptions is that only the selected reference route of exposﬁ)lre

is significant in determining the total chemical accumulation i ; “based models that describe the kinetic exchan f
fish. The alternative assumption is that there are multiple rout ocess-base 0dels that describe the KInetic exchange o

of exposure that all covary with the chosen reference pathway F}emmals from food and water in concert with the growth of fish

a constant mammer. For boconcentraion factos (BCF), 12102 oiece a1 sontical soin Famenor bt cn
implicit assumption is that virtually the entire burden is y q

exchanged directly with the water across the fish’s gills Opased BAFs and BCFs. Although numerous models have been

. : . : eveloped toward this end (Norstrom et al. 1976, Thomann
possibly across its skin. Although direct aqueous uptake | 981, Jensen et al. 1982, Thomann and Connolly 1984, Barber
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etal. 1987, Gobas et al. 1988, Barber et al. 1991, Thomann etmidixtures of metals and organic chemicals. The model is
1992, Gobas 1993, Madenjian et al. 1993), these models diffesrmulated such that its parameterization does not rely upon
significantly regarding how food web structure and dietarycalibration data sets from specific toxicokinetic and population
exposures are represented. field studies, but rather upon physical and chemical properties
that can be estimated using chemical property calculators such as

This report describes the theoretical framework,cLoGpP(http://mww.biobyte.com/bb/prod/clogp40.htpdysPARC
parameterization, and useeass(Bioaccumulationandquatic  (Carreira et al. 1994) (also seehttp://
SystemSimulator). This generalized, process-based, Fortran 9bmlic2.chem.uga.edu/sparc/style/welcome.xfnand on
simulation model is designed to predict the growth of individualgcological, morphological, and physiological parameters that can
and populations within an age-structured fish community and thee obtained from the published literature or computerized
bioaccumulation dynamics of those fish when exposed tdatabases.
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2. Model Formulation

To model the chemical bioaccumulation and the growth oBecause the system of units used to formulate chemical
individuals and populations within an age-structured fishexchanges is essentially the CGS-system (centimeter, gram,
community, BASS solves the following system of differential second) and the system of units used to formulate a fish’'s growth

equations for each age class or cohort of fish: is the CGD-system (centimeter, gram, day), some units
4B conversion is necessary to make the coupled system of equations
A Ry Sy N | 2.1 dimensionally consistent. The reader should also note that
dt g i bt ( )

whereas the growth of fish is modeled in terms of dry weight, a
fish’s chemical bioaccumulation is formulated in terms of its live

aw, body weight sinceassmodels chemical uptake and excretion by
——=F,-E,-R-EX-S8D4
dt a (2:2) fish as chemical diffusion between aqueous phases.
‘fi't - _EM-NM-PM 2.3) 2.1.Modeling Internal Distribution of Chemicals

) ) Chemical exchanges across gills of fish and from their food are
whereB; andW, are the chemical body burden (ug/fish) and drygenerally considered to occur by passive diffusion of chemicals

body weight (g dry witifish), respectively, of the averagejetyeen a fish's internal aqueous phase and its external aqueous
individual within the cohort; andll is the cohort's population  epyironment, whether the latter is the surrounding ambient water
density (fish/ha). In Equatlpn (2'.1519 is the net _chem|ca| or the aqueous phase of the fish's intestinal contents.
exchange (Lg/d) across the fish's gills fr_on] the waierthe net  consequently, to model these exchanges one must first consider
chemical exchange (pg/d) across the fish's intestine from foogh,\y chemicals distribute within the bodies of fish. If a fish is
and J, is the chemical's biotransformation rate (ug/d). Inconceptualized as a three-phase solvent consisting of water, lipid,

Equation (2.2)F, E,, R EX andSDAare the fish's feeding, anq non-lipid organic matter, then its whole-body chemical
egestion, routine respiration, excretion, and specific dynamigoncentration can be expressed as

action (i.e., the respiratory expenditure in exceg&refjuired to

. . . . . B
assimilate f(')od),'respectlvely, in units of g dry wt/d. Although c-"7_pc +P,C,+P,C
many physiologically based models for fish growth are ! w, °° oo
formulated in terms of energy content and flow (e.g., kcal/fish (2.4)

and kcal/d), Equation (2.2) is fundamentally identical to these
bioenergetic models since the energy densities of fish depend on
their dry weight (Kushlan et al. 1986, Hartman and Brandt
1995b, Schreckenbach et al. 2001). Finally, in Equation (2.3yhereW, is the fish’s live weight (g wet wit/fish);.PP,, andP,

EM, NM and PM are the cohort's rates (fish/ha/d) of are the fractions of the whole fish that are water, lipid, and non-
emigration/dispersal, non-predatory, and predatory mortalitylipid organic material, respectively; aj, C, andC, are the
respectively. Although immigration can be a significant procesghemical’s concentrations in those respective phases. Because
in determining population sizes, this process is not presentifie depuration rates of chemicals from different fish tissues often
modeled inBASS. Because cohort recruitment is treated as @o not differ significantly (Grzenda et al. 1970, van Veld et al.
boundary condition, the right-hand side of Equation (2.3) doeg984, Branson et al. 1985, Norheim and Roald 1985, Kleeman
not require a term for recruitment. Though it may not beetal. 19864, b), internal equilibration between these three phases
immediately apparent from the notation used, these equations a#n be assumed to be rapid in comparison to external exchanges.
tightly coupled to one another. For example, the realized feedirfgbr organic chemicals, this assumption means that Equation (2.4)
of fish depends on the availability (i.e., density and biomass) @fimplifies to

suitable prey. The fish’'s predatory mortality, in turn, is
determined by the individual feeding levels and population
densities of its predators. Finally, the fish’s dietary exposure i\%/hereKl
determined by its rate of feeding and the levels of chemicg]
contamination in its prey.

CI Co
- Pa+PIF+PoE

a a

C

a

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

andK_, are the chemical’s partition coefficients between
pid and water and between organic carbon and water,
respectively.

The following sections describe how each mass fluxin the aboye,, atals. however Equation (2.4) is more complicated.
system of equations is formulatediss. Table 2.1summarizes  ajthough metals do partition into lipids (Simkiss 1983), their
the definitions of the variables used to develop these equationg..,,mulation within most other organic media occurs by
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complexation reactions with specific binding sites. Consequentlygne then obtains
for metals the termP,C/C, in Equation (2.4) could be

formulated as a function of an appropriate stability coefficient J-Sklc - & (2.9)
and the availability of binding sites. Appendix A summarizes an g “gg|l Tw K, '

equilibrium complexation model that was initially formulated for
BAss. Despite its apparent correctness, this algorithm greatllthough the chemical’s conductankgcould be specified as a
overestimated metal (in particular mercury) bioaccumulation imatio of the chemical’s diffusivity to the thickness of an
fish. Although this overestimation can be attributed to severaissociated boundary layer, implementation of this definition can
factors, the most likely explanation for the algorithm’sbe problematic since the boundary layer thickness is a function
unsatisfactory performance is that kinetics limits theofthe gill's ventilation velocity and varies along the length of the
complexation of metal in fish. Because kinetic modeling wagill's secondary lamellae. To avoid this problem, a fish’s net
considered incongruent with the time scales of most of the othehemical exchange rate coefficiefk, , can be estimated by
major processes represented elsewhesadis, a much simpler reformulating the gill's net chemical exchange as

algorithm was adopted. B
J, = Q(Cw - CB) (2.10)

Because many fate and transport models (&gws and  hereQ is the fish’s ventilation volume (cifs); andC, is the
WASP) have successfully used operationally defined distributiophemical’'s bulk concentration in the expired gill water. When

coefficientsK, to model the accumulation of metals in Orga”iCEquations (2.8) and (2.10) are equated, it follows that
media, a similar approach was adopteddass. Thus, for a

metal Cw -Cy

CW - Cﬂ

S,k =0 (2.11)

sz (Pa + PII{I + Po Kd>Ca (26)

wherek, is again an appropriate partition coefficient betweerDespite its appearance, the right-hand side of this equation can
lipid and water; andK, is an appropriate metal-specific be readily quantified. In particular, the ventilation volume of fish
distribution coefficient. Although this equation appears identicatan be estimated by

to Equation (2.5) for organic contaminants, the relative values of R
Kq and K, in relation toK, can be remarkably different. See 0=—92 (2.12)
Section 3.1. o, Cy 02

BecauseC, equals the chemical’s ambient environmental wate?’;’]he:c_eic? is the fish’s rate '(I)f qugepf_cp nsur.nptmn (“9@}:3
concentratior€, at equilibrium, it follows from Equations (2.4) e fish's oxygen assimilation efficiency; ar@,o, is the

and (2.6) that a fish’s thermodynamic bioconcentration faktor ( environmental wat_er’s diSSOIYed oxygen c_oncentration (g/mi).

= C, IC, at equilibrium) for a chemical pollutant of concern is !fone makes certain assumptions concerning the geometry of the
interlamellar spaces and the nature of mass transport between the

{Pa +P K, +P K, for organics gil's secondary lamellae, the chemical's normalized bulk

K. .=

¢ (2.7) concentration in the expired gill wateg, £C,)/(C,-C,) can also

Py +P K+ P, K, for metalics be calculated as outlined in the following.
Because the gill's secondary lamellae form flat channels having
high aspect ratios (i.e., mean lamellar height / interlamellar
istance), they can be treated as parallel plates, and the flow of
ater between them can be treated as Poiseuille slit flow (Hills
d Hughes 1970, Stevens and Lightfoot 1986). Under this
assumption, an expression for a chemical’s concentration in the
J, =8k, (Cw - Ca) (2.8) bulk expired gill water can be obtained using the solutions of the
partial differential equation (PDE) that describes steady-state,

whereS; is the fish’s total gill area (cfp k; is the chemical’s  convective mass transport between parallel plates, i.e.,
conductance (cm/s) across the gills from the interlamellar water;

and C, is the chemical's concentration (pg/ml) in the 3[1 x?

2.2.Modeling Exchange from Water

Because chemical exchange across the gills of fish occurs
simple diffusion, such exchanges can be modeled by Fick's fir%
law of diffusion as

acC 3c
V—=D— 2.13
oy dx? ( )

2

environmental water (Yalkowsky et al. 1973, Mackay 1982, 2
Mackay and Hughes 1984, Gobas et al. 1986, Gobas and Mackay

1987, Barber et al. 1988, Erickson and McKim 1990). WheivhereV is the gill's mean interlamellar flow velocity (cm/€);
Equations (2.5), (2.6), and (2.7) are substituted into this equatiol, the chemical’s aqueous diffusivity (s); andx andy are the

¥
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lateral and longitudinal coordinates of the channel along whicbhemical’'s concentration in the afferent lamellar bladg; 1) is
diffusion and convection occurs, respectively. In this equatiorthe chemical’s accumulated uptake (ug/s) along the lamellar
C = C(x, y) is the chemical's interlamellar concentration at thesegmenty, I]; andq, is the lamellar perfusion rate (éts). If
distancesx from the surface of the lamellae agpdalong its  both sides of the lamella uptake chemical, thén 1) can be
length. The surfaces of adjacent lamellae are located atr ~ formulated as
wherer is the hydraulic radius of the lamellar channel that equals

half the interlamellar distancé (cm). The midline between ac
adjacent lamellae is therefore denotedkb. The gill's mean J,(.0) = 2[ ng du dv
interlamellar flow velocity can be readily formulated as the ratio y 0 x=r

L h

of the fish’s ventilation volume to the gill’s cross sectional pore , (2.19)
area, X, (cn¥). Because the gill's pore area is related to its ~ aC
lamellar surface area by =2hD ™ dv
S,d g
X, = E (2.14) whereh is the height (cm) of the secondary lamella. Using this

expression, the boundary condition (2.18) can now be written as
whered is the mean interlamellar distance (cm); bisdhe mean

)
lamellar length (cm) (Hills and Hughes 1970), a fish’s mean  5¢ 28D [ aC
interlamellar flow velocity is given by D_x =-k,|Cr.y)-C, - p fg dv|(2.20)
Ql x=r Py x=r
V= S d (2.15) Once the solution of Equation (2.13) for these boundary
4

conditions has been obtained, the chemical’s bulk concentration

in the expired gill water can be evaluated using the weighted
To solve Equation (2.13), two boundary conditions must ba@verage
specified. Because adjacent lamellae presumably exchange the

r

chemical equally well, the solutions should be symmetrical about x2
the channel’s midline. To insure this characteristic, the boundary Clx,0| 1- ; dbe
condition Cy= 0 - (2.21)
aC f‘ x2
—| =0 1-=dx
ax|. (2.16) 2
x=0 0

is assumed. The second necessary boundary condition myght scales each concentration profiéx, I) by its relative
describe how chemical exchange across the secondary lamelggocity.

actually occurs. Assuming steady state diffusion from the
interlamellar water to the fish's aqueous blood, this boundarg canonical solution to Equation (2.13) can be obtained by

condition can be formulated as nondimensioning(x, y) x, andy as follows
oC c-¢C
03| __kicey-C _Cc-6G
3. #[C3) - C,] (2.17) 6 2.22)

where k,, is the permeability (cm/s) of the gill membrane.

Although this boundary condition has been used as is (Barber et x=% (2.23)
al. 1991), it can also be modified to address potential perfusion r

limitations on gill uptake. To accomplish this latter task, a

formulation patterned after Erickson and McKim (1990) is used. Y- D
In particular, consider the following reformulation h Vr? (2.24)
J ,I . . . , . .
p9C __ k ey -|C. + L(v,1) (2.18) When this is done, the chemical's dimensionless bulk
ox|,_, m a q, 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

BASS 2.2 March 2008 6



O(X,N,) (1 -x?)dx

[

where Ng, = (I D)/(V r?) is the gills’ dimensionless lamellar

Z

B

0, =

_ Ca .
e (2.25)

w

1-X%dx

However, because the chemical exchange across the intestine is
driven by diffusive gradients (Vetter et al. 1985, Clark et al.
1990, Gobas et al. 1993), such formulations are
thermodynamically realistic only i is a decreasing function of

the fish’s total body concentration.C

A thermodynamically based description for the dietary uptake of
chemicals can be formulated using the simple mass balance
relationship

length or Graetz number. Two important features of this

expression can now be observed. First, one can easily verify that i

w_CB
Cw_Ca

1-0,= (2.26)

Consequently, Equation (2.11) can be rewritten as
Spkg = Q(l h ®B)

Secondly, analytical expressions @y are readily available

(2.27)

(Brown 1960, Grimsrud and Babb 1966, Colton et al. 1971, J;
a chemical's

Walker and Davies 1974). In particular,
dimensionless bulk concentration can be evaluated by

0, - Z% B exp(-%M\,N,) (2.28)

where the coefficient8,,and exponents, are known functions
of the gills’ dimensionless conductance or Sherwood number

k,r
N. =

g (2.29)

JA=CPFW—C6EW (2.31)
whereE, is the fish’s daily wet weight egestion (g wet wt/d) and
C.is the pollutant’s chemical concentration (pg/g wet wt) in the
fish's feces. When this equation is reformulated in terms of dry

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

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

C,F,
= ; - (Cae Ea + Cde Ed)
dp
CF E C
-2 d_| ¢ +_d€ CaeEd
Pdp Ed Cae
(2.32)
CF P C
=_p d_| a  "d C,E,
Pdp Pde Cae
_GFa P_+P, Cde] CacEy
Pdp Cae Pde

and the fish’s ventilation / perfusion volume ratio. See AppendixhereC,,andC,, are the pollutant’s chemical concentrations in
B. Although this infinite series solution does not have ahe aqueous and dry phases of the fish’s feces, respechyily;
convenient convergence formula, for Sherwood numbers arttle mass / volume of the feces’ aqueous phaseParahdP ,,
ventilation / perfusion ratios that are typical of fish gills, only theare the aqueous fractions of the fish’s feces and prey,

first two terms of the series are needed to esti®aigith less
than 1% error (see Barber et al. 1991). Sapure 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 modeled assumifgiother. ConsequentlyC,, =

respectively. To parameterize Equation (2.32), two assumptions
are made.

Because the transit time through the gastrointestinal tract is
relatively slow, the first of these assumptions is that the
concentrations of chemicals in the fish’s aqueous blood,
intestinal fluids, and dry fecal matter equilibrate with one

C,. Moreover, for organic

that fish assimilate a constant fraction of the chemical that theghemicals the concentration ra@./ C,. can be replaced with

ingest, i.e.,

Ji=0,CF, (2.30)

whereaq, is the assimilation efficiency (dimensionless) for the
is the chemical’s concentration (pg/g wet wt) in the

chemicalC,
ingested prey; andr, is the fish’'s daily wet weight prey
consumption (g wet wt/d) (Norstrom et al. 1976, Jensen et

BASS 2.2 March 2008

d
1982, Thomann and Connolly 1984, Niimi and Oliver 1987).

an organic carbon / water partition coefficiefy, (e.g., Briggs
1981, Karickhoff 1981, Chiou et al. 1986), and for metals this
ratio can be substituted with a distribution coefficient similar to
the one used in Equation (2.6).

Although reported values for the percent moisture of the
testinal contents of fish vary typically between 50 and 80%
Brett 1971, Marais and Erasmus 1977, Grabner and Hofer



1985), the second assumption made to parameterize Equatid®91). Moreover, using in situ preparations of channel catfish
(2.32)assumes that the fish’s intestinal contents and whole bodgtestines Doi et al. (2000) have clearly established that
are osmotically equilibrated. Consequent®y, = P,. If this  preexposures to 3,4,3'4'-tetrachlorobiphenyl do decrease
assumption is reasonable, then meals with the same dry weiglmgestinal uptake rates.

but different wet weights should be processed by the fish at equal

rates and efficiencies since both will attain the same proximat&lthough the preceding model development demonstrates the
composition relatively soon after ingestion. Having the sameotential logical inconsistency between an assumed constant
proximate composition implies that the concentrations othemical assimilation efficiency model for dietary chemical
digestive enzymes acting on the meals will be comparable anghtake and a thermodynamically based model, many researchers
that the physical forces exerted by the gut contents that controbntinue to use the former assumption and model. Parameters for
gastric mobility will also be comparable. Because Bromleythese constant chemical assimilation efficiency models generally
(1980), Garber (1983), and Ruohonen et al. (1997) demonstratedve been estimated using the following equations proposed by
that initial dietary moisture content had no significant effect orBruggeman et al. (1981)

the assimilation efficiencies of turb@&¢ophthalmus maximus dc

or on gastric evacuation rates of yellow pefeér€a flavescens i ®,9,,C, ~k,C, (2.36)
and rainbow trout @ncorhynchus mykigsrespectively, the dt
assumption tha®,, = P, seems reasonable.
Using the stated assumptions and Equations (2.5), (2.6), and ®.9,,C,
(2.7), Equation (2.32) now can be rewritten as G- L [1-exp(-k,1)] (2.37)
2
C F C.E
J=—249._ [Pa + (1 - Pa)KM]# wheregp,,is the fish's specific feeding rate (g wet wt/g wet wt/d);
Pap K, (1 - Pa) andk, is the fish apparent elimination rate coefficient (g wet wt/g

(2.33) wet wt/d or 1/d) that is the sum of its rate coefficients of growth
(y), biotransformationk,), and actual excretiorkf). See for

K (1-P,) example Muir et al. (1992), Dabrowska et al. (1996), and Fisk et

al. (1998). Unfortunately, many researchers have failed to

acknowledge that Equation (2.37) is the solution to Equation

_G,F, K,GE,
P

dp

whereK, is the distribution coefficient describing the chemical

partitioning between the agueous and dry organic matter phas&5.36)0nly when initial time ig, = 0 and the fish’s initial whole-

of the fish’s intestinal contents. Althoughssuses this equation hody concentration is zero (i.€,(t)) = 0). This fact, combined

to calculate a fish’s net c_hem|cal dietary exchange, this equatu\),\rlllth the ability of Equation (2.37) to fit experimental results
can also be further manipulated as follows

statistically, has been at least partially responsible for the

P, CK,E, |C,F, perpetuation of the idea of constant chemical assimilation
J, =|1- —2 = - efficiencies.
(L-P,)C,K F,;| Py,
P.C.K (2.34) The general solution to Equation (2.36) is actually
S| () B G a,0,,C o,0,,C
%y C= 2P |0 (a) - 2P lexp| ke 1,)] (2.38)
wherea, = (F, - E;)/F, is the fish’s food assimilation efficiency 2
(gdry wt assimilated/g dry wt ingested), aRg-= (1 - P,) isthe  When this solution is re-differentiated, one observes that
fish's dry fraction. In other words, a thermodynamically based dc,
assimilation efficiency for Equation (2.30) corresponds to - [@.9,, C, =k, C(t,) | exp| -k, (£ - 1,)] (2.39)
Using this exponential form of Equation (2.36), one can analyze
P, C/K, : : . ,
a,=1- (1 _af>P7 (2.35) the parameter behavior of a dietary exposure during consecutive
P,C,K, time segments for whicf,,, andC, are constant. Therefore, let

T = (t, - t,) denote the length of such a dietary exposure, and let

Thus,' Equathn .(2'.33) IS gquwalent to Equation (2.30) W't.h ? denote the time when the exposure is half over. During the first
chemical assimilation efficiency that decreases as the fishig

whole-body chemical burdens or concentrations increase Studigg1If of the exposure (i.&, <t <t,) the fish’s bioaccumulation
by Lieb et al. (1974), Gruger et al. (1975), and Opperhuizen ang amies will be described by Equation (2.39). During the

Schrap (1988) corroborate this prediction (see Barber et a?gcond half of the exposure, however, these dynamics will be
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described by In terms of application, the proposed fecal partitioning model
(i.e., Equation (2.33)) is best suited to circumstances where its
dc . . i ; o .
B [&C‘wa C, -k, cf(tl)] exp[_k2 (t -1 )] (2.40) equilibrium assumptions are reasonably satisfied, as herein where
dt the object is to predict the dietary exchange of the average
where & and ]ez are the fish's assimilation efficiency and individual of a population. A more klnethally based ap.proach
e T2 o _ "~ may be needed, however, when trying to describe the
apparent elimination rate coefficient that may require updatingyxicokinetics of individual fish. See for example Nichols et al.
fort, <t <t, If an equation of the form of Equation (2.37) is (1998). Readers are referred to Barber (Barber 2008) for a more
assumed to describe the fish’s bioaccumulation dynamlCS OVﬁﬂorough discussion and ana|ysis of dietary uptake a|gorithms

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 when evaluatéd for

= t,. This consistency condition, that is analogous to thQ 4.Modeling Chemical Biotransformation
preservation of derivatives that occurs when approximating a

function with Bernstein polynomials, requires that BASSassumes that the metabolism of xenobiotic chemicals in fish

8,9, C, - k, C () = (2.41) ::Soicselr:tligl;i'of:S: (e)rder reaction of the chemical’'s agueous phase
[“c‘wa C,-k, Cf(to)] exp[—k2 (t1 - to)] 1 18
Jbt = (8:1 Ca) (Pa Ww) (246)

which implies that

£ C.(t
0 - 2f(cl)+
D Cp

where g, is the fish’s aqueous phase biotransformation rate
exp[—k <t1 - to)] (2.42) coefficient (1/d); z.:mdF{a W,,) is the volume of the fish’s aqueous

phase. If Equations (2.9) and (2.46) are used to describe
chemical bioconcentration during a water-only exposure without
Sgrovv‘[h, then a fish’'s whole-body concentration would be

kC(t)
(4 (P C

ww —p

When the fish’s initial whole-body concentration is zero, thi
equation can be shown to reduce to

modeled as
k. k.
=042+ | 1-2|exp[-k(t-5)];  (243) 4G _ 1 9B Sk . G| _BRG
k, k, gt w,dt w,| " K K, (2.47)
This equation shows that unleks=k,, chemical assimilation =k,C, —(kax +kbt)Cf

efficiencies estimated for different times and initial whole-body herek,, k., andk,, are the fish’s rate coefficients of gill uptake
concentration will be different. Phrased another way, thi xcretio’n X’and t;iotransformation respectivel Ign teprms ,of
equation implies that the fish’s ability to excrete, biodilute, and ' ' P Y.

biot f hemical dbandk ibut quantitative structure activity relationships (QSARS), this
lotranstorm chemicals, as measure bﬁn 2, contributes equation predicts that a fish’'s whole-body biotransformation rate

to the determination of the fish’s realized chemical assimilatiok,, should be inversely proportional to its thermodynamic
efficiencies. Because specific growth rates @, ' aw,/dt)and  bioconcentration 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 power functions, i.eiNflueénced by any QSAR dependencies that the fish's aqueous
phase biotransformation ratemight have. See de Wolf et al.

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

) B, 2.5. Modeling Temperature Effects on
ke =By (2.49) Physiological Rates

wherea,<0 andp,<0 (Barber et al. 1988, Sijm et al. 1993,

Sijm and van der Linde 1995, Sijim et al. 1995), one wouldpecause temperature affects a fish’'s feeding, assimilation,

N o . respiration, and egestion, a general discussion of how
expect thatk, <k, when significant growth occurs during the temperature modulates these processes is in order before

experiment. Consequently, one would also expectdpdto,.  describing hoveassactually models fish growth. Although the
Importantly, this simple analysis is corroborated by findings otemperature dependence of physiological processes is often
Ram and Gillet (1993) who showed that assimilation efficienciegescribed using an exponential response equation, e.g.,

for a variety of organochlorines by oligochaetes decreased as _ T-T

chemical exposures progressed. Pi=Po exp[s( ! °)] (2.48)
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where p, and p, are the reaction rates of the process aphysiological responses of fish, their utility for doing so is
temperaturesT, and T,, respectively, such descriptions are discussed subsequently in Section 3.3. For other applications of
generally valid only within a range of the organism’s thermaEquations (2.52) and (2.53) see Lassiter and Kearns (1974),
tolerance. In most cases, the process’s reaction rate increas@ssiter (1975), and Swartzman and Bentley (1979). Note that
exponentially with increasing temperature up to a temperéfure whenT, = T,, Equation (2.53) reduces to Equation (2.49).

after which it decreases. Moreover, the temperature at which a

process’s rate is maximum is often very close to the organism%.6. Modeling Growth of Fish

upper thermal tolerance limit. To model this behavior, Thornton

and Lessem (1978) developed a logistic multiplier to describethqthough the preceding algorithms for modeling chemical
temperature dependence of a wide variety of physiologicalioaccumulation in fish depend on a fish’s live weighssdoes
processes. Although this algorithm has been used successfullytjgt directly simulate the live weight of fish. Instead, it simulates
many fish bioenergetic modelsass uses an exponential-type the dry weight of fish as the mass balance of feeding, egestion,
formulation that responds hyperbolically to increasingrespiration, and excretion and then calculates the fish’s
temperature. Importantly, such algorithms can be easilyssociated wet weight using the following relationships

parameterized.
W,=W,+W,=W,+W,+W, (2.54)

LetP denote the rate of a physiological process, arng tgnote

the temperature at which the rate is at its maximum value. If this P-lLWw" (2.55)
process generally exhibits an exponential response to e

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

used to describe this process TaandT, << T,, i.e., Py=ay-a, P, (2.56)
P =Pyexp[e(T - T)] (2.49) P,=1-P, -P, (2.57)
dP whereW,, W,, W, andW, arethefish’s aqueousdry, lipid, and
—-=¢P (2.50) non-lipid organicweights,respectivelyanda,, a;, 1;, andl, are
ar

empirical constantsWhereasEquations(2.54) and (2.57) are
where P, is the process’s rate at the low-end referencaimply assertionof massconservationfquations(2.55) and
temperatureT,. To incorporate the adverse effects of high(2.56)arepurelyempiricalfunctions.AlthoughEquation(2.55)
temperatures on this process, the right-hand side of Equatiis assumedbecausesimple power functions of this form
(2.50) can be multiplied by a hyperbolic temperature term thahdequatelylescribemanymorphometriaelationshipsor most
approaches unity as temperature decreases well Bgleguals  organismsEquation(2.56)is basedon the resultsof numerous
zero atT,, and becomes increasingly negative as temperatuifeld andlaboratorystudieS EschmeyeandPhillips 1965,Brett
approaches the fish’s upper thermal tolerance lifnit T,.  etal. 1969, Groves1970, Elliott 1976a,Staplesand Nomura

Modifying Equation (2.50) in this fashion yields 1976,Craig 1977,ShubinaandRychagoval 981,Beamishand
Legrow1983,WeatherleyandGill 1983,FlathandDianal985,
dpP _ T-T Lowe et al. 1985, Kunisakiet al. 1986, Morishitaet al. 1987).
~——=gP (2.51) ) . ) N ;
dT T-T, Theseequationgield anexpressiorfor afish’s live weightthat
is a monotonicallyincreasing,but nonlinear,function of the
whose solution is fish’'s dry weight.

r,-1 )" lculatesa fish's realizedfeedingby fi imatingi

2 (2.52) BASS calculatesa fish’s realizedfeedingby first estimatingits
T, - T, maximum ad libitum consumption £; g dry wt/d) and then
adjusting this potential by the availability of appropriate prey as
described in the next section. Because a variety of models are
commonly used to describe the maximum feeding of fishs

P=P, exp[s(T— To)][

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

7@ T) is coded to allow users the option of using any one of four
P =P, exp (eT)| 1- T (2.53) different feeding models for any particular age / size class of fish.
2 The first formulation that can be used is a temperature-dependent

Figure 2.3displays the behavior of this equation Ry=1 and  Power function
T, = 36 Celsius as a function afand T,. Although these T],g(rz-rl)

. . * 5
equations apparently have not been used to describe F; =1 szeXp(JZT)(l—— (2.58)

T,
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wheref,, f,, f;, T;, andT, are empirical constants specific to the The fourth and final feeding model back-calculates a fish’s
fish's feeding. expected feeding based on knowing the fish’s expected growth
and routine respiratory demands. In particular, because
A commonly used alternative to the preceding allometric modedssimilation, egestion, specific dynamic action, and excretion are
is the Rashevsky-Holling model that is defined by the equatiorsssumed to be linear functions of feeding and routine respiration
as discussed subsequently, it is a straightforward matter to

Fy = ‘Pdd<Gmax - G) calculate a fish’s expected ingestion given its expected growth
dG (2.59) and respiration. When users elect this feeding op&ass
2 Fa A By assumes that the fish’s specific growth ratew, ' aw, /dr (1/d)

is given by

whereoy, 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; a andE, are the fish’s
assimilation and egestion, respectively, in units of g dry wt/avhereg,, g,, g;, T;, andT, are empirical constants specific to the
(Rashevsky 1959, Holling 1966). Given a fish’s gut capacitfish’s growth rate. See Thomann and Connolly (1984) for
Gae feeding timet,, to satiation, and satiating meal sig,, additional discussion of the use of this feeding model.

(gq CaN be estimated using the equations

3(T2'T1)
T]g (2.66)

Y=g ngzexp(g3T>( 1 T
2

When BASsS estimates a fish’'s feeding rate using Equations

. f . (2.58), (2.64), or (2.66), the fish’'s assimilation and egestion are
Fq(0) = q’dd[Gmax ~Fa (T)] dv (2.60) estimated as simple fractions of its realized ingesgjpme.,
0
Ad = (Ide (267)
dry .
=i %d(Gmax - Fd) (2.61) E;=(1-0,)F, (2.68)

whereo; is the fish’s net food assimilation efficiency that is a
» weighted average of its assimilation efficiencies for invertebrate,
1 G (2.62) piscine, and vegetative prey. However, when the Rashevsky-
e Holling feeding model is usedass calculates these fluxes by

whereF () is the total food consumed during the interggat) §ubst@tuting:d with a function that describes the fi;h's pattgrn qf
intestinal evacuation. The general form of this function is

=@yl =In

and M, = F,(t,) (also see Dunbrack 1988). Alternativelyy,  assumed to be
can be estimated by simply assuming gt = 0.95 %G, in o7y~ T,)
H e T 3\"2 1
which case EV=e G 2exp(e3 T)[ 1- 7) (2.69)
o, -~ In00S )63 2
“ Lot (2.63) wheree,, e, &;, T;, andT, are empirical constants specific to the

fish's gastric evacuation.

For planktivores,BAss can also estimate a fish’'s maximum

. . . The numerical value of this function’s exponegtdepends both
ingestion using the clearance volume model

on characteristics of the food item being consumed and on the
F}=¥Q, (2.64) mechanisms that presumably control gastrointestinal motility and
i digestion (Jobling 1981, 1986, 1987). For example, when gut

whereY is the plankton standing stock (g dry wt/L); eRglis  clearance is controlled by intestinal peristalsss, should
the planktivore’s clearance volume (L/d) that is assumed to bapproximately equal %: since peristalsis is stimulated by

given by circumferential pressure exerted by the intestinal contents that,
0(1-1,) in turn, is proportional to the square root of the contents mass.
0,=4, quzexp(qg T)( 1 _i] (2.65) On the other hand, when s_urface area contro_ls the rate of

T, digestion,e, should be approximately eith&s or unity. If the

fish consumes a small number of large-sized prey (e.g., a
piscivore) g, =% may be the appropriate surface area model. On
the other hand, if the fish consumes a large number of smaller,

whereq;, 0,, 03, T;, andT, are empirical constants specific to the
fish’'s filtering rate.
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relatively uniform-sized prey (e.g., a planktivore or drift feeder) wheree = 17/14 is the ratio of the molecular weight of ammonia

e, = 1 is more appropriate since total surface area and tottd that of nitrogen.

volume of prey become almost directly proportional to one

another. Where, = 1, the Rashevsky-Holling model (i.e., 2.7. Modeling Predator-Prey Interactions

Equation (2.59)) is analogous to the Elliott-Persson model for

estimating daily rations of fish (Elliott and Persson 1978)gassis designed to simulate aquatic food webs in which each

Finally, Olson and Mullen (1986) outlined a process-basedge class of a species can feed upon other fish species, benthos,

model that even suggests=0. incidental terrestrial insects, periphyton / attached algae,
phytoplankton, and zooplankton. The realized feeding of any

Afish's specific dynamic action, i.e., the respiratory expenditurgjiven age class of fish is determined by the estimated maximum

associated with the digestion and assimilation of food, ieeding rate of individuals within the cohort, the cohort's

mod_eled as a constant fraction of the fish’s assimilation. Iﬁopl“ation Size' and the biomass of prey that is available to the

particular, cohort; the latter quantity is the sum of the current biomass of

SDA=c4, (2.70) potential prey minus 'Fhe biomass of potential prey g)fpected to be

consumed by other fish cohorts that are more efficient foragers

wherec generally varies between 0.15 and 0.20 (Ware 1979,competitorsBAssS ranks the competitive abilities of different

Tandler and Beamish 1981, Beamish and MacMahon 1988). cohorts using the following assumptions:

BASS assumes that body weight losses via metabolism are déesSSUMPTION 1. The competitive abilities and efficiencies of
entirely to the respiration of carbon dioxide and the excretion dfenthivores and piscivores are positively correlated with their
ammonia. A fish’s respiratory lo&is therefore calculated from body sizes (Garman and Nielsen 1982, East and Magnan 1991).
its routine oxygen consumptidR,, (g Q,/d), using a respiratory Two general empirical trends support this assumption. The first

guotient,RQ (L CO, respired)/L Q consumed), as follows of these is the trend for the reactive distances, swimming speeds,
and territory sizes of fish to be positively correlated with their
p-_128C | mole CO, RO body size (Minor and Crossman 1978, Breck and Gitter 1983,
mole CO, 224L CO, Wanzenbdck and Schiemer 1989, Grant and Kramer 1990, Miller
2241 0, mole O, 12, 00 n (2.71) et al. 1992, Keeley and Grant 1995, Minns 1995). Given two
mole O, 32g O, 027 35 Q* Ry, differently sized predators of the same potential prey, these

trends would suggest that the larger predator is more likely to

BAss calculates a fish’s routine oxygen consumption as &ncounter that prey than is the smaller. Having.encpuntered the
constant multipl&RB of its standard basal oxygen consumptionPrey, the other general trend for prey handling times to be

(Ware 1975) that is assumed to be temperature-dependent powfersely correlated with body size (Werner 1974, Miller et al.
function. In particlar, 1992) suggests that the larger predator could dispatch intercepted

b@,-1) prey and resume foraging more quickly than the smaller predator.
T] 3\ 274

b, i
R,,=RB b W, exp(b3 T)( 1- - 2.72) Also see Post et al. (1999) and Railsback et al. (2002).

2
ASSUMPTION 2. Unlike benthivores and piscivores, the

whereb,, by, bs, T,, andT, are empirical constants specific to the competitive abilities and efficiencies of planktivores are
fish’s standard basal oxygen consumption. Although ammonigyersely related to their body size due to their relative
excretion could be modeled using an analogous functiomorphologies (Lammens et al. 1985, Johnson and Vinyard 1987,
(Paulson 1980, du Preez and Cockroft 1988aAskcalculates  wy and Culver 1992, Persson and Hansson 1999). Consequently,

this flux as a constant fraction of the fish’s total respiration SinCQarge” p|anktivores on|y have access to the leftovers of “small”
excretion and oxygen consumption generally track one anothefjanktivores.

For example, ammonia excretion increases after feeding, as does
oxygen consumption (Savitz 1969, Brett and Zala 1975gass calculates the relative frequencigs,d,,...} of the prey
Gallagher et al. 1984). Likewise, conditions that inhibit the . . T

. : : . .d:onsumed by a cohort using dietary electivities, i.e.,
passive excretion of ammonia also depress carbon dioxide

excretion (Wright et al. 1989). Assuming that fish maintain a d-f
constant nitrogen/carbon ratdC (g N/g C),BASS estimates a & 7 (2.74)
fish's excretory loss in body weight as P

EX =¢NC(R + SDA) (2.73) wheref, is the relative availability of thieth prey with respect to

all other prey consumed by the cohort. One can easily verify that
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the range of dietary electivities isl <e,<1 . One can alsal. 1980, Gillen et al. 1981, Knight et al. 1984, Moore et al.
verify that if the fish does not eat a potential food item 1985, Stiefvater and Malvestuto 1985, _S_torck 1986, Jude et al.
thate, = -1 . Similarly, if the fish consumes a potential prey item987, Johnson et al. 1988, Yang and Livingston 1988, Brodeur
o . , . 1991, Elrod and O'Gorman 1991, Hambright 1991, Juanes et al.
| in direct proportion to the prey's rela_tlve _abynd_ance,lggsl Mattingly and Butler 1994, Hale 1996, Madenjian et al.
thene, =0 .BAssactually allows users to specify a fish’s diet as199g, Margenau et al. 1998, Mittelbach and Persson 1998,
either a set of fixed dietary frequenci¢s..d,,..} ., a set oBozek et al. 1999), whemass uses the aforementioned
0procedure to calculate piscivorous interactions, only a specific
b size range of forage fish is assumed to be available to a
electivities {...,di,...,Ej,...}. To calculate a cohort's realized piscivorous cohort.BAssS characterizes this size spectrum by

dietary composition, howevesass converts all user supplied using.either Iinegr or complementary exponential functions to
fixed dietary frequencies into their equivalent electivities usinglescribe the maximum, minimum, and mode of prey body lengths

the simulated relative abundancgs.,f,,...} of the cohorrdhat a predator of a given body length will ingest. In particular,

potential prey. These electivities are then combined with any ustehrese key features of a fish’s prey spectrum are described by

electivities{...,e,,...} , oracombination of fixed frequencies an

specified electivites to form a set of unadjusted O+ 0y Lo
electivities {...,¢,,...} that is subsequently converted into a Lo = 5, + 0, expas L ) (2.78)
consistent set of realized electivitigs.,e;,...} . Using these b 3 predator
realized electivitiesAass then calculates the cohort’s realized B, +B, L
. . . 1 2 ~~predator
dietary frequencies using L. = (2.79)
B, +B, exp(B3 Lpredator)
a-| el (2.75)
! 1- ei g . Yl + YZ Lpredator
Loi= (2.80)
Y1tY, eXp(’Y3 Lpredator)

The important step in this computational process is thghereq,, o, ando, are empirical constants describing the fish's
conversion of the Unadjusted electivities into a set of realizeﬂ']aximum |ength of preml, BZ! andﬁ3 are empirica| constants
electivities. Although this conversion is sometimes unnecessanjescribing the fish’s minimal length of prey; angdy,, andy, are
it is generally needed to insure that the sum of the dietaympirical constants describing the mode of the length of prey
frequencies calculated by Equation (2.75) equals 1. One C@yested by the fish. The relative frequendijesf forage fish
verify that the condition that guarante®d, =1 s available to a piscivorous cohort are then calculated relative to
. the sum of forage fish biomasses whose body lengths are both
E i greater tharh,;, and less thah,,, minus the biomass of those
-1 1-e¢ prey sizes predicted to be consumed by more efficient
piscivorous cohorts (see Assumption 1).
See Appendix C. When Equation (2.76) is not satisfied for a
given set of electivities {..,é,,..} and relative prey \Whentwo or more cohorts of a forage speties be consumed
availabilities {...,f,,...} ,BAsstransforms the given electivities by a piscivore, the relative frequencies of those colspitsthe
piscivore’s diet are calculated assuming that prey sizes follow a
. ~ simple triangular distribution defined by Equations (2.78)
and max(...,¢,,...) into e,<1. The general form of this through (2.80). For example, l&, and L, denote the body
transformation is lengths of two age classes of spedidgbat are prey for the
cohort. IfP; is the triangular distribution function

=1 (2.76)

using a linear transformation that mads- -1 io- -1

e = m(éi + 1) -1 (2.77)
2 (L, - L)
where 0<m <2 max(...,¢, ) 1+1. Besides insuring that T L)L L)
'max ‘min ‘mode ‘min
Xd,=1, this transformation also preserves the relative P, = (2.81)

2(L__-L,
Ligs ~ L) for L;> L,
(Lmax _Lmin) (Lmax _Lmode)

for Lij<Lmode

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

Because many studies have shown a strong positive correlation
between the body sizes of piscivorous fish and the forage fighe relative frequencies of these two age classes in the cohort’s
that they consume (Parsons 1971, Lewis et al. 1974, Timmons@tet 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 general empirical
species is vulnerable to the cohort, thgﬁ d. observation that popu_lat|0n densities of mos_t vertebrates can be
adequately characterized by the self-thinning power function

. . . . - relationshi
If while calculating the dietary frequencies of a piscivorous P

cohort BAss predicts that the cohort's available prey is N=aW‘;l’ (2.83)
insufficient to satisfy its desired level of feediBgssreassigns
the cohort's unadjusted electivitigs.,é,,...} in a manner to  whereNisthe species’ or cohort's density (fish/ha) aldgis the
; s ; cies’ or cohort’s mean live body weight (Damuth 1981, Peters
?AT;JV?;Z g;it;vz;:;r:ng These reassignments are based on gﬁ% Raelson 1984, Juanes 1986, Robinson and Redford 1986,
Dickie et al. 1987, Boudreau and Dickie 1989, Gordoa and

Duarte 1992, Randall et al. 1995, Dunham and Vinyard 1997,
teingrimsson and Grant 1999, Dunham et al. 2000, Guifiez
05). For fish the body weight exponbigienerally varies from
7510 1.5 (Boudreau and Dickie 1989, Grant and Kramer 1990,
ordoa and Duarte 1992, Elliott 1993, Bohlin et al. 1994,
ndall et al. 1995, Dunham and Vinyard 1997, Grant et al.
8, Dunham et al. 2000, Knouft 2002, Keeley 2003). Larger
xponents ranging from 1.5 to 3.0, however, have also been
eported (Steingrimsson and Grant 1999). If Equation (2.83) is

ASSUMPTION 3. When forage fish become limiting, piscivores
switch to benthic macroinvertebrates or incidental terrestri
insects as alternative prey. However, piscivores that must swit
to benthos or that routinely consume benthos in addition to fis
are less efficient benthivores than are obligate benthivor
(Hanson and Leggett 1986, Lacasse and Magnan 1992, Berg
and Greenberg 1994). Consequently, only the leftovers of no
piscivorous benthivores are available to benthic feedin

piscivores. If such resources are still insufficient to satisfy the? tiated with 1o ti it diately foll that
piscivores’ metabolic demands, piscivores are assumed thenqgfer_en,m ed with respect to time, it immediately Ioflows that a
species’ population dynamics can be modeled using the time-

switch to planktivory (Werner and Gilliam 1984, Magnan 1988,

Bergman and Greenberg 1994). In this case, piscivores hav8Y'Ng: linear differential equation

access (_)nly to the_ Ieftove.rs of n_on-piscivorous plankti.vpres. AN -ab W‘;b aw,
Using this assumptiomAss first assigns the cohort’s electivity o a4 byN (2.84)
for benthos to zero regardless of its previous vaaes also w

reassigns any other electivity that does not equal -1, to zero. where y = Ww_l dw_Jdt is the species’ specific growth rate.
If benthos becomes limiting for benthivores, or if planktonConsequentiyby corresponds to the cohort's total mortality rate.
becomes limiting for planktivoreBassassumes that benthivores Readers interested in detailed discussions concerning the
can shift their diets to include plankton and terrestrial insects arkderlying process-based interpretation and general applicability
that planktivores can shift their diets to include benthos an@f this result should consult Peterson and Wroblewski (1984),
terrestrial insects. See, for example, Ingram and Ziebell (1983ylcGurk (1993, 1999), and Lorenzen (1996).

After Basshas calculated a cohort’s dietary composition, it therPecause Equations (2.83) and (2.84) encompass the cohort's
assigns the cohort’s individual realized feeding rate adjusted f@edatory mortality, non-predatory mortality, and dispersal, and

prey availability as becauseassseparately models the cohort’s predatqry mortality,
BASSassumes that the cohort’'s combined rate of dispdedél (
F,= max( F;,N'Y AB/] (2.82) and non-predatory mortalitilM) is simply a fractioi of by. In
&1 particular,
where F; is the cohort'smaximumindividual ingestion(g dry EM+NM=8byN (2.85)

wt/fish); Nis thecohort'spopulatiorsize(fish/ha) andAB isthe  |f community population dynamics are strongly dominated by
biomass(g dry wt’ha) of preyj thatis availableto thatcohort.  predation, the fractiodwill be “small” (e.g.,5 < 0.5) for forage
Using its predicteddietary compositionsand realizedfeeding  fishes and “large” (e.g5,> 0.5) for predatory species. However,
rates passthencalculateshepredatorymortalitiesfor eachfish it community population dynamics are dominated by dispersal
cohortandnonfishcompartments. mechanisms related to competition for food, space, or other

limiting community resource, the fractiénvill be large for both
2.8. Modeling Dispersal, Non-Predatory forage and predatory species alike.

Mortalities, and Recruitment
BASS estimates a species’ recruitment by assuming that each

The algorithm thasassemploys to simulate a species’ dispersalspecies turnsover a fixed percentage of its potential spawning
biomass into new young-of-year (YOY). This percentage is
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referred to as the species’ reproductive biomass investrbént ( in Section 2.8.

The species’ spawning biomass is defined to be the total biomass

of all cohorts whose body lengths are greater than or equal td=gnally, when habitat multipliersHSL,...) are specified for
specified minimum valuetl(;) marking the species’ sexual dispersal / non-predatory mortality, the specified values are
maturation. When reproduction is simulated, the body weight acissumed to dynamically control the species self-thinning
each sexually mature cohort is decreased by its rbi and the to&dponenb (see Section 2.8) such that the exponent is maximum
number of YOY that are recruited into the population as a nevor HSI, . .= 0 and minimum forEST_ . . = 1. Thus, as habitat
cohortis estimated by simply dividing the species’ total spawneg,itapility decreases, dispersal and non-predatory mortality
biomass by the species’ characteristic YOY body weightincreases, and vice versa (see Equation (2.85)). In between this

Although this formulation does not address the myriad of factorl's&mge the species self-thinning exponent is assumed to respond
known to influence population recruitment, it is logically linearly to changingdSL,. . i.€.,

consistent with the spawners’ abundance model for fish )
recruitment. See Myers and Barrowman (1996) and Myers  b(habitat) = (1 - HSI )by = boin) * by (2.88)
(1997).

. . Because constructing the aforementioned habitat suitability
2.9.Modeling Habitat Effects multipliers in a general or standard way is not a trivial issue,

o ) . BAssrelegates their construction to the user. Nevertheless, users

Although BAss does not explicitly model physical habitat might consider several obvious starting points when simulating

features of the fish community of concern, it does allow users tQpitat effects usingass. Turbidity, for example, is known to

specify habitat suitability multipliers on the feeding, reproduction e ct the foraging abilities of both prey and predatory fishes, and
/ recruitment, and dispersal / non-predatory mortality for any 0§, could readily use results of published studies (e.g.,
all species. Because these multipliers are assumed to %ndenbyllaardt et al. 1991, Barrett 1992, Gregory 1993,
analogous to subcomponents of habitat suitability indices, the@regory and Northcote 1993, Miner and Stein 1996, Reid et al.
are assumed to take values from O to 1. If these multipliers 99, Vogel and Beauchamp 1999, Bonner and Wilde 2002, de
not specified by the useAssassigns them the default value of gypertis et al. 2003, Sweka and Hartman 2003) to estimate
1. feeding multipliers for Equation (2.86) as power functions or
) ) o -~ polynominals of turbidity. Field-based HSI's are often estimated

When feeding habitat multipliersiBle.qnd are specifiedsAss by " |ogistic regression of presence-absence data without
uses the s_pecmed para_meter_s as _5|mple linear multipliers on tEEecifying the underlying mechanisms that actually determine
fish’s maximum rate of ingestion, i.e., habitat suitability for a species. Such HSI's could be used as
LN * habitat multipliers for species’ recruitment (Equation (2.87)) or

Fohabitat) = HSloang Fa (2.86) persistence/survival (Equations (2.85) and (2.88)) depending on

The resulting adjusted maximum feeding rate then replages the user's own interpretation of what the indices most likely
represent.

in Equation (2.82). These multipliers are assumed to modify the
fish's ability to perceive or to intercept prey either by effecting
the fish's reactive distance, foraging patterns, etc. or bg
providing modified refuges for its potential prey. Habitat
interactions that actually change the abundance of potential prg
should not be specified as feeding habitat multipliers since the
interactions are automatically addressed by the algorith
outlined in Section 2.7.

.10.Modeling Nonfish Compartments

ss assumes that the nonfish components of a community of
ncern can be treated as four lumped compartments, i.e.,
enthos, periphyton/attached algae, phytoplankton, and
zooplankton. These compartments can be treated either as
community forcing functions or as bona fide state variables. In
the later case, the required compartmental dynamics are

Like the aforementioned feeding habitat multipli&sss uses . . .
simulated using the simple mass balance model

any specified recruitment habitat multiplietdS,qcruimen) @S
simple linear multipliers on the number of young-of-year that is dy

recruited into the species population, i.e., ar =IP-R-F-M (2.89)

No(habitat) = HST,, . pmen No (2.87) whereY is the compartment's biomass (g dry winand the

These multipliers can represent either the availability of suitabifiuxes g dry wtnfyd IP, R, ¥, andM are the compartment's
spawning sites or the ability of the otherwise successful spawfizgestion or photosynthesis, respiration, mortality due to fish
to result in the expected numbers of young-of-year as discussé@nsumption, and non-consumptive mortality and dispersal,
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respectively. Except fof , each of these fluxes is modeled asfaSs assumes that

linear function of the compartment’s biomass, i.e., (T,-T,)
P=p, ,” exp(p T)(l— T]p3 T (2.9)
= P11 "a 3 e .
P=9,Y (2.90) T,
R=pY (2.91) where P is the individual’s ingestion, photosynthesis, or
respiration in units of g dry wt/d; arg, p,, ps, T, andT, are
M=pY (2.92) empirical constants specific to the process of interest. Although

BASs does not attempt to simulate the average individual body

sizes of benthos, phytoplankton, or zooplankengsdoes allow
where the rate coefficients (g dry wt/g dry wifd), p, and are the user to vary these parameters as functions of time.
minimally functions of temperature and time.

Because periphyton communities are typically complex
For benthos, phytoplankton, and zooplankton that can bgmalgamations of filamentous and unicellular algae, it is difficult
conceptualized as populations of organisms possessing simikgrconceptualize this compartment as a population of archetypical
body sizes, the rate coefficierts, p, and are estimated using individuals and to employ the preceding model parameterization
temperature-dependent allometric relationships that describe teeheme. Consequently, for periphygxss assumes that,, p,
pertinent processes for the individuals comprising theind are generally temperature-dependent allometric functions
compartment of interest. For example, consider the followingf the compartment’s biomass, i.e.,

formulation of benthos consumption. Assuming tﬁ_gtis the

. L .. T \%%" W
average dry weight of individuals comprising the benthos (Pdd=a1Yu2eXp(ag T)( 1 —7] (2.97)
compartment, it follows that the expected density of individuals 2
within the benthos compartment is simply
B T By (1r - Ty
_Y p=B, Y exp(B,T)| 1-—- (2.98)
T = (2.93) I,
Wd
. . . 8 (I,-T)
Given that the .co.nsumpt|on (g dry Wd) of the aforementioned n=987 8 exp(83 T) 1- L (2.99)
average benthic invertebrate is described by T,
C-e, 7 exple,r)[ 1- L]
"4V exp(c3 ) - TZ (2.94) The rational for these formulations is based on the assumption

that the primary production, respiration, and possibly mortality
it follows that the ingestion of the benthos compartment at largef periphyton communities are generally limited by their surface-
can be modeled as volume relationships that are implicitly represented by these

IP-CN equations.

Becausep,, is generally much greater thanthe astute reader
L will recognize that Equations (2.89) - (2.92) will predict
w, unbounded autocatalytic growth for any nonfish compartment
(2.95) whose predatory mortality and non-predatory mortality/dispersal
does not precisely balance its intrinsic growth rate. To prevent
Y such unrealistic dynamicspAss internally estimates a
physiologically based carrying capacity for each nonfish
compartment based on its projected daily oxygen consumption
and the community’s prevailing dissolved oxygen content. In

Formulating compartmental ingestion, photosynthesis, anf@ticular, BASS assumes that compartmental —oxygen
respiration using this method not only delineates an objective®Nsumption cannot exceed the dissolved oxygen content
procedure to parameterizass, but also yields production corresponding to the difference between the community's
relationships that are consistent with results reported by Planggevailing dissolved oxygen concentration (DOC) and an
and Downing (1989), Stockwell and Johannsson (1997), ar@fsumed hypoxic threshold of 4 mg, @.. When the
Kuns and Sprules (2000). When estimating p, and  for compartment’s daily oxygen consumption is predicted to exceed
benthos, phytoplankton, or zooplankton using this approacII\r,”S available dissolved oxygen content, compartmental growth

— 03(T2_T1)
=|¢, Wdc’exp(c3 T)( 1- TT]
| 2

— _ & (T,-T)
=le, W,” 1exp(c3T)( 1 —FT]
| 2

=0t
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is suspended by equating the compartment’'shemicals also partition into other macromolecular components
feeding/photosynthesis to its projected respiration. besides the lipid bilayers of membranes. It is now widely
accepted that partitioning of narcotic agents into hydrophobic
BASS assumes that the rates of chemical bioaccumulation iregions of proteins and enzymes inhibit their physiological
nonfish compartments are rapid enough to enable chemichinction either by changing their conformal structure or by
concentrations within these components to be calculated usiitganging the configuration or availability of their active sites
simple bioaccumulation factors. In particular, (Eyring etal. 1973, Adey et al. 1976, Middleton and Smith 1976,
C - BAF .C 2100 Richards et al. 1978, Franks and Lieb 1982, 1984_, Law et al.

nf o w (2.100) 1985, Lassiter 1990). In either case, however, the idea that the

whereC,, is the chemical concentration ( g /g dry w) in thePresence ofnargotic phemicalsincreases thg physicaldimensions
compartment of concerreass enables users to specify the of various phy§|olog|cql targets to some “critical volume” that
bioaccumulation factd®AF. (ml/g dry wt) for Equation (2.100) 'enders them inactive is fundamental (Abernethy et al. 1988).
either as an empirically derived constant, as a quantitatileOnsequently, narcotic chemicals can be treated as generalized
structure activity relationship (QSAR), or as the ratio of tha?hysiological toxicants, a}nd narcosis itself can be considered to
chemical’s uptake rate to the sum of its excretion rate and tHgPresentbaseline chemical toxicity for organisms. Although any

compartment's growth rate. WhBAF.,is specified as a QSAR particular chemical can act by a more specific mode of action
BASS assumes that " under acute or chronic exposure conditions, all organic chemicals

can be assumed to act minimally as narcotics (Ferguson 1939,
BAF,,= b, K- (2.101) McCarty and Mackay 1993).

whereb, andb, are empirical constants. WhBAFis specified  Studies have shown that for narcotic chemicals there is a
by the compartment’s chemical exchange rates and growth ratejatively constant chemical activity within exposed organisms

BASSassumes that associated with any given level of biological activity (Ferguson
k k 1939, Brink and Posternak 1948, Veith et al. 1983). This
BAan: L 1 (2.102) relationship holds true not only for exposures to a single

kyty kK +y chemical but also for exposures to chemical mixtures. In the case

herek.. k the rat f uptak i q Wthofamixture of chemicals, the sum of the chemical activities for
wherek,, k,, andy are the rates of uptake, excretion, and growthy 5o component chemical is constant for a given level of

_respecnvely, by |nd’|V|duaIs comprls_mg_the CompartmentIde biological activity. Because narcotic chemicals can be treated as
!sthe gompartmentsthermodynam]c bioconcentration factor thaf, o 5 jized physiological toxicants as already noted, it should
'é def_med Zarllglé)gously to E(Luatlg_n (2.7)5 Fo_r Tetero'ioph t be too surprising that the effects of mixtures of chemicals
quation ('.h h) asigmes that wzct chemica uf‘tad_e a&gssessing diverse specific modes of action not only often
excretion with the am !ent water are .ommant over the dietaly,qe mpe narcosis but also appear to be additive in terms of their
uptake and fecal excretion of the organisms of concern.AIthoug[IaXiC effects (Barber et al. 1987, McCarty and Mackay 1993)
this assumptiqn is not satisfied for all benthig or planktoniqzor example, although most pesticides possess a specific mode
heterotrophs, it does bypass the need to specify feeding ratSfaction during acute exposures, the joint action of pesticides is

assimilation efficiencies, and qlietary Cqmpositions foroften additive and resembles narcosis (Hermanutz et al. 1985,
compartments that are actually mixed functional groups. F%atthiessen et al. 1988, Bailey et al. 1997)
further discussions of Equation (2.102) and its generalization, ' ’ ' '

readers should consult Connolly and Pedersen (1988), ThomaQRSS simulates acute and chronic mortality assuming that the
(1989), and Arnot and Gobas (2004). chemicals of concern are an additive mixture of narcotics.
. . . Because this assumption is the least conservative assumption that

2.11.Modeling Toxicological Effects one could make concerning the onset of effects, mortalities
predicted bysass should signal immediate concern. When the

Narcosis is defined to be any reversible decrease in physiologiagkal chemical activity of a fish’s aqueous phase exceeds its

function thatis induced by chemical agents. Because the potengiiculated lethal thresholdass assumes that the fish dies and

of narcotic agents was originally found to be correlated with theifhen eliminates that fish's age class from further consideration.

olive oil / water partition coefficients (Meyer 1899, Overton The total chemical activity of a fish’s aqueous phase is simply the

1901), it was long believed that the principal mechanism oéym of the fish’s aqueous phase chemical activity for each

narcosis was the disruption of the transport functions of the lipighemicalsasscalculates the aqueous phase chemical activity of
bilayers of biomembranes (Mullins 1954, Miller et al. 1973,each chemical using the following formulae

Haydon et al. 1977, Janoff et al. 1981, Pringle et al. 1981). More
recently, however, it has been acknowledged that narcotic
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based analysis of these issues.

Aa = Ya Ma
C c, (2.103) Three points should be mentioned regarding the above approach

a

to modeling ecotoxicological effects. First, for narcotic

chemicals this approach is analogous to the toxic unit approach

for evaluating the toxicity of mixtures (Calamari and Alabaster
p-1980, Kénemann 1981a, b, Hermens and Leeuwangh 1982,
Hermens et al. 1984a, Hermens et al. 1984b, Broderius and Kahl
1985, Hermens et al. 1985b, Hermens et al. 1985c, Hermens et
al. 1985a, Dawson 1994, Peterson 1994). Second, the approach
is also analogous to the critical body residue (CBR) and total
Iqnolar body residue (TBR) approaches proposed by McCarty and
Mackay (1993), Verhaar et al. (1995), and van Loon et al.

ambient aqueous chemical activity that causes 50% mortality &4937?- szStly' althouggh s_ublletthal effecltts are ?)Ot pregetn ty
an exposed population. These lethal thresholds are calculatglg_ ete hyBASS bBIAtSh SI S|ﬁmuta I'?hn tresu S c(j:an debuse Ot'
using the above formulae with user-specifigtl's substituted indicate when sublethal eflects that are induced by narcotic

for C, These calculations are based on two importan?gentswomd be expected to occur. Results reported by Hermens

assumptions. The first assumption is that the exposure tinfe al. (198_4b)_|nd|(_:ate that f@raphniathe ratio of the EG, for
associated with the specifiédC,, is sufficient to allow almost reproductive |mpa|rment to the Lls generally on the order of
complete chemical equilibration between the fish and the Wate9.'1.5.' 0.30 for che_mlga_ls_ whose log,range from 4 to 8. For
The second assumption is that the speclfiég is the minimum |nd_|V|duaI growth _|nh_|b|t|on, however, th? mean @ LGy

LC,, that kills the fish during the associated exposure interval 210 fpr Daphnia in 16 day chronic exposures was
Fortunately, most reliableCy,'s satisfy these two assumptions. approximately 0.77 (Hermens et al. 1984a, Hermens et al.

See Lassiter and Hallam (1990) for a comprehensive mode]r-985b)' Also see Roex et al. (2000).

103 MW 103MWKf

whereA, is the chemical’s aqueous activity;is the chemical's
aqueous activity coefficient (L/mol), the reciprocal of its su
cooled liquid solubilityM, is the chemical’s molarity within the
aqueous phase of the fish; adilVis the chemical’s molecular
weight (g/mol).

BASS estimates the lethal chemical activity threshold for eac
species as the geometric mean of the spetidg, i.e., the
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Table 2.1 Summaryof the notationusedfor modeldevelopmengexcludingempiricalparameterslescribingfundamental
modelprocessegates,or ratecoefficients.

A, chemicalactivity in agueoudractionof thefish (dimensionless)
A, assimilatiorrate(g dry wt/d)

B chemicalburdenin wholefish (ug/fish)

BAF,; bioaccumulatiorfactorfor nonfishprey(ml/g dry wt)
chemicalconcentrationn aqueoudractionof thefish (ug/ml)
chemicalconcentrationin aqueoudractionof intestinalcontentpg/ml)
Cy  chemicalconcentrationn bulk interlamellarwater(ug/ml)
chemicalconcentrationn egesta/fecegig/ml)

G chemicalconcentrationn wholefish (ug/gwet wt)

Cse Cchemicalconcentrationn dry organicfractionof intestinalcontentgpg/gdry wt)
G chemicalconcentrationn lipid (pg/gdry wt)

. chemicalconcentratiomonfishprey (ng/gdry wt)
chemicalconcentrationn nonlipid organicmatter(ug/gdry wt)
chemicalconcentrationn prey (Lg/gwetwt)
chemicalconcentrationn environmentalvater(pg/ml)
oxygenconcentrationn environmentaater(pg/ml)
interlamellardistance(cm)

therelativefrequencyof preyi in afish’s diet (dimensionless)
aqueousliffusion coefficient(cn?/s)

theelectivity preyi in afish’s diet (dimensionless)
egestiverate(g dry wt/d)

egestiverate(g wetwt/d)

EM emigration/dispersdfish/ha/d)

EX excretoryrate(g dry wt/d)

therelativefrequencyof preyi in thefield (dimensionless)

maximumfeedingrate (g dry wt/d)

F, feedingrate(gdry wt/d)

F, feedingrate(gwetwt/d)

G massof gut contentqg dry wt/fish)

h heightof secondaryamellag(cm)

HSleqing habitatsuitabilityindexfor cohortfeeding(dimensionless)

HS|ecruimen: abitatsuitability indexfor YOY recruitment(dimensionless)

HSl,,iva habitatsuitability indexfor cohortsurvival (dimensionless)

Jy  biotransformatiorof chemical(pg/s)
netchemicalexchangecrosghegills (ug/s)
netchemicalexchangecrosgheintestine(ug/s)
apparentliminationratecoefficient(ml/g wetwt/d, g wetwt/g wetwt/d, or 1/d),i.e., k, = (y + k,, + k,))

‘]g
J
k,
k, chemicalbiotransformatiomatecoefficient(ml/g wetwt/d, g wetwt/g wetwt/d, or 1/d)
k, chemicalexcretionratecoefficient(ml/g wetwt/d, g wet wt/g wetwt/d, or 1/d)
Ky
K
Ke

©

0000

e}
N

mme o8 oo

overallchemicalconductancacrosghedgill from theinterlamellarwaterto the aqueouslood (cm/s)
chemicalconductancéhroughthe gill membrandcm/s)
partition coefficientfor fecalmatter(ml/g wet wt)

’ thermodynamidioconcentratioffiactor (ml/g wet wt)

| partitioncoefficientbetweergenericlipid andwater(ml/g dry wt)

partition coefficientbetweemon-lipid organicmatterandwater(ml/g dry wt)

partition coefficientbetweerorganiccarbonandwater(mil/g dry wt)

partition coefficientbetweem-octanolandwater(ml/ml)

lamellarlength(cm)

fish’'s bodylength(cm)
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chemical molarity in aqueous fraction of the fish (mol/L)
population density (fish/ha)

Graetz number (dimensionless)I-D{/(V r?)

Sherwood number (dimensionless)kz )/D
non-predatory mortality (fish/ha/d)

aqueous or moisture fraction of whole fish (g water/g wet wt = ml/g wet wt)
aqueous or moisture fraction of feces/egesta (g water/g wet wt = ml/g wet wt)
aqueous of moisture fraction of prey/food (g water/g wet 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.e?,=(1-P) =(P,+P,)
lipid fraction of whole fish (g dry wt/g wet wt)

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

ventilation volume (cris)

hydraulic radius of interlamellar channels (cm), ire=,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 water/fish or ml/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 wt/fish)
weight of fish (g wet wt/fish)

cross sectional pore area of the gill fm

assimilation efficiency of chemical (dimensionless)
assimilation efficiency of food (g dry wt assimilated/g dry wt ingested)
oxygen assimilation efficiency of the gill (dimensionless)
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 coefficient (1/d)
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 coefficient for Equation (2.28) as a

function of gill Sherwood number and ventilation / perfusion ratio.
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Figure 2.2 Second eigenvalue and bulk mixing cup coefficient for Equation (2.28) as a

function of gill Sherwood number and ventilation / perfusion 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

Becauseeliableapplicationof a modeldependsiot only on
thevalidity of its formulationbutalsoonits parameterization,
importantaspectgegardingthe parameterizatiorof BASS's
bioaccumulatiorand physiologicalalgorithmsare discussed
below.

3.1. Parameterizing K;

Superficially, estimation of a fish’'s thermodynamic
bioconcentrationfactor K; via Equation (2.7) appearsto
require a greatdeal of information. This task, however,is
muchsimplerthanit first appearskorexamplegivenafish’s
lipid fraction (seeEquation(2.56)), it is a straightforward
matterto calculatethefish’s aqueoudractionusingEquation
(2.55).Havingdoneso,onecanthenimmediatelycalculatghe
fish’s non-lipid organicfractionsinceP,, P,, andP, mustsum
to unity (i.e., Equation(2.57)).

For anorganicchemicalthe partition coefficientsK, andK,
canbeestimatedisingthechemical’soctanol/ waterpartition
coefficientK . Althoughtriglyceridesaretheprincipalstorage
lipids of fish andit would seenreasonabl#o estimate, using
atriglyceride/ waterpartition coefficient,BAss assumeshat
K, equal¥,,. To estimateK,, BAssassumethatafish’s non-
lipid organicmatteris equivalentto organiccarbonanduses
Karickhoff's (1981)regressiorbetweernthe organiccarbon/
water partition coefficient (K,) and K, to estimatethis
parameterSpecifically,

K, =K, =0411K (3.1)

For metals or metallo-organic compounds such as
methylmercurythechemical'dipid partitioncoefficientk, can
again be assumedto equal its octanol / water partition
coefficientK,,. A metal’sdistributioncoefficientintonon-lipid
organic matter,however,cannotbe estimatedusing the K,
relationshipof Equation(3.1). For examplewhereagheK,,,
of methylmercuryat physiologicalpH’s is approximately0.4
(Major et al. 1991), its distribution coefficient into
environmentalorganic matter is on the order of 10* - 10°
(Benoitet al. 1999b,Benoitet al. 1999a).0’Loughlin et al.
(2000) report similar differencesfor organotincompounds.
Whereadlistributioncoefficientsfor metalsinto fecal matter
generallyshouldbeassignedialuescomparabléo thoseused
to model the environmentalfate and transportof metals,
distributioncoefficientsfor metalsinto the non-lipid organic
matterof fish shouldbeassignedaluesl0to 100timeshigher
to reflecttheincreasechumberandavailability of sulfhydryl
bindingsites.
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3.2.Parametersfor Gill Exchange

To parameterize¢he gill exchangemodel,thefish’s total gill
area(S, cnt), meaninterlamellardistance(d cm), andmean
lamellar length (I cm) must be specified. Each of these
morphological variables is generally assumedto be an
allometricpowerfunctionof thefish’s bodyweight,i.e.,

S,=s,W,” 3.2)
d2

d=d,w, (3.3)

I=1 W, (3.4)

Although manyauthorshavereportedallometriccoefficients
and exponentsfor total gill surfacearea, coefficientsand
exponentdor thelattertwo parameterareseldomavailable.
Parametersor fish’'s meaninterlamellardistance however,
canbe estimatedf the allometricfunctionfor the densityof
lamellaeon thegill filaments,p (numberof lamellagpermm
of gill filament),i.e.,

p=p, W, (3.5)

is known. FortunatelyJamellardensitieslike total gill areas,
are generallyavailablein the literature.SeeBarber(2003).

BASS estimatesl; andd, from p, andp, usingtheinterspecies
regressior{n = 28,r =-0.92)

d=0.118p™ " (3.6)

To overcome the scarcity of published morphometrics
relationshipsfor lamellar lengths, BASS uses the default
interspecificregressior{n = 90,r = 0.92)

0.294

1=0.0188 W, (3.7)

Both of the precedingregressionsre functionalregressions
ratherthan simple linear regressiongRayner1985, Jensen
1986); the datausedfor their developmentre takenfrom
Saunder§1962) Hugheg1966),SteerandBerg(1966),Muir
andBrown(1971),UmezawandWatanabé1973),Galisand
Barel(1980),andHughesetal. (1986).

To calculatelamellar Graetzand Sherwoodnumbers BASS
estimatesa chemical’'saqueoudiffusivity (cn?/s), usingthe

empiricalrelationship,
D =2.101x1077 714y 7058 (3.8)

where n is the viscosity (poise) of water; and v is the
chemical’s molar volume (cm¥mol) (Hayduk and Laudie



1974). The diffusivity of a chemical through the gill membrane
that is needed to estimate the membrane’s permedhjlisy

then assumed to equal one half the chemical's aqueous
diffusivity (Piiper et al. 1986, Barber et al. 1988, Erickson and
McKim 1990). The other quantity needed to estinkgis the
thickness of the gill's epithelial layer. Although previous
versions ofBASS assumed a constant water-blood barrier
thicknessf§,) equal to 0.0029 cm for all fish specieassnow

uses the interspecies allometric relationship

0.261

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 oxygen
consumption rates assuming an extraction efficiency of 60%
and a saturated dissolved oxygen concentration (see Equation
(2.12)). Perfusion rates (ml/hr) are estimated using

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

as the default for all species. Although this expression, in units
of L/kg/hr, was developed by Erickson and McKim (1990) for
rainbow trout Oncorhynchus mykisst has been successfully
applied to other fish species (Erickson and McKim 1990, Lien
and McKim 1993, Lien et al. 1994).

The eigenvalues and bulk mixing cup coefficients needed to
parameterize Equation (2.28) are interpolated internally by
BASS from matrices of tabulated eigenvalues and mixing cup
coefficients that encompass the range of Sherwood numbers
(i.e., 1<Ng,<10) and ventilation / perfusion ratios (i.e., Q<

/1 Q, < 20) that are typical for fish (Hanson and Johansen 1970,
Barron 1990, McKim et al. 1994, Sijm et al. 1994). See
Figure 2.1andFigure 2.2 of the previous chapter.

3.3.Bioenergetic and Growth Parameters

Parameterization of the physiological processes usedds/

to simulate fish growth generally poses no special problems
since the literature abounds with studies that can be used 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 own Fortran 95
software program. This program not only decodes functional
expressions f@assmodel parameters that have been reported
in the literature but also calculates its own regressions using
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data reported in the literature. Each species withirBiiss
database is assigned its own data file whose name corresponds
to its genus and species. Thus, all literature data and
regressions pertaining to largemouth bass are compiled into the
BASS database filemicropterus_salmoides.dat. Literature
regressions are entered irgass database files using the
functional syntax outlined in chapter sections 4.3.3, 4.4.1, and
4.4.2herein. Except for this syntax, all literature regressions
are recorded as reported; any required units conversions are
performed by th@ass database generator.

When literature regressions are not equivalent to the functional
forms used bgass, and their associated primary data are not
reported, synthetic datasets are generated to estimate the
needed parameters. For example, when a fish’'s oxygen
consumption does not exhibit a temperature optinaars
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)

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

Although many researchers use similar expressions to report a
fish’s oxygen consumption, some researchers use the function

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] + c log t[celsius]

When such power functions of temperature are encountered,
synthetic datasets of “observed/predicted” oxygen
consumption are generated using the reported regressions for
the reported range of body weights and temperatures. These
synthetic data are then refitted to Equation (3.11).

A similar procedure for generating synthetic datasets is used to
convert the temperature-dependent functions (Kitchell et al.

1977, Thornton and Lessem 1978) employed by the widely
used Wisconsin Bioenergetics Fish Model (Hanson et al.

1997) into the hyperbolic Arrhenius formulation assumed by

BASS.

Although theBAss database generator performs most of its
parameter estimations using univariate statistics or ordinary
linear least-squares regression analysis as appropriate,
nonlinear least-squares regression analysis is used to estimate
specific growth rates and physiological functions that are to be
fitted to BASSs hyperbolic Arrhenius formulation. In these
latter instancesASS's database generator uses the NL2SOL
Fortran 90 software that solves nonlinear least-squares



problems using a modified Newton’s method with analytic
Jacobians and a secant updating algorithm to compute the
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-predatory
mortality (see Equation (2.85)) but also as a parameter by
which a cohort’'s expected ingestion rate can be back-
calculated, if desired. Estimating specific growth rates for
BASS, however, obviously depends on the underlying model
used to describe the fish’'s expected growth rate dynamics (i.e.,
dw/dt). Selecting an appropriate growth model for use by the
BASsSsimulation software, like most model selections, was not
a trivial issue since over the past 50 years at least four different
models (i.e., von Bertalanffy, Richards, Gompertz, and Parker-
Larkin models) have become standard tools for characterizing
the growth of fishes. See Ricker (1979) for a detailed
discussion of these models and other less commonly used
models.

According to the von Bertalanffy model, a fish’s growth rate

is the simple mass balance of anabolic processes that are
directly proportional to the fish’s surface area and of catabolic
processes that are directly proportional to the fish’s body
weight. Consequently, the fish’'s growth dynamics are
governed by the following differential equation

aw,
== oW,

(3.15)

whereg is the fish’s rate of feeding and assimilation; ansl
the fish’s total metabolic rate. Assuming isometric growth (i.e.,
W,, = AL®), this model is also equivalent to

ar _p

-L
dt 3 )

(Lo (3.16)
wherelL is the fish’s body length; ard, = ¢ / (p A*?) is the
fish’'s “maximum” body length that is obtained by setting
Equation (3.15) to zero. For further discussion, see Parker and

Larkin (1959) and Paloheimo and Dickie (1965).

The Richards model (Richards 1959) is a generalization of the
von Bertalanffy model that relaxes the assumption of isometric
growth and strict proportionality between a fish's
feeding/assimilatory processes and its absorptive surface areas.
In this model, the fish’s feeding is simply assumed to be a
power function of its body weight. The fish’s growth is then
described by the differential equation

w @2

-pW

w

(3.17)
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Although the von Bertalanffy and the Richards models appear
to have strong physiological foundations, a critical analysis of
the parameters of these models casts doubts on such assertions.
One particular point of contention is the assumption that a
fish’s metabolism (i.e., respiration and excretion) is directly
proportional to its body weight. Although this assumption is
certainly satisfied or closely approximated for some fish
species, most fish species have metabolic demands that are
best described as power functions of their body weights.
Consequently, from a purely physiologically-based
perspective, a better anabolic-catabolic process model for fish
growth would be

w L2 P2

=(PW _pIWw

= S0 (3.18)

See Paloheimo and Dickie (1965). Unlike the von Bertalanffy
and Richards models, however, this model generally does not
have a closed analytical solution. Furthermore, when this
model is fit to observed data, there is no a priori guarantee that
the fitted exponents will actually match expected physiological
exponents unless the analysis is suitably constrained.

In light of these criticisms, simpler empirical growth models
may be more than adequate for most applications. Two such
models that have proved useful in this regard are the Gompertz
and Parker-Larkin models. Both of these models are intended
to describe the growth of fishes that decreases with the age or
size of the individual. Whereas the Gompertz model describes
fish growth by
aw,

—>2 =g exp(-5,) W,

- (3.19)

the Parker-Larkin model (Parker and Larkin 1959) simply
assumes that

3.20
=W, (3.20)

where the exponeffitis less than 1.

Although each of the aforementioned models can describe very
different growth trajectories, much of the discussion
surrounding their use has focused on whether the models
predict asymptotically zero or indeterminate growth (Parker
and Larkin 1959, Paloheimo and Dickie 1965, Knight 1968,
Schnute 1981). Although growth rates of individual fish almost
always decrease with increasing age or body size, Knight
(1968) argued that the traditional notion of asymptotically zero
growth is seldom, if ever, supported by studies that have
focused on actual growth increments rather than on size-at-age.
Because the Parker-Larkin model is the only model outlined
above that assumes fish growth is fundamentally



indeterminateandbecauséhe Parker-Larkirmodeldoesnot
rely onthea priori assumptiorthatfish respirationis a linear
functionof their bodyweightasdoesthevon Bertalanffyand
Richardsnodelsthismodelis usedexclusivelyby BAsswhen
needed.

Three basic types of data have beentraditionally usedto
calculatefish growth rates;theseare: 1) length at age or
capture,?2) back-calculatedength at age for specific age
classessampledover multiple years,and 3) back-calculated
length at age for specific year classesor cohorts. Back-
calculatedbody lengths for the latter two data types are
generally calculatedby regressionusing measuredgrowth
incrementf body scalesptoliths, pectoralspines,or other
“hard” structuresWhereasfor a length at agedataseteach
individual fish contributesonly one observation(i.e., its
currentlength),eachindividual fish contributesatime series
of bodylengthsfor bothof theremainingtypesof growthdata.

To estimatespecificgrowthratesfor fish, bodylengthsatage
that have beenreportedin the literature, whether back-
calculatedor not, areconvertednto live bodyweightsusing
weight-lengthregressionghat were reportedby either the
study of interestor other publishedsources Estimatedlive

body weightsare thenfit to the analytical solution Parker-
Larkin growthmodel,

dWw _ &

7 YW, = (g1 w,, ) W, (3.21)

using the NL2SOLV nonlinearoptimization software. The
explicit solution of the Parker-Larkingrowth modelfor any
timeinterval[t,, t] is

w0 = g g -1) + W% (3.22)

However,becausehis expressioris discontinuoust g, = 0,
thegrowthparameterg, andg, areactuallyobtainedyfitting
calculatedbodyweightsto the equivalentexpression

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

whereg, = exp(b).
Estimationof HyperbolicArrheniusFunctions

Whenalfish's daily rateof maximumfoodingestion plankton
filtration, gastricevacuationrespirationor growthexhibitsa
temperatureoptimum, the BASS databasegeneratorfits the
process’sactualor syntheticdatato the hyperbolicArrhenius
function

P=p, szexp(p3 T) (3.24)

T ]P3(T2'T1)
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TheBAss databasgeneratorlsofits actualor syntheticdata
regardingsatiationmealsizeandfeedingtimesto satiationto
the above equationwhen thesefeeding parametersxhibit
temperatureoptima. Testing of the initial NL2SOL-based
proceduradevelopedo estimatethe parametersf Equation
(3.24)revealedhattheconvergencperformancef NL2SOL
couldbegreatlyimprovedbyreconfiguringequation(3.24)as
T ]pa(mel—Tl)

T (3.25)

max

P=p, Wl exp(p3 T)(l -

whereT,,, is the maximumtemperaturef the datasebeing
fitted, and,therefore, T, =T+ 8%. Becauseestimationof

nonlinearmparameterarefrequentlysensitiveto theirrequired
initial estimatesa three-stepprocedurewas developedto
estimatethe parameterfor Equation(3.25).

Thefirst stepin this procedureestimates meanbodyweight
exponenp, by usingrepeatedinearleast-square®gressions

log P, = p, plog W, + by (3.26)
ondatasubsetsvhosemaximumrangeof temperatureis less
than3 Celsius.

The secondstep of the procedurethen usesNL2SOL to

estimatethe parametersf thereducedmodel

T Ps(Tm+52'T1)
Tmax+82

P-= Pﬁz =plexp(p3T) 1-
w

(3.27)

To estimate these parameters,multiple sets of initial
parametersare sequentiallysuppliedto NL2SOL, and the
parametesetthatproduceghe smallestsumof least-squares
is usedin thethird andfinal stepin the estimationprocess.

Initial parameteestimatedor Equation(3.27)aregenerated
by first fitting the cubic polynomial

P=pT+p,T* + p,T + P, (3.28)

usingordinarylinearleast-squargechniquesThetemperature
T, correspondingo the local maximumof the abovecubic
polynomial,i.e.,

dP . . .
ar = 3P3Te2 +2p, T, +p, =0 (3.29)
Te
d*p . .
| T 6p,T, +2p, <0 (3.30)

TE

is thenassignedisthe process'optimumtemperaturd’, for



eachsetof initial parametewalues.nitial estimatedor o are
then assignedassumingthat the fish’s upper “tolerance”
temperatureorrespond® equidistantemperaturewithin the
interval

T

mi

o <1, <43 (3.31)
Initial estimatesftheprocess’'semperatureoefficientg,are
similarly assignedsequidistantvalueswithin theinterval

0.05 < p, < 0.75 (3.32)

Having assignedinitial estimatesfor p;, T,, and 3, the
process’srate at T, = 0 is finally assignedas the back-
calculatedmean

A

P,

1

exp(pyt,) (1 -1,/ T,) >~

p = % )Y (3.33)

i=1

In the third andfinal step,the resultsof stepsl and 2 are
suppliedto NL2SOL asthe “best” initial estimatesof the
parametersfor Equation (3.25). From this step, the final
parameter$or Equation(3.24)aredetermined.

Table 3.1 summarizesthe results obtained using the

aforementioned procedure to estimate maximum daily

consumptiorandmaximummealsizefor a variety of studies
reportedin the open literature. Table 3.2 summarizeshe

results of converting the maximum daily consumption
functionsusedby the WisconsinBioenergeticsModel into

their“equivalent’hyperbolicArrheniusform. Figure 3.1and
Figure 3.2displayselectedesultsfrom Table 3.2

Readeriterestedn obtainingtheFortrar95subroutinesised
to implementthis procedurecando so by simply requesting
this codefrom theauthor.

3.5. SuggestedCalibration Procedures
Calibrating Fish Growth Rates

Becausd-quationg3.21)and(3.22)donotexplicitly account
for either reproductive losses or temperature-dependent
growth, growth ratesestimatedby theseequationggenerally
shouldbe calibratedfor the applicationat handwhenback-
calculatingfish ingestionratesfrom estimatecgrowthrates.

Having estimatedh long-termaveragegrowthrate
Y=g, W, " (3.34)

for a specie®f interestthe calibrationproceduredeveloped

for BAssassumethatthefish’s specificgrowth coefficientg,
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is actuallyan exponentiaffunction the fish’'s ambientwater
temperaturéhat,in turn,isassumedb beasinusoidafunction
of thetime of year.In particular,

g, =8 exp|g; (T, +asin(Bz+w))] (3.35)

where g, = 0.1In(Q,, ;) definesthefish’s Q,, relationship

for growth; T, is the mean annual water temperature
experiencedy thefish; anda, B, andw arethe coefficients
describingthe amplitude,frequency,and phaseshift of the
water temperaturesexperiencedby the fish, respectively.
Underthisassumptiomfish’s growthisthereforedescribedy

aw, ) .
" {go W, " exp|g (T, + asin(Br+ oo))]} W, (3.36)
If t,isthedaythatthespeciesyoung-of-yeaarerecruitednto
thepopulationandmis theintegeragein yearswhenthefish
becomessexually mature, it thenfollows that a fish’'s pre-
spawrbodyweightatthetime of its first reproductions given

by
W, (t, + 365 m)® - W, (1% =

1,+365m
808, f exp[g3 (Tm +osin(Bt+o) ) ] dt
%

(3.37)

However becaus¢heintegranddf thisequatioris aharmonic
function possessingnannualperiod,the precedingequation
canbesimplifiedto

W, (t, +365m)* - W, (t,)2=g, g mI (3.38)
where
1, + 365
I= f exp[g3(Tm +asin(Br + m))]dr (3.39)

f

Once fish reach sexual maturity, their underlying growth
equatior(i.e.,Equation(3.36))isonly piecewisalifferentiable
sincefish areassumedo losea constantraction (c) of their
bodyweightduringspawningduebothto gameteproduction
and increased metabolic expenditures associated with
spawningoehaviorslf nis thespeciesmaximumintegerage
in years,Equation(3.36) canbeintegratedbetweenany two
consecutive spawning events i=m,(m + 1),...,(n - 1) as
follows

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



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

wherep =1 - (1 - 6)*®2. Summing Equations (3.38) and (3.41)
appropriately, it then follows that

W, (¢, + 365 n)® +

- (3.42)
p( Y W, + 365 i)gz] W) =g g0

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

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

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

age W@, +365n)), and the species’ allometric growth
exponent @,). The species’ pre-spawn body weights for

Equation (3.41) can be estimated using Equation (3.22) using
the adjusted allometric growth coefficient

W, (t, +365m% - W, (£,)%
g = 0 9 (3.43)

g2 amax

To demonstrate this calibration procedure, growth rates
estimated for brook trou@lvelinus fontinalisfrom literature

data will how be calibrated for a “typical” Mid-Atlantic trout
stream whose annual temperature regime is assumed to be
given by

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

This temperature function assumes that the stream’s annual
range of water temperatures is 2 to 19.5 Celsius, that April 1
corresponds tb= 0, and that January 15 is the coldest day of
the year. In this stream, brook trout are assumed to be recruited
into the population with an initial YOY body weight equal to
0.25¢g wet wt/fish and live a maximum of seven years. The
maximum size attained by these trout is assumed to be 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 maturity is reached
when trout attain a total body length of 157 mm (i.e., between
the ages of 2 and 3 years), and the trout’s reproductive loss
constant is assumed to equal 0.2 g wet wt/g wet wt/spawn.
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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 BASs database analysis program estimated the following
specific growth rate for brook trout

-0.455

y=0.0196 W, (3.45)

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

-0.455

y=0.0178 W, (3.46)

When this adjusted growth rate is used to project pre-spawn
body weights for Equation (3.42) using Equation (3.22), the
specific growth rate of brook trout calibrated for reproductive
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 rates,; g dry wt/g dry wt/d) are back-
calculated monthly using this equation and standard salmonid
metabolic relationships (i.e., food assimilation efficiencies,
specific dynamic action (SDA) to ingestion ratios, oxygen
consumption rates, respiratory quotients (RQ), and ammonia
excretion to oxygen consumption quotients(AQO)) as outlined
by Barber (2003), the following allometric regression can be
calculated

0 =0.0251 W, °*% exp(0.064 T)
(3.48)

(n=84; 72=0.98)

This regression agrees well with results of Sweka and Hartman
(2001) who estimated the maximum consumption of brook
trout at 12 Celsius to be

-0.20

0, =0.13 7, (3.49)

Taken together, the proceeding equations imply that the
realized ingestion rate of brook trout at 12 Celsius would be
approximately 42% of their maximum ingestion rate. This
result agrees well with that reported by Elliott and Hurley
(1998).

A Fortran 95 executable programAES CMM_FSHEXE) is
provided with thesass simulation software to perform the
aforementioned growth calibration procedure and back-
calculated feeding rate estimation. See Section 5.6.

Estimating Initial Conditions

Although most fish surveys typically report only either total



species densities (fish/ha) or total species biomass (kg wet
wt/ha), such data can be easily converted Batss initial
conditions if one assumes that the recruitment strength for each
cohort of observed population density has been relatively
constant or has been fluctuating around a long term average.
To perform this conversiorBasss assumed self-thinning
model Equation (2.84), is first rewritten as

aN _ _, W,
N 74

w

(3.50)

This equation can then be reintegrated to obtain
w,®
n
Ww(t[))
w,(®

-bln
w3l

A species total population density can then be estimated by
applying Equation (3.51) to each of its cohorts, i.e.,

N® =Y N@®

n VO _ _py
N()

(3.51)

N(@®) = N(z,) exp

w,.(D)

(3.52)
W, (t-a) }

N) = E N(t-a) exp{— bln

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

Ww,i(t)
T” (3.53)

0

N(t) = N, Eexp{—b In

If the growth rate trajectories of each cohort have also
remained relatively constant, it follows that an expected
decomposition of a species total population density into its
component cohort densities would be

Ww,i(ai)
W,

0

N(®) = N, Eexp{—b In } (3.54)

It also follows that an expected decomposition of a species
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total biomass into its component cohort biomasses would be
B(@®) = E W, (a) N,@®
i
w,(a)

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

0

From Equations (3.54) and (3.55) it should be reasonably clear
that given a species total population densil 6r total
biomass B) and given a model for the species body growth
(i.e., Equations (3.21) and (3.22)), one can straightforwardly
calculate the species’ apparent long term year-class strength
N,- Having done so, one cannot only estimate the species’
cohort densities but also convert the species’ total population
density into its expected total biomass and vice versa.

To corroborate the density-to-biomass conversion procedure
outlined above, a database of studies that have reported
measured fish densities and associated fish biomasses was
compiled from the literature (Miles 1978, Quinn 1988, Reed
and Rabeni 1989, Ensign et al. 1990, Buynak et al. 1991, Flick
and Webster 1992, Bettoli et al. 1993, Waters et al. 1993,
Maceina et al. 1995, Mueller 1996, Allen et al. 1998, Radwell
2000, Dettmers et al. 2001, Pierce et al. 2001, Habera et al.
2004). Reported fish densities were converted into estimated
biomasses assuming evenly spaced self-thinning expdments
ranging from -0.5 to -1.0 at 0.025 increments. Reduced major
axis (RMA) regressions were then calculated for each assumed
self-thinning exponent. The self-thinning exponent that
minimized the intercurve area between the calculated RMA

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

0.827
B, =0949 B,

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

est

In addition to calibrating fish growth rates and back-
calculating feeding rates, the auxiliargass program
BASS CMM_FSH.EXE described in the preceding section
estimates initial body weights and cohort densities for users
given atarget initial total species density or a target initial total
species biomass. See Section 5.6.



Figure 3.1 Selectedesuls forfitting Equatim (2.58)to maximum consumptia rates calculatedy thealgorithns andparametes usedoy the Wisconsn Bioenergetis Model.
Observediai corresponslitothe maximum daily consumptia of fish weighirg 1, 25,50, 75,and100g we wt/fish & seven equaly spacedemperature betwea 0 Celsius and

the fish's uppettolerane limit.
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Figure 3.2 Selectedesuls forfitting Equatim (2.58)to maximum consumptia rates calculatedy thealgorithns andparametes usedoy the Wisconsn Bioenergetis Model.

Observediai corresponslitothe maximum daily consumptia of fish weighirg 1, 25,50, 75,and100g we wt/fish & seven equaly spacedemperature betwea 0 Celsius and
the fish's uppettolerane limit.
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Figure 3.30bserved fish biomass versus fish biomass predicted by cohort self-tteasisg algorithm.
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Table 3.1Summary of NL2SOL regressions for Equation (3.24) fitted to maximum daily consumption rates and satiation meal size
reported in the literature.

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

! Channa argus Crad0/d] 0.00741 052 0.425 29.2 513 0.99
2 Coregonus hoyi Crad0/0/d] 0.159 -0.54 0.320 16.8 26.0 0.96
¥ Morone saxatilis Crad0/0/d] 0.000945 0.00 0.708 25.9 58.7 0.97
4 Morone saxatilis Crad9/g/d] 0.00542 0.00 0455 216 421 0.85
® Pomoxis annularis Crad0/d] 0.00213 0.03 1.051 23.1 43.0 0.50
® Salmo trutta CradKcal/d] 0.0100 0.76 0.262 185 21.8 1.00
" Salmo trutta sm[mg(dw)] 1.54 0.69 0596 15.0 29.3 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 69.5 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 0.437 151 24.2 0.99
2 Salvelinus alpinus Cradd(dw)/g/d] 0.00123 0.00 0.489 165 29.0 0.79
13 Salvelinus confluentus Crad9/9/d] 0.00840 0.00 0.288 14.0 29.0 0.98
14 Siniperca chuatsi Crad9/d] 0.0267 0.60 0.212 30.3 445 0.99
S Tilapia zillii cg/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 regression assuming no feeding or lethality at 43 Celsius.

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

4 Hartman and Brandt (1993). Rates estimated from Figure 1 assuming no feeding or lethality at 43 Celsius.

® Hayward and Arnold (1996). Rates as reported in Table 1 assuming no feeding or lethality at 43 Celsius.

® Elliott (1976b). Rates generated by regressions reported in Table 2.

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

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

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

19 Elliott (1975). Data as reported in Table 4 for mealworfiengbrio molitoy.

1 Elliott (1975). Data as reported in Table 4 for oligochaetes.

2 Larsson and Berglund (1998). Rates as reported in Table 1 assuming no feeding or lethality at 26 Celsius.
13 Selong et al. (2001). Rates calculated from data reported in Table 2 assuming no assuming or lethality at 26 Celsius.
4 Liu et al. (1998). Rates estimated by regression assuming no feeding or lethality at 43 Celsius.

15 Platt and Hauser (1978). Rates estimated from Figure 1 assuming no feeding or lethality at 43 Celsius.
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Table 3.2Summary of NL2SOL regressions for Equation (2.58) fitted to maximum consumption rates (g wet wt/day) estimated by
the Wisconsin Bioenergetics Model 3.0 and its distributed database. Observed data corresponds to the maximum daily
consumption of fish weighing 1, 25, 50, 75, and 100 g wet wt/fish at seven equally spaced temperatures between 0 Celsius and tt
fish’s upper tolerance limit.

Species f, f, fy T, T, r?

Alosa psuedoharengiadult) 0.102 0.70 0.426 155 29.3 0.99
Alosa psuedohareng(givenile) 0.112 0.70 0.214 196 27.3 0.98
Alosa psuedoharengigoy) 0.0919 0.70 0.196 21.8 29.2 0.99
Chrosomuspp. 0.0590 0.69 0.094 26.0 29.0 1.00
Clupea harengus (adult) 0.08 0.74 0.644 129 295 0.99
Clupea harengus (juvenile) 0.0808 0.74 0535 144 315 0.99
Coregonus hoyi 0.159 0.46 0.320 16.8 26.0 1.00
Coregonusspp. 0.159 0.68 0.320 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 0.235 275 38.0 1.00
Lepomis macrochirus (adult) 0.0150 0.73 0.172 27.0 36.0 1.00
Lepomis macrochirus (juvenile) 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 saxatilis (adult) 0.0336 0.75 2.000 21.8 213.9 0.95
Morone saxatilis (age 0) 0.014 0.75 2.000 21.3 153.6 0.99
Morone saxatilis (age 1) 0.0310 0.75 2.000 224 221.1 0.98
Morone saxatilis (age 2) 0.0376 0.75 2.000 23.8 268.5 0.96
Moronespp. 0.0314 0.75 0.128 28.3 31.3 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 0.220 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 mordagadult) 0.0304 0.73 0.680 10.0 223 0.99
Osmerus mordagjuvenile) 0.0472 0.72 0.207 13.1 18.0 0.98
Osmerus mordagyoy) 0.0587 0.73 0.143 179 26.1 0.98
Perca flavescens (adult) 0.0411 0.73 0.125 23.0 28.0 1.00
Perca flavescens (juvenile) 0.0317 0.73 0.094 29.0 320 1.00
Perca flavescens (larvae) 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 22.0 28.0 1.00
Stizostedion vitreurfjuvenile) 0.0802 0.73 0.094 25.0 28.0 1.00
Theraga chalcogramm@dult) 0.146 041 0.270 8 15.0 1.00
Theraga chalcogramm@uvenile) 0.0994 0.41 0.461 8 15.0 1.00
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4. BASSUser Guide

Althoughsassversions 1.0 and 1.1 were written in Fortran 77, requested by the user.

BAssversion 2.0 and higher are coded in Fortran 95. The model

enables users to simulate the population and bioaccumulatiéiease report any comments, criticisms, problems, or suggestions
dynamics of age-structured fish communities using the temporatgarding the model software or user manual to
and spatial resolution of a day and a hectare, respectively.

Althoughsassimplicitly models the dispersal of fish out of the  Craig Barber

simulated hectare, it does not explicitly simulate the immigration Ecosystems Research Division

of fish into the simulated hectare. Monthly or yearly age classes U.S. Environmental Protection Agency

can be used for any species. This flexibility enables users t0960 College Station Road

simulate small, short-lived species such as daces, live bearersAthens, GA 30605-2700

and minnows together with larger, long-lived species such as office: 706-355-8110

bass, perch, sunfishes, and trout. The community’s food web isFAX:  706-355-8104

specified by defining one or more foraging classes for each fish e-mail: barber.craig@epa.gov

species based on either body weight, body length, or age. The

user then specifies the dietary composition of these foraging.1. General Model Structure and Features
classes as a combination of benthos, incidental terrestrial insects,

periphyton, phytoplankton, zooplankton, and/or other fishrhe following features are availablesnssv2.2:
species, including its own. Standing stocks of nonfish

compartments can be simulated either as external forcinge There are no restrictions to the number of fish species that
functions or as state variables. can be simulated.

AlthoughBAsswas developed to simulate the bioaccumulation e  There are no restrictions to the number of cohorts that a
of chemical pollutants within a community or ecosystem context, fish species can have.
it can also be used to simulate population and community

dynamics of fish assemblages that are not exposed to chemicab  There are no restrictions to the number of feeding classes

pollutants. For example, in its present f@ass could be used that a fish species can have (see the command
to simulate the population and community dynamics of fish IFEEDING_OPTIONS).

assemblages that are subjected to altered thermal regimes that

might be associated with a variety of hydrological alterations or e  There are no restrictions to the number of foraging classes

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 management programs  /ecoLoGICAL PARAMETERS).

on population or community dynamics of native fish B

assemblages. ® There are no restrictions to the number of chemicals that
_ can be simulated.

The model’s output includes:

e Biotransformation of chemicals can be simulated with or

e Summaries of all model input parameters and simulation without daughter products.
controls.
® Integration ofBAsss differential equations is performed
® Tabulated annual summaries for the bioenergetics of using a fifth-order Runge-Kutta method with adaptive step
individual fish by species and age class. sizing that monitors the accuracy of its integratiss's
Runge-Kutta integrator is patterned on the fifth-order
® Tabulated annual summaries of chemical bioaccumulation Cash-Karp Runge-Kutta algorithm outlined by Press et al.
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 variables as
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UserscannowrunBASsin amodethatis computationally
intermediatebetweernBass's FGeTsandfull community
modes.In particular,userscansimulatefish population
dynamicsusing the conceptualframework of a multi-
specied_eslie matrix populationmodel. Seesimulation
controlcommandLESLIE_MATRIX _SIMULATION.

Benthosperiphytonphytoplanktonandzooplanktorcan
nowbesimulatedasstatevariablesToaccommodatthis
capability, the simulation control command/BIOTA in
BASSV2.1 hasbeenaugmenteadvith five newcommands,
i.e., /BENTHOS /TERRESTRIAL INSECTS /PERIPHYTON
/PHYTOPLANKTON, and/ZOOPLANKTON. Note, however,
BASSV2.2canstill beexecutedisingbenthosperiphyton,
phytoplankton,and zooplanktonas community forcing
functionsasin BAssv2.1 andearlier.

Seasonadiets can be specifiedfor any or all foraging
classes of a species. See the fish command
/ECOLOGICAL _PARAMETERSOptiondiet(.,.)={...}.

The modeof preybodylengthsconsumedy piscivores
canbespecifiedeitherasalinearor exponentiafunction
of their body lengths. See the fish command
/ECOLOGICAL _PARAMETERSOptionIp[l=fnc.

A fish’s maximumandminimumpreylengthscannowbe
specifiedby theuseraslinearor exponentiafunctionsof
its body length. See the fish command
/ECOLOGICAL _PARAMETERS options Ip_max[]=fnc and
Ip_min[]=fnc.

Refugelevelsat which cohortsof potentialprey species
becomeunavailableto piscivorescannow be specified.
SeethefishcommandECOLOGICAL PARAMETERSOptiON

refugia[]=fnc.

Dispersabndnon-predatorynortalityarenowcalculated
directly from a fish’s expectedspecificgrowth rate; the
allometricpowerfunctionformulationusedin Bassv2.1
and earlier has been deleted. See the fish command
/ECOLOGICAL PARAMETERS options nm[]=fnc and
sg_mu[]=fnc.

Size dependenharvestand stocking functions can be
specified for any or all speciesto simulate fisheries
management practices. See the fish command
/FISHERY_PARAMETERS

Habitatsuitabilityindices(HSI) canbespecifiedto adjust

a fish’s realizedfeeding/growth recruitment/spawning,
andcombineddispersabndnon-predatorynortality. See
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the fish commandHABITAT PARAMETERS

® The syntax for specifying the temperature dependency of
a fish’s rates of maximum daily consumption, filtering,
gastric evacuation, specific growth, and oxygen
consumption has been modified. See the fish command
/PHYSIOLOGICAL_PARAMETERS

® An interspecies allometric function is now used to
estimate epithelial thicknesses for calculating gill
Sherwood numbers and chemical exchange. See Barber
(2003)

® Because the newass graphical user interface (GUI)
enables users to construct their own plots and tables of
simulation results, the simulation control commands
/ANNUAL _OUTPUTS, /ANNUAL_PLOTS, and
/SUMMARY_PLOTSshould be considered by most users to
be vestigial commands. These commands have been
retained for the convenience of model refinement and
testing.

4.3.Input File Structure
The general structure ofeass's input or project file is:

/commang argument(s)
/command argument(s)

/commang argument(s)
/end

The leading slash (/) identifies the line as a command. Blanks
or tabs before or after the slash are not significant. The keyword
or phrase (i.e., commanpthat follows each slash identifies the
type of data being specified by that record. Keywords must be
spelled in full without embedded blanks and must be separated
from the record’s remaining information by at least one blank or
tab. Arguments are either integers (e.g., 7), real numbers (e.g., 0,
3.7e-2, 1.3, etc.), or character strings. If the command allows
multiple arguments or options, each argument must be separated
by a semicolon. Commands can be continued by appending an
ampersand (&) to the end of the record; therefore, the following
commands are equivalent

/command arg arg,; arg,; arg,; arg; arg

/command arg arg; arg;; &
arg, arg; arg;

Because each record is transliterated to lowercase before being
decoded, the case of the input file is not significant. Likewise,



because consecutive blanks or tabs are collapsed into a singlé commang simulation control_data

blank, spacing within a command is not significant. The # include data_for_chemical_1

maximum length of a command line, including continuation # include data_for_chemical_2

lines, is 1024 characters. #include data_for_fish_1
#include data_for_fish_2

An exclamation mark (!) in the first column of a line identifies # include data_for_fish_3

that line as a comment. An exclamation mark can be also placed# include data_for_fish_4

elsewhere within a record to start an end-of-line comment, i.e., # include data_for_benthos'

the remainder of the line, including the exclamation mark, willbe # include data_for_insects

ignored. # include data_for_periphyton
#include data_for_phytoplanktoh
The last command in amBass project file must beelND. This #include data_for_zooplanktoh

command terminates program input and any text or commands/end

following it are ignoredsAass checks the syntactical accuracy of

each input command as it is read. If no syntax errors amasss graphical user interface (GUI) enables users to create and

encounteredgAssthen checks the specified input parameters foediteassproject files and include files in a modular fashion. The

completeness and internal inconsistency. actual file structure used by thess GUI is detailed in Section
4.5. following the discussion of the@ass input commands

BASSinput data and commands are broadly classified into fouhemselves below.

categories: simulation control parameters, chemical parameters,

fish parameters, and nonfish biotic parameters. Simulatiof.3.1. Simulation Control Commands

control parameters provide information that is applicable to the

simulation as a whole, e.g., length of the simulation, the ambiefithese commands establish the length of the simulation, the

water temperature, water column depth, and any desired outpumnbient water temperature, the community’s water level, and

options. Chemical parameters specify the chemical’'s physic@ther simulation and output options. These data are specified by

chemical properties (e.g., the chemical's molecular weighthe following block of commands

molecular volume, n-octanol / water partition coefficient, etc.)

and the chemical’'s exposure concentrations in various media./SIMULATION_CONTROL  no argument/option required

Fish parameters specify the fish's feeding and metabolic /ANNUAL_OUTPUTS integer
demands, dietary composition, predator-prey relationships, gill /ANNUAL_PLOTS string;; ...; string,
morphometrics, body composition, and initial conditions for the /BlOTA string;; ...; string,
body weights, whole-body chemical concentrations, and /FGETS no argument/option required
population sizes of a fish’'s cohorts. Nonfish biotic parameters /HEADER string
specify how benthos, terrestrial insects, periphyton, and plankton/LENGTH_OF_SIMULATION string
will be simulated. /LESLIE_MATRIX_SIMULATION no argument/option required
/MONTH_TO string
A BAss project file is actually constructed and managed as a /NONFISH_QSAR string;; ...; string,
series of include files, i.e., blocks of closely related input /SUMMARY_PLOTS string;; ...; string,
commands. These files are specified using the include statementTEMPERATURE string;; string,
/WATER_LEVEL string;; string,

#include filename'

Although the comman@IMULATION _CONTROLMust be the first
wherefilenameis the name of the file containing the desiredcommand in the block since it identifies the start of these data,
commands. Each include file specifies data for either a chemicdhe order of the remaining commands is not significant. The use
a fish species, or a nonfish biotic component. Consequently,d these commands is described below in alphabetical order.
typical BAss project file is structured as follows:

B /ANNUAL _OUTPUTS integer

I file: bass_input_file.prj

I notes: aAss project file as specified by include files This command specifies the time interval, in years, between
! BASSs annual tabulated and plotted outputs. This number must
/ commang simulation control_data be a nonnegative integeass assumes a default value of zero

/ commangd simulation control_data that signifies that no annual outputs will be generated. Because
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the BASS v2.2 Output Analzyer enables users to generatéhe BASS v2.2 commandSBENTHOS /TERRESTRIAL INSECTS
customized tables and plots, this command is actually a vestigi#dERIPHYTON /PHYTOPLANKTON, and ZOOPLANKTON (see

option ofBAssv2.1.

B /ANNUAL _PLOTS string; .

Section 4.3.4), it has been retained for upward compatibility.

Valid options are:

..; string,
[ J

This command specifies the variables whose annual dynamics

will

be plotted for the years specified by command

/ANNUAL_ouTPUTS Consequently, this command is also a
vestigial option oBAssv2.1. Valid options are: °

wherevariable equals “age”,

afish(variable) generates plots of each species’ total
aqueous phase chemical activity as a function of time (day
of year) and the species’ age, length, or weight class;

baf(variable) generates plots of each species’
bioaccumulation factor (i.e., the rat@ / C,) for each
chemical as a function of time (day of year) and the
species’ age, length, or weight class; °

bmf(variable) generates plots of each species’
biomagnification factor (i.e., the rat@ / C,.,) for each
chemical as a function of time (day of year) and the
species’ age, length, or weight class; °

cfish(variable) generates plots of each species’ whole-
body concentration (ppm) for each chemical as a function
of time (day of year) and the species’ age, length, or
weight class;

pop(variable) generates plots of each species’ population e
density (fish/ha) as a function of time (day of year) and
the species’ age, length, or weight class;

ti(variable) generates plots of each species’ total body e
length (cm/fish) as a function of time (day of year) and the
species’ age or weight class;

wt(variable) generates plots of each species’ body weight
(g wet wt/fish) as a function of time (day of year) and the
species’ age or length class.

[ ]

length”, or “weight”. Each age

class or cohort of the species is assigned to one of five size
classes that are defined Byss based on the species’ largest /

oldest and smallest / youngest individuals.

H/BIOTA string,;

benthosfyunits] = fncto generate benthic standing stocks
according to the functioimc. The units stringunitsmust
be dimensionally equivalent to g dry wim

insectsjunits] = fnc to generate incidental terrestrial
insect standing stocks according to the functian The
units stringyunits must be dimensionally equivalent to g
dry wt/n?.

periphyton[yunits] = fncto generate periphyton standing
stocks according to the functidnc. The units string
yunits must be dimensionally equivalent to g dry wt/m

phytoplankton[yunits] = fnc to generate phytoplankton
standing stocks according to the functfor. The units
string yunits must be dimensionally equivalent to g dry
wit/L.

zooplankton[yunits] = fnc to generate zooplankton
standing stocks according to the functfos. The units
string yunits must be dimensionally equivalent to g dry
wt/L.

Valid specifications for the function strinfsc are :

nonfish_name[yunits] = & to generate a constant
compartmental standing stock of (yunity for the
simulation.

nonfish_name[yunits] = a + p*sin(® + @*t[ xunits]) to
generate a sinusoidal compartmental standing stock for
the simulation whera is the mean standing stock for the
chosen time periodj} is its amplitude Yunit9, o is its
phase angle (radians), ape 2r / period is its frequency
(1/xunity.

nonfish_name[yunits] = file(filename) to read and
interpolate the specified compartmental standing stock
from the filefilename. See Section 4.4.3.

Unless specified otherwiseass assumes that the first day of

simulation is April 1 and that the 365-th simulation day is March

..; String,

31. This assignment can be changed using the command

/IMONTH_TO.
ThisBassv2.1 command specifies nonfish standing stocks that

are to be generated as forcing functions rather than as simulatedese options are only required when the user is simulating fish
state variables. Although this command has been supercededthyit feed on these resources (see the “diet” option for
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/[ECOLOGICAL PARAMETERS. Note, however, becauseass  composition of each cohort is nevertheless predicted using the
assumes that piscivorous fish switch to benthic invertebrates antethods described in Section 2.7. While this simulation option
incidental terrestrial insects when appropriate forage fish aris designed partially to lessen the need for detailed food web
unavailable, the benthos and insect options should be specifiedormation and the work required to calibrate a full community
even when simulating only piscivorous fish. Also note that ifsimulation, it is also designed to simulate more realistically the
project file uses th&GETS option described below, the only population dynamics of communities in which the dominant
/BIOTA option that might be required is the process driving cohort mortality and self-thinning is dispersal
zooplankton[yunits|=fnc option. This option is required only if rather than predation.

the user specifies a fish’s feeding to be simulated using the

clearance model formulation described in Equation (2.64). B /NONFISH_QSAR stringy; ...; string,

If multiple options are selected, each option must be separated btis command specifies the quantitative structural activity

a semicolon. relationships for the bioconcentration / bioaccumulation factors
of the nonfish compartments benthos, periphyton, phytoplankton,
M /FGETS and zooplankton that are to be appliecliochemicals Valid

string options are:
This command enables users to Bagswithout simulating the
assemblage’s population dynamics, i.e., only the growth and ® BCF[-](nonfish_name)=a*Kowl[-]* B
bioaccumulation of individual fish are simulated. The
command’s function and name are based ordbgs(Food and where Kow[-] is the chemical's n-octanol / water partition
Gill Exchange of Toxic Substances) model (Barber et al. 198¢oefficient; andx andp are real or integer empirical constants.

1991) that wasAsS's predecessor. Also see the chemical commardoNFISH_BCF. When this
command is used, the specified QSARs supercede any BCFs
B /HEADER string specified byMONFISH_BCFor exposures specified lxPOSURE

This is an optional command that specifies a title to be printed dil /MONTH _TO string
each page of the output file. The maximum length of the quoted

string is 80 characters. This is an optional command that specifies the month that
corresponds to the start of the simulation. If not specifiesls
B /LENGTH _OF_SIMULATION string assumes a default start time of April 1.

This command specifies the desired length of the simulation. THE /SIMULATION _CONTROL
valid syntax forstringis
This command specifies the beginning of input data that will
® q[unitg apply to the simulation at large, i.e., the length of the simulation
and its integration step, the ambient water temperature,
wherea is a nonnegative real value. The time unit specified wittcommunity’s water level, and various output options.
brackets is converted into days for internal use and subsequent
model output. M /SUMMARY _PLOTS stringy; ...; string,

M /LESLIE_MATRIX _SIMULATION This command specifies the variables whose temporal dynamics
will be plotted at the completion of the simulation. This

This command enables users to massS in a mode that is command, like ANNUAL_PLOTS is a vestigial option oBASS

computationally intermediate betweensss FGeTsand full  v2.1. The options can be specified one per card, or all in one

community modes. When this option is specifiedsssimulates  card, separated by semicolons. Valid options are:

fish population dynamics using the conceptual framework of a

multispecies Leslie matrix population model. A cohort's e afish(variable) generates plots of each species’ total

mortality is predicted using a single, lumped, self-thinning aqueous phase chemical activity as a function of time (day
mortality rate (i.e., Equation (2.84)) without attempting to of simulation) and the species’ age, length, or weight
partition its total mortality into predatory and non-predatory class;

mortality and dispersal as outlined in Sections 2.7 and 2.8.
Although predatory mortality is not simulated, the dietary e baf(variable) generates plots of each species’
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bioaccumulation factor (i.e., the rat / C,) for each

species’ age, length, or weight class;
o
bmf(variable) generates plots of each species’ e

biomagnification factor (i.e., the rat@ / C,,) for each °
chemical as a function of time (day of simulation) and the
species’ age, length, or weight class; °
o
cfish(variable) generates plots of each species’ whole- e

body concentration (ppm) for each chemical as a function

both the epilimion and the hypolimnion. In this case valid options
chemical as a function of time (day of simulation) and there:

temp_epilimnion[meter]=a
temp_epilimnion[meter]=a + B*sin(® + @*t[ xunits])
temp_epilimnion[meter]=file(filename)

temp_hypolimnion[meter]=a
temp_hypolimnion[meter]=a + p*sin(® + @*t[ xunits])
temp_hypolimnion[meter]=file(filename)

of time (day of simulation) and the species’ age, length, oNote that unless specified otherwisgss assumes that its first

weight class;

day of simulation is April 1 and that the 365-th simulation day is

March 31. This assignment can be changed using the command
pop(variable) generates plots of each species’ populationmMoNTH_TO.

density (fish/ha) as a function of time (day of simulation)
and the species’ age, length, or weight class;

B /WATER _LEVEL string,; string,

ti(variable) generates plots of each species’ total bodyThis command specifies a community’s actual water level. For an
length (cm/fish) as a function of time (day of year) and thaunstratified water body only one string option is specified. In this

species’ age or weight class;

wt(variable) generates plots of each species’ body weight e
(g wet wt/fish) as a function of time (day of year) and the
species’ age or length class.

[ J

wherevariable equals “age”, “length”, or “weight”. Each cohort

of the species is assigned to one of five size classes that are
defined byBass based on the species’ largest / oldest and
smallest / youngest individuals.

B /TEMPERATURE diring;; string, °

This command specifies a community’s ambient water
temperatures. For an unstratified water body only one stringor a stratified water body, users must specify the depth of both
option is specified. In this case valid options for this commanehe epilimion and the hypolimnion. In this case, valid options are:

are:

[ ]
temp[celsius]-w generates a constant ambient water e
temperature for the simulation. °

temp[celsius]=w + B*sin(® + @*t[ xunits]) generates a °
sinusoidal ambient water temperature for the simulation e
where a is the mean temperature for the chosen time e
period,p is its amplitude funity, o is its phase angle
(radians), ané=2xn / period is its frequency (1/xunijts

case, valid options for this command are:

depth[meter]=a generates a constant water level for the
simulation.

depth[meter]=a + B*sin(® + @*t[ xunits]) generates a
sinusoidal water level for the simulation wherés the
mean water level for the chosen time perifids its
amplitude yunity, e is its phase angle (radians), and
¢=2n / period is its frequency (1/xunjts

depth[meter]=file(filename) to read and interpolate the
water levels from the fil&ilename. See Section 4.4.3.

depth_epilimnion[meter]=a
depth_epilimnion[meter]=a + B*sin(® + @*t[ xunits])
depth_epilimnion[meter]=file(filename)

depth_hypolimnion[meter]=a
depth_hypolimnion[meter]=a + g*sin(o + ¢*t[ Xunits])
depth_hypolimnion[meter]=file(filename)

Note that unless specified otherwisass assumes that its first

day of simulation is April 1 and that the 365-th simulation day is
temp[celsius]=filefilename) to read and interpolate the March 31. This assignment can be changed using the command

ambient water temperature from the fileename. See
Section 4.4.3.

/IMONTH_TO.

4.3.2. Chemical Input Commands
For a stratified water body, users must specify the temperature of
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The physico-chemical properties and exposure concentrationsedch option must be separated by a semicolon. Valid options are:

each chemical of interest are specified by a block of twelve

commands, i.e., °
/CHEMICAL  string
J[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 commanddHEMICAL must be the first command inthe block e
since it identifies the start of a new set of chemical parameters.
The order of the remaining commands, however, is not
significant. The use of these commands will now be described in
alphabetical order.

M /CHEMICAL string

This command specifies the start of the input for a new chemical.
Each chemical name must be a single character string without
embedded blanks or hyphens. If a two-part name is desired, thee
user should use an underscore “_" as a separating character. 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 conjunction with the
command INITIAL _CONDITIONS to input initial whole-body
concentrations of chemicals in each age class of the fish of
concern and with the commang:=TABOLISM to specify daughter

cbenthosfunits|=fnc generates potential dietary
exposures to fish via benthic organisms according to the
function fnc. Note inBAss 2.1 the six lettered name
cbnths was used to specify this exposure function.

cinsectsjunits|=fncgenerates potential dietary exposures
to fish via incidental terrestrial insects according to the
functionfnc. Note inBAss2.1 the six lettered nansensct
was used to specify this exposure function.

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

cphytoplankton[yunits|=fnc generates potential dietary
exposures to fish via phytoplankton according to the
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
2.1the six lettered namesdmntwas 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 function are specified

products of chemical biotransformation. If the user specifiegithin the indicated brackets. As previously noted for the
chemical exposures via the file option, the indicated name is alggmulation control functions, unless specified otherwizes

used to direct reading of the specified exposure files. Otherwisgssumes that the first day of simulation is April 1 and that the
this name is used only for output purposesss does not use  365-th simulation day is March 31 for all the time dependent

this name to link to any chemical data base.

exposure functions discussed in the following. This assignment

can be changed using the commandNTH_TO.

B /EXPOSURE stringy; ...; string,

_ _ Valid expressions for dietary exposures via benthos, periphyton,
This command enables the user to specify the temporal dynamiggytoplankton, or zooplankton and for benthic sediments are:

of chemical exposures to fish via water or contaminated
sediments or via the ingestion of benthic invertebrates, incidental ¢
terrestrial insects, or plankton. Exposure concentrations specified
by these options are assumed to be completely bioavailable to the
fish. For example, water concentrations are assumed to be actual
dissolved concentrations and not total water concentrations thate
include particle-bound chemical. If multiple options are selected,
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nonfish_name[yunits]=a generates a constant
concentration of toxicant in benthos, periphyton,
phytoplankton, sediment, or zooplankton.
nonfish_name[yunits|=a*cwater[xunits] generates
chemical concentrations in benthos, periphyton,



phytoplankton, sediment, or zooplankton as a chemicadlsers should be very cautious and judicious when using more
equilibrium with the ambient environmental water. If this than one of the above options since the user can easily construct
equilibrium is assumed to be thermodynamic, then th@an exposure scenario that is inconsistent with theoretical
coefficient a generally is equal to the product of the constraints on the fate and distribution of contaminants in aquatic
component’s dry organic fraction and the chemidéls  systems.
Also see NONFISH _BCF.

M /LETHALITY s&tringy; ...; string,
nonfish_name[yunits]=file(filename) to read and
interpolate the concentration of toxicant in benthos,This optional command specifies species-specifig,@r the
periphyton, phytoplankton, sediment, or zooplankton fronthemicals of concern either as an actual concentration value or
the filefilename. See Section 4.4.3. as a QSAR function. Valid string options are:

Valid expressions for insect dietary exposures are: ® Lc50[units](fish_name)=a

cinsectsjunits]= o generates a constant concentration of e Lc50[units](fish_name)=o*Kow[-]" B
the toxicant in incidental terrestrial insects.
wherefish_namds the common name of the fish species to be
cinsectsjunits |=file(filename) to read and interpolate simulated; Kow[-] is the chemical’'s n-octanol / water partition
the concentration of the toxicant in incidental terrestrialcoefficient; 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 geometric mean of

Valid expressions for direct aqueous exposures are: these lethal activities to trigger mortality during the simulation.

cwater[yunits|=a generates a constant aqueouslf the user desires, simulation of mortality associated with the
concentration for the chemical of concern. accumulation of a lethal aqueous chemical activity can be turned-
off by using the command line option “-I" as discussed in Section
cwater[yunits|]=a*csediment[xunits] generates aqueous 4.5.When this is done, howeveasass still calculates the fish’s
exposure concentrations as a chemical equilibrium wittotal aqueous phase chemical activity and reports it as a fraction
the benthic sediments. If this equilibrium is assumed to bef the fish’s estimated lethal chemical activity to provide the user
thermodynamic, then the coefficient generally is with a simple, but useful, monitor of the total chemical status of
assumed to equal the product of the sediment’s organitie fish.
fraction and the chemicalls,.
M /LOG_Ac real number
cwater[yunits|=a+p*exp(y*t[ xunits]) generates an
exponential dissolved chemical water concentration wher&his command specifies the lggpf the chemical's aqueous
a andp have units ofunits andy has units of 1/xunits  activity coefficient. For organic chemicals, if this parameter is
This option can be used to simulate a chemical spill onot specified, BAss will estimate the chemical's activity
one time application of a pesticide. coefficient using its melting point and n-octanol / water partition
coefficient.
cwater[yunits|=a+p*sin(@+¢*t[ xunits]) generates a
sinusoidal dissolved chemical water concentration wher@ /LOG_KB 1 real number
a is the mean dissolved chemical water concentration
(yunits) (over one period)g is the amplitudeyunits), @  This command specifies the lggf a metal’s binding constant
is its phase angle (radians), apd2r / period is its for non-lipid organic matter (see Equation (2.6)). This parameter
frequency (1/xunits This option might be used to is input only for metals and organometals.
simulate the mobilization of sediment bound contaminants
during spring or fall turnover. M /LOG_KB2 real number

cwater[yunits]=file(filename) to read and interpolate the This command specifies the lggf a metal’s binding constant

dissolved aqueous concentration of toxicant from the fildor refractory organic matter. This parameter is used to calculate

filename. See Section 4.4.3. metal binding to the fish’'s dry fecal matter and input only for
metals and organometalics.
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W /LoG_P real number water over its entire liquid range is represented with less than 1%

error by
This command specifies the chemical’s,|d,,, whereK,,, is . ,
the n-octanol / water partition coefficientots_P must be 10&0@ _ 1.37(T - 20) + 8.36x107 (T - 20)
specified for all organic chemicals. Ny 109 +T

(4.2)

wheren; is the viscosity (centipoise) at temperatli€elsius),

B /MELTING _POINT real number } . ; . S
- andn,, is the viscosity of water at 20 Celsius (1.002 centipoise)

This command specifies the chemical’'s melting point (Celsius)(.'o‘tki”s 1978).
This datum, together with the chemical's logP, is used to
calculate the agueous activity coefficient for organic chemical® /MOLAR _WEIGHT real number

when that parameter is not specified by the user. See Yalkows_l%_ . . .
etal. (1983) is command specifies the chemical’'s molecular weight

(g/mol).

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

This optional command specifies species-specific rates of

biotransformation for the chemical of concern either as an actu&fiS command specifies the bioconcentration / bioaccumulation
rates or as a QSAR function. Valid string options are: factors for the nonfish compartments benthos, periphyton,

phytoplankton, and zooplankton either as a numerical constant or
e &T[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 e BCF[](nonfish_name)=a*Kow[-]* B
where Kowl[-] is the chemical's n-octanol / water partition
coefficient; andx andp are real or integer empirical constants.

wheresT specifies the whole-body-referenced biotransformatiofNOte that this command ONFISH_QsArR must be specified for
ratek,, in Equation (2.47)ish_namds the common name of the &Y nonfish compartment that is simulated as a community state
fish species that can metabolize the chemical of conceriariable.

chemical_namis the name of the daughter product generated by
the metabolism of the chemical of concern; Kowl[-] is the?
chemical’s n-octanol / water partition coefficient: arahdp are
real or integer empirical constants. If the user does not wish
simulate daughter products because they are insignificant 8
assumed to be harmles$emical_namean be assigned the
valuenone When daughter products are specified, the user mus
specify all physico-chemical properties of the identified by
product in the same way that the physico-chemical properties o
the parent compound are specified.

e BT[units](fish_name, none)=u*Kow[-]" B

.3.3. Fish Input Commands

{godel parameters for each fish species of interest are specified
y 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,
/MORPHOMETRIC PARAMETERS  string,; ...; string,

M /MOLAR _VOLUME real number

This command specifies the chemical's molecular volume
(cm¥mol) that is used to calculate the chemical’s aqueous

diffusivity, i.e., X X
/PHYSIOLOGICAL PARAMETERS  string;; ...; string,
D =2.101x1077 nl4y7058 (4.1) IFISHERY_PARAMETERS string;; ...; string,
[HABITAT _PARAMETERS string,; ...; string,

whereD is the toxicant’s aqueous diffusivity (ésec);n is the
viscosity of water (poise); andis 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 of a new set of fish
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parameters. The order of the remaining commands is not
significant. The use of these commands will now be described in
alphabetical order.

M /AGE_CLASS DURATION string

This command is used to specify the duration of each age class.
Two character strings, i.e., “month” and “year”, are recognized
as valid options.

B /COMMON _NAME string

[
This command specifies the start of input data for a fish species.
The command’s specified common nastringis used for model
output and as a label for specifying the dietary composition of
other fish species. Each common name must be a single character
string without embedded blanks. If a two-part name is desired,
the user should use an underscore “_" as a separating blank. See
thediet option for the command¢OLOGICAL PARAMETERS
B /COMPOSITIONAL _PARAMETERS string,; ...; string,
This command specifies aqueous and lipid fractions of the fish.
Valid options that must be separated by semicolons are:

® pal-]=a + p*pl[-] specifies the fish’s aqueous fraction as
a linear function of the fish’s lipid fraction.

® pl[-]= o*W[ xunits]" p specifies the fish’s lipid fraction as
an allometric function of its body weight. If a fish's
average lipid content is independent of its body weight
(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 parameters that describe
the fish’s trophic interactions, non-predatory mortality, and
recruitment. Valid options that must be separated by semicolons
are:

e ast yoy[-]=f(b[-]=a, yoy[xunits]=p, pop[yunits]=y)
specifies parameters for implementing accelerated self-
thinning of young-of-year fish (YOY), or more accurately
recently recruited cohorts, that often occurs due to
intraspecies competition for territories, refugia, or other
habitat resources. The functional argumesit]=a
specifies the desired accelerated self-thinning exponent.
The functional argumenpy[xunits|=p defines the age,
length, or live weight threshold below which cohorts will
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be subject to accelerated self-thinning. Valid expressions
foryoyare eitherage’, “tI”, or “wt”. The final functional
argument specifies the population threshold that triggers
accelerated self-thinning. Depending on the assumed
nature of the competition, this threshold can be specified
either as the total density of cohorts satisfying the
conditionyoy[xunits] <B, 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 size class
classduring the months specified biyne. The right-hand
side of the option specifies the prey iteqry,) 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 commandsBIbTA and
/cCOMMON_NAME). Depending on its valueg, is
interpreted either as a constant percent contribution or as
a prey electivity. In particular, if 158100, theng,
designates the relative frequency of that prey in the fish's
diet independent of its relative abundance in the field. On
the other hand, if -1&<1, theng, is considered a prey
electivity (see Equation (2.74)). For any given foraging
class, a user can specify both constant dietary percentages
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 and p 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. For
example,
monthl, e.g.,july, or

month1l-month2, e.g.july-december.

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



“january-december” is assumed. °

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

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

Ip[yunits]=a + B*L[ xunits] or

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

wherea, B, andy are real or integer empirical constants.
If a fish's average prey size is independent of its body

length (i.e.p equals zero), this parameter can be specified
simply as Ipjunits]=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 length, two valid
function strings are recognized, i.e., °

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

wherea, B, andy are real or integer empirical constants. e
If a fish’s maximum prey size is independent of its body
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, two valid
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 of its body
length (i.e.p equals zero), this parameter can be specified o
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 specifieghe speciesmaximumlongevity
or life span.

nm[-]=e*b(p:y)*sg_mul[-] specifiesa cohort’s rate of
dispersabndnon-predatorynortality asa functionof its
habitatsuitability andits long-termspecificgrowth rate
sg_mul[-]. Whereas specifieghefractionof thespecies
total “mortality” thatis attributableto dispersabndnon-
predatorymortality, p andy specifythespeciesminimum
andmaximumself-thinningexponentsrespectivelySee
Equations(2.85) and (2.88). If the user electsnot to
simulatehabitateffectson dispersaland non-predatory
mortality, this parametecanbe specifiedsimply as

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

wherep is the species’averageself-thinningexponent.
Also seethe/ECOLOGICAL PARAMETERSOptionsg_mul].

rbi[-]= a specifiesthe species’ reproductive biomass
investmen((i.e., gramsgametepergramspawningfish)
wherea is realempiricalconstant.

refugia[yunits]=a specifiesa refugepopulationsizefor

eachcohortthat canbe prey for communitypiscivores
where a is real or integer constant.Yunits must be
dimensionallyequivalento fish/ha.lf notspecified BAss

assumesio refugelevel (i.e., refugia[yunits|=0)

sg_mulyunits]=e*W|[ xunits]* p specifies the species’
long-termmeanspecificgrowth ratewherea and} are
real or integer empirical constants.yunits must be
dimensionallyequivalentto day®, and xunits must be
dimensionallyequivalento g wetwit/fish. If notspecified,
BASS canestimatethis parameteprovidedthat the user
specifies the species’ expected body weight at its
maximum age. See /ECOLOGICAL_PARAMETERS option
wt_max(] for details.

tl_rO[yunits]=a specifiesthe species’ minimum total
lengthwhensexualmaturityis reachedvherea is areal
or integerempiricalconstant.

wli[yunits]=a*L[ xunits]* g specifieghefish’slive weight
asanallometricfunctionof its totallengthwherea andp
arerealor integerempiricalconstants.

wt_max[yunits]=a specifiesthe species’expectedive
body weight at its maximumagewherea is a real or
integerempiricalconstantThisparameteisrequireconly
whenthe userhasnot specifiedthe species’long-term
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 specifiedgAsswill estimate the species’ algorithm;

long-term specific growth rate based on its maximum life

span mis[], young-of-year body weighyoy[], and a < w[xunits] < g 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
sgfyunits|=e*W[ xunits)® p*H(y,T,,T,) for a given species all class types must be the same type (i.e.,
age, length, or weight), class types between species can be
(see PHYSIOLOGICAL PARAMETERS option sg[]), Bass  different. The parameters for these models are specified using the
estimates the species’s long-term specific growth rate bAPHYSIOLOGICAL PARAMETERSCOMMand.

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

Species’s |0ng_term Speciﬁc grovvth rate by fishes. Valid Options for this command are:
sg_mu[1/d] =a*WA(-0.732) e stocking[sunits](agefaunits]=a, sizepunits]=,

- seasontime, frequency =schedule) = y specifies the
whereua is back-calculated as outlined by Equation (3.43) stocking rate of fish of age and body siz¢ (i.e., total
using the mean interspecies specific growth exponent (i.e.,  €ngthorlive weight) during the time interval specified by
-0.732) estimated from tlassmodel database. Also see time and the stocking frequency specified sohedule.
Barber (2003). The units of the specified stocking raits must be

dimensionally equivalent to fish/ha. Valid expressions for
e yoy[yunits=a specifies the live weight of fish recruited time are given below. Valid options fechedule are:
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 gfindividuals is
added to the species’ population once a week throughout
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 instrucsass how to calculate ingestion for a once a month throughout the specified period.
particular age or size range of fish. Valid options for this ] ) ) -
command are ® harvesthunits](a<L[units]< B, time) = y specifies the
fractional harvest rate of fish of the specified length class
e allometric(class) to model expected feeding using during the indicated time period. The units of the
Equation (2.58). specified harvest rat@units 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 as many times as

(2.66). needed to define the species stocking and harvest. Additionally,
only nonzero stocking and harvesting rates need to be specified.

Valid expressions fotlass are:

Fishing mortality and harvest can be turned off without deleting

a < alxunitg] < p if the fish's age determines its feeding Eh? us.er.’s harvest p_arameters by using the .command I?ne option
algorithm: -f*. Similarly, stocking can be turned off without deleting the

user’s stocking parameters using the command line option “-s”.

BASS 2.2 March 2008 47



See Section 4.5 for detalils. o hs_namel-]=file( filename) generates time-varying HSIs
either by reading and interpolating HSIs specified by the
M /HABITAT _PARAMETERS string;; ...; string, file filename or by reading and interpolating habitat
variables and then calculating HSIs using user-supplied
This command specifies habitat preferences, tolerances, and logistic regressions. See Sections 4.4.3.
suitability indices for the species.
When HSI multipliers are calculated using user-supplied logistic
Valid options for habitat preferences are: regressions, the desired regressions are specified using the
following options:
e tpref[celsius](class) =y specifies the preferred or optimum
temperature of the age or size class specified within the ® hsi_feeding_equationf] = regression
parentheses.
® hsi_recruitment_equation[] = regression
Valid expressions fotlass are:
® hsi_survival_equationf] = regression
o < a[xunits] < g

a< [[xunits] < where regression specifies a linear combination of habitat
o < W[xunits] < p variablesX; that are transformed or raised to an integer or real

power. Transformations recognizeddnssinclude:
wherea andp are real or integer empirical constants. This option
can be specified repeatedly as needed. Although for a givenLN( X)) =>In X, = log, X,
species all class types must be the same type (i.e., age, length, N 1(X) =>In (X, + 1) = log_ (X, +1)
weight), class types between species can be different. — ! et
LOG( X;) =>log (X)) = log,, (X)

Valid options for habitat suitability multipliers are: 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 ingestion _ .
rate when feeding is modeled with either an allometric, ~*S/N-SQRT_PCT(X) —>arcsm(v 0.01 X, )
Holling, or clearance volume formulation. When a

cohort’s ingestion is back-calculated from its expectecHabitat variables must be specified with units inclosed within
growth rate, the specified HSI is used as a simple linedtrackets, and must match in name and units to column variables

multiplier on the cohort’s specific growth rate. Seespecified by the data fifélename. After evaluating the specified
Section 2.9. logistic regressionBAss 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 function.

dispersal and non-predatory mortality by the time function . .

fnc. This HSI is used to control the species’ self-thinning® /INITIAL _CONDITIONS string,; ...; string,

exponent that determines, in combination with the fish’'s

growth rate, a cohort's estimated dispersal and nonlhis command specifies the species’ initial ages, whole-body
predatory mortality rate. See Section 2.9. chemical concentrations, live body weights, and population 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 delineated 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-

This command specifies the species’ physiological parameters

body concentration of each cohort for the named chemicdibr simulating growth. Eaclstring specifies a physiological
by the specified vector. Each name must correspondarameter of the fish as a constant or temperature-dependent

exactly to a name specified by one of theiEMICAL
commands. The units of measurement that must be
enclosed by brackets must be dimensionally equivalent to
ung/g wet wt.

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

pop[units]={x,, ..., %} to initialize the population density

of each age class with the specified vector. The units
delineated by brackets must be dimensionally equivalent
to fish/ha.

..; string,,

This command specifies the species’ morphometric parameters
that are needed to describe the exchange of chemicals across its
gills. Eachstring specifies a required morphometric parameter
as a simple allometric power function of the fish’s body weight.
Valid options, which must be separated by semicolons, are:

gafyunits]=e*W[ xunits]* § 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 wistedp 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 filaments (i.e.,
number of lamellae per mm gill filament) wherendp

are real or integer empirical constants.

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

length whereo and B 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,

ae_plant[-]=a specifies the fish’s assimilation efficiency
for periphyton and phytoplankton whereis 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[ xunits]* p*H(y,T,,T,) specifies the fish’'s
gastric evacuation whefgis the mass of food resident in
the intestine, and whenre, B, vy, T,, andT, are real or
integer empirical constantginitsmust be dimensionally
equivalent to g dry wt/d. In generak¥2,%s, or 1 (Jobling
1981). This parameter is required only if the feeding
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)

whereWandL are the fish's current live body weight and
total length, respectively; andandp are the coefficient
and exponent for the fish’s weight-length relationship (see
/PHYSIOLOGICAL _PARAMETERS optionwl[-]).

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

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



e rt:std[-]= a specifies the ratio of a fish’'s routine B equals zero for any of these temperature-dependent power
respiration to its standard respiration wheres a real  functions, the termiV[xunits]*0 does not have to be specified.
empirical constant. If not specified by the usexss
assigns a default value equal 2. If a required parameter is not specified, the program will

terminate with an appropriate error message.

® sda:in[-]=a specifies the ratio of a fish’s SDA to its
ingestion wheren is a real empirical constant. If not B /PREY_SWITCHING _OFF
specified by the useBass assigns a default value equal
0.17. This command disable\ss's prey switching algorithms when

a cohort’s expected feeding level cannot be satisfied using the
® sgfyunits]=e*W[ xunits]* p*H(y,T,,T,) specifies the dietary compositions specified by the user. By defaalsss
fish’'s specific growth rate whenrg B, vy, T,, andT, are  prey switching algorithms are enabled.
real or integer empirical constantgunits must be
dimensionally equivalent to ddy This parameter is B /SPAWNING_PERIOD string
required only if the feeding optidimear(-) is used.
This command specifies the months during which spawning

e smlyunitsl=a*W[ xunits]* p*H(y,T,,T,) specifiesthe size occurs. Valid character strings for this command are either the
of the satiation meal consumed during the interval (0, sthame of a month or the names of two months separated by a
wherea, B, vy, T;, andT, are real or integer empirical hyphen. For example,
constantsyunits must be dimensionally equivalent to g
dry wt/d. See optiost[yunits] below. This parameter is ~ /SPAWNING PERIODmay
required only if the feeding optidmlling(-) is used.

OR

® sofyunits|=e*W[ xunits]* p*H(y,T,,T,) specifies the
fish's standard oxygen consumption wherg, vy, T,, and /SPAWNING_PERIODapril-june
T, are real or integer empirical constarmtsmits must be
dimensionally equivalent to mg,@r or mg Q/g wet  The names of the months must be spelled-out in full.
wt/hr.

M /SPECIES string

® st[yunits|=a*W[ xunits]* B*H(y,T,,T,) specifies the time
to satiation when feeding with an initially empty stomachThis command specifies the scientific name (genus and species)
wherea, B, v, T, andT, are real or integer empirical Of the fish to be modeled. When this command is encountered,
constants. See optism[yunits] above. This parameteris BASS uses the specified scientific name to assign default
required only if the feeding optidlling(+) is used. ecological, morphological, and physiological parameters for the

species of interest. These default parameters are then updated
For the optiongjefyunits], mf[yunits], mi[yunits], sgfyunits], =~ with the data that the wuser inputs via the
sm[yunits], sofyunits], andstyunits], /ECOLOGICAL_PARAMETERS /MORPHOMETRIC PARAMETERS and
, ] Y(h-7,) /PHYSIOLOGICAL PARAMETERSCOmMmMands. This option, however,

H(.T,,T,) - exp (v T)( 1- - is not currently operational BASSVv2.2.
2

(4.4)

4.3.4. Nonfish Input Commands
whereT, is the temperature at which each particular process’s
rate is maximum and, is the upper temperature at which the These commands specify simulation parameters for benthos,
process is no longer operative. If the process does not exhibipariphyton, incidental terrestrial insects, phytoplankton and
temperature optimum, then the hyperbolic functit{y,T,,T,) zooplankton. The syntax for these commands is as follows
should be substituted with the exponential function

exp(y*T[celsius]). Consequently, each of these temperature- /BENTHOS string,; ...; string,
dependent power functions can also be specified as [TERRESTRIAL INSECTS string,; ...; string,
/PERIPHYTON string,; ...; string,

o*W[ xunits]™ p*exp(y*T[celsius]) /PHYTOPLANKTON string,; ...; string,
/ZOOPLANKTON string,; ...; string,

As noted for the fish’s morphometric parameters, if the exponent
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Dependingonthe optionsselectedsAss generateshe standing
stocks of these nonfish compartmentseither as community
forcingfunctionsorascommunitystatevariablesAlthoughthese
compartmentsanbesimulatedor anydesireccommunity only
those componentddentified as fish prey are requiredto be
specified (see the diet(.,.)={...} option for
/ECOLOGICAL PARAMETERY. Note, however, becauseBASsSs
assumethatpiscivoroudish switchto benthicinvertebrateand
incidentalterrestrialinsectswhen appropriateforage fish are
unavailablethe benthosandinsectoptionsshouldbe specified
evenwhensimulatingonly piscivorousfish.

When benthos, periphyton, incidental terrestrial insects,
phytoplanktoror zooplanktoraretreatedascommunityforcing
functions,a singleoptionof theform

® biomassjunits]=string
is specified.Valid expressiongor this optionare:
biomasslunits|=a for a constanhonfishstandingstock

biomasspunits]=a + p*sin(e + @*t[ xunits]) for a
sinusoidalnonfish standingstock where a. is the mean
standing stock for the chosentime period, g is its
amplitude(yunity, o is its phaseangle (radians),and
¢=2n / periodis its frequency(1/xunitg.

biomasslunits|=file(filename) to readandinterpolatea
nonfishstandingstockfromthefile filename. SeeSection
4.4.3.

Whereagunitsmustbedimensionallyequivalento g dry wt/m?
for benthos,incidentalterrestrialinsects,and periphyton,for
phytoplanktonand zooplanktonyunits mustbe dimensionally
equivalento gdrywt/L. As previouslynoted Bassassumethat
the first day of simulationis April 1 and that the 365-th
simulationday is March 31. This assignmentanbe changed
using the command /MONTH_T0. This command-option
combinationis equivalentto the Bass v2.1 simulationcontrol
commandBIOTA

When benthos periphyton,phytoplanktonor zooplanktonare
treatedascommunitystatevariablesthefollowing five options
mustbe specified:

® initial_biomass[yunitsj=number. This option specifies
theinitial compartmentatandingstockof thedesignated
componentand is requiredto simulatethe designated
nonfishcompartmenasaBAssstatevariable yunitsmust
be dimensionallyequivalento g dry wt/nm?.
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mean_weightlunits|=fnc. This option specifies the

averagdodyweightof individualswithin thedesignated
nonfish compartment.This parameteris required to

simulatethe designatedionfishcompartmentisa BASS

statevariable yunits mustbedimensionallyequivalento

g dry wt/ind. Valid expression$or fnc are:

mean_weightjunits|=a generates constantiverage
individual bodyweightfor the designategbrey.

mean_weightlunits]=a + p*sin(® + @*t[ xunits])
generateghe averageindividual body weight of the
designategbreyasa sinusoidafunctionof time where
o is themeanbodyweightfor the chosertime period,
B is its amplitude (yunity, o is its phaseangle
(radians)ande=2x / periodis its frequency(1/xunits.

mean_weightlunits]=file(filename) to read and
interpolatethe averagendividual body weight of the
designatedorey from the file filename. See Section
4.4.3.

Unlessspecifiedotherwise ,BAss assumeghat the first
dayof simulationis April 1 andthatthe365-thsimulation
dayis March 31. This assignmentanbe changedising
thecommandMONTH_TO.

ingestionfyunits]=e*W[ xunits]* p*H(y,T,,T,) specifies
the ingestionrate of individuals within the designated
compartmentsa function of their averageoodyweight
and temperaturevherea, B, y, T,, and T, arereal or
integerempiricalconstantsThis parameteis requiredto
simulateeither benthosor zooplanktonas a BASS state
variable yunitsmustbedimensionallyequivalentogdry
wt/d, and xunits mustbe dimensionallyequivalentto g
dry wt/ind.

photosynthesisjunits|=e*W[ xunits]* p*H(y,T,,T,)

specifieghephotosyntheticateof individualswithin the
designateccompartmentas a function of their average
bodyweightandtemperaturevherea, B, y, T,, andT ,are
real or integer empirical constants.This parameteris

requiredo simulateeitherperiphytoror phytopalnktoras
a BASS state variable. yunits must be dimensionally
equivalent to g dry wt/d, and xunits must be
dimensionally equivalentto g dry wt/ind. Currently,
photosynthesiis nottreatedasafunctionof nutrientsand
light availability.

respiration[yunits]=a*W[ xunits]* p*H(y,T,,T,)
specifieghespecificrateof dry organicmatermrespiration
for thedesignatedompartmentsa functionof average



individual body weight and temperature whey@,y, T,,

and T, are real or integer empirical constants. This

parameter is required to simulate the designated nonfish

compartment as aASs 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 state variables,
incidental terrestrial insects are always treated as a community
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. This section describes
the syntax for units that are recognized BASSS input
algorithms. The conversion of user-supplied units to those
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 standard Talile 4.3
summarizes units that are recognize@hgs's unit conversion
subroutines for specifying ecological, morphometric, and
physiological units.

Units and their prefixes can be specified in either upper or lower
case. When prefixes are used, there must be no embedded blanks
between the prefix and the unit name, e.g., “milligrams” is
correct, “milli grams” is incorrect. The circumflex (*) is used to
denote exponentiation (e.g., éns presented as cm”-2). The
slash (/) is used to denote division. If multiple slashes are used
to specify a unit, they are interpreted according to strict algebraic
logic. For example, both “mgl/liter”, and “mg liter*-1" are
equivalent specifications. Similarly, the weight specific 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 these options
® Brackets are used only to delineate units. Dimensionless
parameters like assimilation efficiency, lipid fraction, and
K, must be specified with null units “[-]".
® The order of addition and multiplication is not significant.

Thus, the following specifications are valid and
equivalent.
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temp(celsius)a+p*sin(o + @*t[ xunitg) <=>
temp[celsius]B sin(e*t[ xunitd+o) + o

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

Optionsthat are temperature-dependeat independent
powerfunctionscanbespecifiedbylog,,orIn transforms.
For examplethefollowing optionsarevalid

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

User-specifiedfunctionsdo not haveto be in reduced
form. For example, temperature-dependenpower
functionscanbe specifiedwith a referenceemperature
otherthan0°CelsiusThus,BAsswill correctlydecodehe
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 thetemperatur@lependencis unknown,temperature-
dependenpower functions can be input for a specific
temperaturey® Celsius,in which caseBAss assumes
default Q,,=2. If this featureis used, the reference
temperaturenustbe enclosedy parentheseandfollow
the units specificationof the independentariable.For
examplethefollowing specificationsarevalid

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

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

If eithertheslopeof alinearfunctionor the exponenof
a powerfunctionis zero,the function canbe input asa
constantwithout specifying the expectedindependent
variable.For example,the following specificationsare
equivalent

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

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

Operatorg™* / +-) maynotbeconcatenatedrorexample,
thefollowing optionshaveinvalid syntax



so[mg(o2)/g/hr]= bbenthosfunits] to input the standing stock of benthic

0.1*exp(0.0693*T[celsius])*W[g(fw)}-0.2 invertebrates;
In(so[mg(02)/g/hr])= binsectspnits] to input the standing stock of incidental terrestrial
- 2.30+0.0693*T[celsius]+-0.2*In(W[g(fw)]) insects;
The correct syntax for these options would be bperiphyton[units] to input the standing stock of periphyton or
grazable algae;
so[mg(02)/g/hr]=
0.1*exp(0.0693*T[celsius])*W[g(fw)]*(-0.2) bphytoplankton[units] to input the standing stock of
phytoplankton;
In(so[mg(02)/g/hr])=
-2.30+0.0693*T[celsius]- 0.2*In(W[g(fw)]) bzooplankton[units] to input the standing stock of zooplankton;
4.4.3. User Supplied Parameter Files cbenthospnits)(chemical name) to input the concentration of

chemical name in benthic invertebrates;
If the user specifies a file option for thexPOSURE
ITEMPERATURE /WATER_LEVEL, /BIOTA, /BENTHOS, cinsects[inits](chemical name) to input the concentration of
ITERRESTRIAL INSECTS /PERIPHYTON /PHYTOPLANKTON,  chemical namein incidental terrestrial insects:
[ZOOPLANKTON, Or MHABITAT _PARAMETERS commands, the
designated files must exist and be supplied by the user. Thgeriphyton[units](chemical name) to input the concentration
general format of aAss exposure file allows a user to specify of chemical namein periphyton;
multiple exposure conditions within a single file. Each file record
specifies exposure conditions for a specific time. The genergbhytoplankton[units](chemical name) to input the
format of aBAss exposure file is as follows concentration othemical name in phytoplankton:

! csedimentpnits|(chemical name) to input the sediment

I file: exposure.dat concentration othemical name;

!

/001 timepnity ! see ensuing discussion cwater[units](chemical name) to input the unbound, aqueous
/C1 string concentration othemical name;

ICM  string czooplanktonfunits](chemical name) to input the whole-body

/START_DATA concentration othemical namein zooplankton;

Vip  Vip ... Viyy !comment

Va1 Vap .. Vouy ! COmment depth[unitg] to input water depth.

Vi Varz -+ Varwv ! COMMment hsi_feeding[-]fish name) to input the feeding/growth HSI for

o ) ) the fish species identified within the parentheses.
The records beginning with a slash (/) followed by an integer CJ
identify the type of data (time, exposure concentrationpsj recruitment[-](fish name) to input the recruitment/

temperature, etc.) contained in CJ-th column of each data recoihawning HSI for the fish species identified within the
In this example, NR is the total number of data records in thgarentheses.

file, MV is the number of variables per record, and C1...CM are

the column positions of M exposure variables that are to be reagkj survival[-](fish name) to input the dispersal/non-predatory

Note, however, that MV can be greater than CM and thafortality HSI for the fish species identified within the
C1...CM need not be consecutively numbered. To simplify thgarentheses.

reading of multiple exposure fileBassrequires that “time” be

specified as the first column of any user-supplied exposure filgemperature[units] to input ambient water temperature.
Valid character strings for specifying the remaining data columns

include: wbenthosfunits] to input the mean body weight of benthic
invertebrates;
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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 above are speeifisg,
simply ignores them. Data records can be continued by
appending an ampersand (&) to the line, e.g., the following data
records are equivalent.

Via Vi - Vij Vijer -+ imv

VigVig.o Vi & o

Vijrr Vijrz -+ Mmv

File records must be sequenced such that time is nondecreasing
(i,e., t < t,, i =1, 2, ..., N-1). The time increment between
consecutive records can be either constant or variabs °
calculates the exposure conditions between specified time points
by simple linear interpolation.

4 .5.BASsSInclude File Structure

As mentioned in Section 4.8ASS's input processing routines
allow aBAss project file to be specified using include files of
related parameters. This capability is the cornerstone upon which
theBass GUI has been developed.

[ ]
In order to select an appropriate project / include file hierarchy
for implementation in theass GUI, careful consideration was
given to the perceived needs of researchers and environmental
regulators who would routinely analyze and evaluate similar
scenarios that might differ either in terms of the chemical

can be considered to be independent of the particular
community in which the fish resides, should be contained
within a single include file that is assigned the reserved
extensiorFsH.

All data specifying the structure and function of a
particular fish community should be contained within a
single include file that is assigned the reserved extension
CcMM. These files should use the aforementionedH-.
files as include files intervened with the necessary fish
commands that are specific to the community of interest.
In general, these community-specific fish commands
define each species’ 1) the dietary composition, 2) initial
ages, body weights, population densities, and chemical
residues, 3) habitat multipliers, 4) any desired fishery
parameters, and 5) any fish commands contained within
the specified *sH files that the user wants to have
superceded or updated.

All data specifying the physico-chemical properties for a
specific chemical of concern should be contained within
a single include file that is assigned the reserved extension
PRP

All data specifying a chemical exposure scenario should
be contained within a single include file that is assigned
the reserved extensia@HM. These files should use the
aforementioned ®RPfiles intervened with the necessary
chemical commands needed to specify each chemical's 1)
agueous concentration, 2) dietary exposures via benthos,
insects, periphyton, phytoplankton, and zooplankton, 3)
effects concentrations for specific fish, and 4) any relevant
rates of biotransformation by specific fish.

Lastly, all Bass project files should use the
aforementioned €mM files and *cHwm files to specify the
fish community and the chemical exposures of concern.
All such project files will be assigned the reserved
extensiorPrl

exposures of interest or in terms of the communities of concerfased on these considerations, the general structureAsisa
For example, the USEPA Office of Pesticide Programs routinelproject file is as follows:

evaluates different pesticides for registration based on their

I file: name.prj

. : . : il
expected fate and effects in series of canonical aquatic habitatR,tes: general structure of a BASS project file

| ecosystems. Similarly, the USEPA Office of Pollution!
Prevention and Toxics evaluates the pre-manufacturin

IMULATION_CONTROL
EADER <string>

registration of industrial chemicals in much the same way. TheS@oNTH_T0 <string>

considerations suggested that a practical workixgg project /
include file hierarchy should be structured as follows:

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

! specify chemical exposures (if any)
e All data specifying the bioenergetic, compositional, and¢include ‘exposures.chm’

morphological parameters for a specific fish species th
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1.specify fish community
include ‘community.cmm’



/' END

The chemicalexposurescenaridile EXPOSURESCHM specified
in this projectfile hasthefollowing generaform

I file: exposures.chm

! notes: general structure of a chemical

! exposure scenario  file

1

! specify  physico-chemical parameters

#include  ‘chemical_1.prp’

/| EXPOSUREcwater[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; &
bef[-](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

I end exposures.chm

The general structure of the chemical property file
CHEMICAL_1 PRpspecifiedin theaboveexposurescenaridile is

/' FISHERY_PARAMETERS &
stocking[fish/ha]&
(age[yr]= o,size[gl=  pB,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]= c*wlgdw)  B*h( vt .t 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( o<x[units]< p); &
holling(  a<x[ uni ts]< B); &

linear( o<x[units]<p)
/ COMPOSITIONAL_PARAMETERS &

i : pal]= opll-]+ B; &
I file: chemical_1.prp plFl=  o*wiglt
! notes: general structure of a chemical / ECOLOGICAL PARAMETERS &
! property file yoy[gl= o;wt_max[gl= o mislyrl= o &
! , trolcml= o rhil-= o) &
/ CHEMICAL <string> lplem]= " o*llcm]+ B; &
I LOG_AC <real number> Ip_maxicm]= o*l[cm]+ p; &
/ LOG_P <real number> lp_minfcm]=  of[cm]+ p; &
/ LOG_KB1 <real number> sg_mu[lld]z *wiglr B &
/ LOG_KB2 <real number> wifgl=  o*ifcm]®
/" MOLAR_WEIGHT  <real number> / MORPHOMETRIC_PARAMETERS &
| MELANG, POINT <ront”. numbors galcm 2l crwigl 6; &
_ real number> idlcm]=  o*wlg]* B; &
I end chemical_1.prp ldlcm]= o*wg]* B; &
llem]=  o*wig]*
The communityfile coMMUNITY.cMM specifiedfor the above ~ / PHYSIOLOGICAL_PARAMETERS & _ .
. . . ae_fish[-]= o; ae_invert[-]= o; ae_plant[-]= o &
projectfile hasthefollowing generaform = o restd[= o sdacin[-]= o &
ge[g(dwydl=  oglg]* B*h( vit 1t 5); &
I file:  community.cmm mfllfd]=  o*w[g]* B*h( vt 1t 2); &
| notes: general structure  of a community file mifg(dw)/d]=  o*w[g]* B*h( vit .t 5); &
! sg[l/dl= orw[g]® B*h( vt 1t ) &
#include  ‘fish_1.fsh’ smlg(dw)]= ow[g]* g*h( vt 1.t ;) &
| ECOLOGICAL_PARAMETERS so[mg(02)/h]= otwl[g]® B*h( vit 1t ) &
diet( o<x[ uni ts]< g)={benthos= a, ., fish_n=p, .} & stiminute]=  o*w[g]® B*h( vit 4t 2)
diet( a<x[units]< p)={benthos= o, .., fish_n=p,.}; & “end fish_1.fsh
diet( o<x[units]< p)={benthos= «, .., fish_n=p,.}; &
dlet[(] cx<i<t5(ugl t;‘*]< B)={f[)TnthOSz o, ., fish_n=g, .} & In addition to the file hierarchy outlined above, it was also
nm[-]= o :v)*sg_mul-]; s
ast_yoy[-=f(bb[-]= o Size=p, pop=y) concluded that theasssoftware and GUI should operate within

a fixed directory structure that would accommodate both project-
specific include files and canonical include files that could be
copied and edited as needed for new applications. Consequently,

INITIAL_CONDITIONS &
agefyr]={ o, ., B} &
wilgl={ . B}
pop[fish/ha]={ , B}

o ..
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the BASS installation software creates the directory structure’.cmm, or *.PRrPfiles, BAsSinitially attempts to find these include
files in the current project file’s subdirectory. If these files cannot
be found in the current subdirectoBass uses the extension of
the specified include files to search thish, \COMMUNITY, or
\PROPERTY subdirectories. This prioritized input processing
means that a user can specify a canonicah. file that uses
both canonical and localrFsHfiles.

shown below

C:\BASS
-- BASS_V22.EXE

- BASS GUI executables and DLLs
-~ \FISH -- *FSH

-- \COMMUNITY -- *.CMM

-- \PROPERTY -- *.PRP

-- \PROJECTS - \projectl - *.PRJ
| * CHM
| * DAT

I
\project2
I

The ¥FIsH subdirectory contains canonical versions of tiFsH.

4.6.0utput Files Generated byBASS

BASS generates the following four types of output files

files that specify the bioenergetic, compositional, ecological, and

morphological parameters of individual fish species and that are

used as include files for constructing fish community files.

The toMMUNITY subdirectory contains canonical versions of the
*.cMM files that specify the composition, trophic structure, and
initial conditions for the community’s fishes as well as any

desired fishery and habitat suitability parameters.

The PROPERTYSubdirectory contains canonical versions of the
*.PRP files that specify the physico-chemical properties of
individual chemicals and that are used as include files for

chemical exposure files.

The PrRoJECTdirectory contains subdirectories that are created

by the user for a particular model application. In general, each
application should be assigned its own subdirectory. Three typas

of BAssdata files will generally reside in eaekRoJecTdolder.
These file types are: 1) PrJ files that define the desired
application and any desired variants of the application 2.

files that specify chemical exposures and properties, and 3)

*.DAT files that specify chemical exposures, habitat suitability
multipliers, nonfish standing stocks, water temperature, and

water depth when these parameters are supplied by the “file”

option. A project subdirectory can also contain local copies 0§

either *FsH, *.cMM, or *.PRP files that have been created or

modified for a particular project. Such files may have been

created from scratch or may have been constructed from

canonical files residing in thei$H, \COMMUNITY, or PROPERTY
subdirectories.

BASS's input subroutines process project files assuming that the

an output file that summarizes the user’s input parameters,
any input errors detected byss, and any warnings / errors
encountered during an actual simulation. This file has the
same name of the executed project file with extension
“MSG’. For example, wheBASs executes the project file
INPUT.PRJ the message fileiPUT.MSG is generatedf this
message file already exists, it is silently overwritten

an output file that tabulates selected results of the
simulation. Tabulated summaries include: 1) annual
bioenergetic fluxes and growth statistics (i.e., mean body
weight, mean growth rate) of individual fish by species and
age class, 2) annual bioaccumulation fluxes and statistics
(i.e., mean whole-body concentrations, BAF, and BMF) of
individual fish by species and age class, and 3) annual
community fluxes and statistics (i.e., mean population
densities and biomasses) of each fish species by age class.
This file has the same name of the executed project file with
extension “BSS”. For example, whemss executes the
project file INPUT.PR] the output file INPUT.BSS is
generatedf this file already exists, it is silently overwritten

a Post-script file that contains the plots that were requested
by the user using the commands\MUAL_PLOTS and
/SUMMARY_PLOTS This file has the same name of the
executed project file with extension “PS”. For example,
whenBAss executes the project filePuT.PR] the plot file
INPUT.PSis generatedf this file already exists, it is silently
overwritten

a XML file that outputs daily values of community state
variables as well as integrated annual flow summaries and
annual means for selected state variables. Users can import
this file into thesaAssOutput Analyzer to generate their own
custom plots and tables.

4.7.Command Line Options

paths ofall specified include files are relative to the project file 4 ,n asass simulation that is specified by the project file
INPUT.PR] BASS can be invoked either from thleass GUI or

that is currently being read. Therefore, in the case rsH*.
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https://INPUT.PS

using the UNIX like command line Equation (2.102))
-p => turn on messages associated with feeding and predation

C:\BASS22> bass_v22 -i input.prj -s => turn off fish stocking
-t => run test of theass Runge-Kutta integrator and stop;
Although the “-i filename” option is the only required command results outputted to filBASS INT_TEST.OUT.
line option, the following additional options are available -w => read project file and generate associated message file
without attempting model execution

-c => print distribution of cpu time in major subroutines -z => output ending vectors for age, weight, density, and cfish
-e => output realized monthly dietary compositions for (See *.BSS)

electively feeding fish -? => print this help list and stop (also see -h)
-f => turn off fishing mortality
-h => print this help list and stop (also see -?) For example, the command line
-l=> calculate the total aqueous phase chemical activity of fish

but turn off associated incipient lethality C:\BASS22> bass_v22 -i input.prj -l -c
-m => enable monthly spawning for species with annual age

classes will execute the project filevpuT.PRIWIthout simulating acute
-mba => output mass balance analysis associated with eachchronic chemical lethality and report the distribution of cpu
requested annual summary time spent within various kesass subroutines.

-n => internally calculate rate-based BCFs for nonfish (see
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Table 4.1Valid Unit Prefixes.

Prefix Name Conversion
Factor
atto 108
centi 10
deca 10
deci 10%
exa 108
femto 0%
giga 10"
hecto 102
kilo 10"
mega 10
micro 10°%
milli 10%
myria 1014
nano 10
peta 10"
pico 10*2
tera 102
58



Table 4.2Valid Unit Names for Length, Area, Volume, Mass, Time, 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 Sl
acre 2.471x10* 2 0 0 4840 yard$
are 1.000x10? 2 0 0 100 meter
btu 9.479x1¢* 2 1 -2
calorie 2.388x10" 2 1 -2
cc 1.000x10% 3 0 0 cnt
cm 1.000x10 1 0 0
day 1.157x10% 0 0o 1
decade 3.169x10" 0 0 1 10 years
erg 1.000x10" 2 1 -2
fathom 5.468x10" 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 1.000x10% 0 1 0 grams
gallon 2.642x10% 3 0 0 3.785 liter
gm 1.000x10% 0 1 0 grams
gram 1.000x10% 0 1 0
gramme 1.000x10% 0 1 0
hectare 1.000x10* 2 0 0 100 are
hour 2.778x10" 0 0 1
hr 2.778x10* 0 0 1 hour
imperialgallon  2.200x10% 3 0 0 4.54 liter
inch 3.937x10% 1 0 0
joule 1.000x10% 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 2.205%x10% 0 1 0 pound
liter 1.000x10% 3 0 0
litre 1.000x10% 3 0 0
m 1.000x10% 1 0 0 meter
meter 1.000x10% 1 0 0
metre 1.000x10% 1 0 0
mg 1.000x10% 0 1 0 milligrams
micron 1.000x10°% 1 0 0 10°® meter
mile 6.214x10"* 1 0 0 5280 feet
min 1.667x10? 0 0 1 minute
minute 1.667x10? 0 0 1
mi 1.000x10°% 3 0 0

1.000x10% 0 0

mm
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Table 4.3Valid Ecological, Morphometric, and Physiological Unit 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 1 -2 gram of oxygen
mg(02) 7.3718x1G 2 1 -2 milligram of oxygen
ug(02) 7.3718x10 2 1 -2 microgram of oxygen
ha 1.000x1¢ 2 0 hectare
individuals n.a. 0 0 treated as information as is byte
inds n.a. 0 0 treated as information as is byte
kcal 2.388x10' 2 1 -2 kilocalorie
ul(02) 5.1603x10 2 1 -2 microliter oxygen STP = micromole
mi(02) 5.1603x1G 2 1 -2 milliliter oxygen STP = millimole
1(02) 5.1603x10 2 1 -2 22.4 liters STP = mole
lamellae n.a. 0 0 0 treated as information as is byte
umol(02) 2.3037 2 1 -2 micromole of oxygen
mmol(02) 2.3037x10 2 1 -2 millimole of oxygen
mol(02) 2.3037x10 2 1 -2 mole of oxygen
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5.BAssModel 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 the USEPA

user. The contents of this directory are:

1. BASS V22 ABSOFT.EXE is the most currensass model
executable that has been created with the Absoft MP version

Center for Exposure Assessment Modeling (CEAM) website 9-0Fortran 95 compiler using the standard 32-byte Windows

(http://www.epa.gov/ceampubl/). These downloads are:

1.Install_BASS v22.exeAn InstallShield executable file that
installs theass model software, user's manual, distribution
examples, GUI, and Output Analyzer for Windows NT/2K/XP.

2. Install_ BASS_v22_ModelOnly.exe A WinZip Self-
extracting file that installs only thBass model software,
user's manual, and distribution examples for
DOS/Windows systems.

all

The installation programnstall BASSv22.execreates and
installs the BASS model software, GUI, and Output Analyzer
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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XP operating system running on an IBM IntelliStation A Pro
equipped with dual 64-byte Opteron processors. On single
processor machines, this executable will run approximately 3
times faster than the Lahey-Fujitsu executable; on dual
processor machines, this executable will run approximately 5-7
times faster than the Lahey-Fujitsu executable. Note, however,
that there are minor compiler bugs associated with this
executable that apparently do not affect its computational
accuracy. Also see Section 7.2.7.

2. BASS V22 LAHEY .EXE is the most currenBAss model
executable that has been created with the Lahey-Fujitsu
Fortran 95 version 5.7f compiler. This executable is used as
the defaulAss software executablgass V22 EXE.

3.DIsbLL .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 th@assfish file and community
file generator, described in Section 5.6, with its associated
database files and source code.

6. \coMMUNITY 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 present forghes
software to function correctly. See Section 4.5 (page 56).

7. \DOCUMENTS\BASS MANUAL .WPD is the currentBASS
User's Manual in WordPerfect format.

8.\DOCUMENTS\BASS MANUAL .PDFis the currensAssUser's
Manual in PDF format.

9. \DOCUMENTS\BASS V22 DATA _SUPPLEMENT.WPD is the
current compendium of fish data that can be used to
parameterizeéassin WordPerfect format.

10.\DOCUMENTS\BASS V22 DATA_SUPPLEMENT.PDF is the
current compendium of fish data that can be used to
parameterizeéAssin PDF format.


https://BASS_FISHPAR.DB
https://BASS_FISH_CODES.DB
http://www.epa.gov/ceampubl

11.\FIsH is the folder designed to be a repository of fish filesCurrent BASS DirectoryseeFigure 5.1). If this window is
(*.FsH) that the user wishes to save as a canonical library fonadvertently closed, it can be reopened usingvileer button
the construction of futurBass projects. Although this folder found on the toolbar of the GUI's host wind®ASS version 2.2
is empty, it must be present for tBess software to function
correctly. See Section 4.5 (page 56).

Figure 5.1BAss GUI Current BASS Directorwindow.
12.\PROJECTS contains theBass v2.2 distribution example
projects that are described in Section 6.1 (page 75). All

“ Current BASS Directory

these examples can executed by double clicking on the DQ “§| '_| | | | | | | dd - | | |“9| |
batch fileRUN_EXAMPLES.BAT . 5[0 BASS_Root
[3 community
13.\PROPERTY is the folder designed to be a repository off| = |Fr
chemical property files (PRP that the user wishes to save as - ex_Everglades canal
a canonical library for the construction of futeressprojects. g
This folder must be present for thess software to function - [ ex_Everglades_canal_hg_lesle
correctly, and it is initially populated with chemical property i E 2:‘32:9:2322‘?“?@?*"5
files used by theassdistribution examples. This folder also i ex:L_Hitwe"_‘pcb -
contains the foldeBARBER_2003which contains chemical #-[] ex_L_Hartwel_pch_trans
property files for the chemicals analyzed in Barber’s reviey #- [ ex L_Ontario_pcb
N . #- [ ex_SE_farm_pond %
paper of gill exchange models (Barber, M.C. 2003. Enviro [ property
Toxicol. Chem. 22: 1963-1992). See Section 4.5 (page 56)
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.
[« | o

The installation progranmstall BASS v22 ModelOnly.exe
extracts a copy of the aforementioned installation director

BASS Vv22that does not include theAss GUI subdirectory. bouble-chcklng on a folder's name, icon, or directory node

expands or collapses the folder's contents into or out of the
user’s view, respectively. Double-clicking on a file name opens
the file with one of six GUI file editors based on the selected

file's extension. The GUI's file editors can also be invoked by:
The BASS model and GUI v2.2 has been installed and

successfully tested on systems running Win2000, WinNT4.0and 1 | eft-clicking on the file and pressing tEaiterkey.
WinXP operating systems with various configurations of each. If 2 Right-clicking on the file and then left-clicking dulit.
users are running NT, 2000, or XP operating systems, they mustg Left-clicking on the file and left-clicking on thEdit

have Administrator privileges on their systems in order to install . .
theBass model and GUI software. icon LLI found on theCurrent BASS Directortoolbar.

5.2.Installation Notes

5.3.Installation Procedures When users are edltlng3as_s prolgct file that con_talns mc_lude
files, users can also open file editors for those include files by

For complete installation procedures users are referred to the
BAssinstallation readme file at the USEPA Center for Exposure
Assessment Modeling (CEAM) website
(http://www.epa.gov/ceampubl/).

. Left-clicking on the desired include command and then
left-clicking on the resulting activat&dpen Include File
link (see Section 5.4.1).

BASS output files (i.e., *.BSS, *.MSG, and *.XML), are not
displayed in th€urrent BASS Directorywindow. These files, if

i i _they exist, are accessed via the project files (*.PRJ) that
The BAass GUI has been designed to emulate Microsoft Sgenerated them.

Windows Explorer in much of its form and function. After the
BASSGUI is opened, the first window that users see is the GUI's

5.4.BAss GUI Operation
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BASS message files (*.MSG) and simulation summary filesdouble-clicking on the element name or by left-clicking on the
(*.BSS) can be reviewed by right-clicking on the relevant projecelement and then left-clicking on tpen Editor..button.

file and then left-clicking oWiew Project Message Fita View

BSS Filerespectively. These files can also be reviewed by left-

clicking on the desired project file and then left-clicking on theFigure 5.2 General structure @&ass GUI file editors.

arrow of theFile Viewingicon 0 ~ found on theCurrent community file: everglades_canal.cmm

BASS Directorytoolbar. The File Viewing icon has an Elements of This File: [ — |

associated drop-down selection that enables users to sped cormmentBlack Mave U | MoveDown|

which output file type is to be viewed. If tRéle Viewingicon commentBlack - |

. . . . , . . lagical I emove

is left-clicked directly, the project's message file is opened b 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 project file and then left; intal_conditons e Tagemadih_bass s

. . . . . INclude
clicking on View Output Analyzeor by left-clicking on the commentBlack S
H H . f Al : ecological_parameters

desired project file and then left-clicking on thotting acologioal_parameters

. . initial diti

icon @| found on theCurrent BASS Directorioolbar. nchide e

commentBlock,
ecological_parameters
ecological_parameters
initial_conditions

BASS project files are executed either by right-clicking on the

desired project file and then left-clicking &un Projecior by ol
left-clicking on the desired project file and then left-clicking onj ecolagical_parameters v
the arrow of theExecutionicon # - on the Current BASS Click 'Show Text Wiew' to se= the full text

Directorytoolbar. Like thd-ile Viewingicon, theExecutioricon
has an associated drop-down selection that enables users
specify command line options as described in Section 4.7 (pad€
56). When a project file is being executed, all other GUI
functions are unavailable until the simulation is completed.

Show Test View »» | Apply | ak. | Cancel |

The position of elements can be changed by usin§lte Up

. i ) andMove Dowrbuttons. Existing elements can be removed and
BASS project files can be checked for their syntax and datﬁew elements added by using tRemovebutton andinsert

completeness before attempting execution either by right-clicking ; ., nandbox respectively. When elements are either added
on Fhe desired prqjegt file and then Ieﬂ'C|'9k'ng,\¢ﬂ“date removed, or reordered, however, users must first left-click on the
Projector by left-clicking on the desired project file and thenApp|y button before opening any GUI command editor. The
left-clicking on theValidate Projecticon 1 on theCurrent Apply button is also used to save editorial changes at any time

BASS Directoryoolbar. If the project file has syntax errors or during an editing session.

missing input data, the GUIBvent Viewewill automatically

open and display validation status of the project as well aecause the typicallose“X” button has been disabled on all
associated errors and warnings. Most users, however, will find ®U! file editors, users can exit GUI file editors only by using the
easier to review these errors by opening the project's MSG fil&K andCancelbuttons. These buttons either save or cancel any

as outlined previously, and search for the phrase “ERROR:” tgditorial changes since the last invocation ofApely button.
determine the needed corrective actions. This GUI behavior is designed to preserve the |ntegr|ty of the

GUI's Document Object Model (DOM).
5.4.1. Bass File Editors

Figure 5.3 displays the structure of theass GUI project file
All six GUI file editors have the same essential format and}ditor. This editor differs from the GUI's other five file editors
function as d|sp|ayed iﬁigure 52 CommandS, include f”esi in two ways. FirSt, this editor eXp|ICIt|y identifies all include files
and comment blocks contained within the file being edited arthat will be used by the project. Secondly, any include file that is
displayed in abbreviated form and in order of their appearancdirectly referenced by the project file can be opened and 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 |nd|v|dua”y within tBEement Value belOW theElement ValudDOX Whenever an inClude statement iS
box or as they appear within the file by left-clicking on®mew  highlighted in theElements of This Filbox.
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

-flonda_gar. fzsh
-yellow_bullkead.fsh
--bluegil_sunfish.fzh M

Elements of This File: Open Editar... |

commentBlock
simulation_control
header

month_t0
length_of_simulation

Remove |

Inzert Command

water_lewvel
annual_outputs

commentBlack Element ' alue

commentBlock Hinclude 'everglades_canal.crm'
commentElock [
Open Include File
Click 'Show Test View' to see the: full text
Show Text View = | Apply (n] 4 Cancel °
5.4.2. BAss Command Editors

GUI command editors are opened from GUI file editors as

outlined in Section 5.4.1. In terms of their appearance and
functionality, there are 17 basic command editor types that are

described in the following:

e Simple String Editors that edit the commandseMICAL,
/COMMON_NAME, /HEADER, /SPECIES and include file
specifications (i.e.,I®CLUDES. . . ). Sed-igure 5.4

® Simple String Editor with pull-down selection that edits the
commands AGE_CLASS DURATION and MONTH_TO. See
Figure 5.5

® Numeric Editor with units that edits the command
/LENGTH_OF SIMULATION. SeeFigure 5.6.

-largemouth_bass. fsh L]

Mowve Up | MoveDown| L

ternperature J [
-

Compositionaland Morphometric Editor that edits the
commands /COMPOSITIONAL PARAMETERS and
/MORPHOMETRIC PARAMETERS SeeFigure 5.10

Ecological Editor that edits the command
/[ECOLOGICAL PARAMETERS SeeFigure 5.11 and Figure
5.12

Physiologicaland Growth Editor that editsthe command
/PHYSIOLOGICAL PARAMETERS SeeFigure 5.13

Cohort Initial ConditionsEditor that edits the command
/INITIAL _CONDITIONS. SeeFigure 5.14

Spawning Period Editor that edits the command
/SPAWNING_PERIOD SeeFigure 5.15
Fishery Editor that edits the command
IFISHERY_PARAMETERS SeeFigure 5.16

Nonfish Biotic Editor that editsthe commandgBENTHOS
/PERIPHYTON /PHYTOPLANKTON, /TERRESTRIAL INSECTS
and/zoOPLANKTON. SeeFigure 5.17andFigure 5.18

NonfishBCF EditorthateditsthecommandNONFISH _BCF.
SeeFigure 5.19

Chemical Metabolism Editor that edits the command
IMETABOLISM. SeeFigure 5.20

Chemical Toxicity Editor that edits the command
/LETHALITY . SeeFigure 5.21

Plot Selection Editor that edits the commands
/ANNUAL _PLOTSand/SUMMARY_PLOTS SeeFigure 5.22

As noted with the GUI file editors, the typicalbse“X” button

has been disabled on all GUI command editors. Users can only
exit or close a command editor by using @i and Cancel
buttons. These buttons either save or cancel any editorial changes
since the editor was opened. This GUI behavior is designed to

e Numeric Editor without units that edits the commands] S>€Mve the integrity of the GUI's Document Object Model

/ANNUAL _OUTPUTS /LOG_AC, LOG KB1, LOG KB2,LOG P,
IMELTING_POINT, /MOLAR_VOLUME, and MOLAR_WEIGHT.
SeeFigure 5.7.

® Forcing Function Editor that edits the commarglsTa,
/[EXPOSURE /HABITAT _PARAMETERS /TEMPERATURE and
IWATER_LEVEL. SeeFigure 5.8

® Feeding Model Editor that edits

/FEEDING_OPTIONS SeeFigure 5.9,
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[ ]
the command

(DOM).
5.4.3. Special Function Editors

In addition to the file and command editors described in the
previous section, th@assGUI has two special function editors,

Comment Block Editor that is used to insert comment blocks
before or afteBAss commands, as opposed to end-of-line



comments associated with the individual optiongsafs  TheBassOutput Analyzer (OA) is a dual purpose post-processor
commands. Seeigure 5.23 that enables users to construct customized graphs and tables. This
software can be invoked either from within #ress GUI or as
® Time Series Data Editor for editing external data files that standalone application. Using this software, users can create
are specified as file functions (e.gBlaTA, /EXPOSURE  two and three-dimensional graphs of any state variable that is a
/HABITAT _PARAMETERS, /TEMPERATURE, and valid option for the plotting commandanNUAL_PLOTS or

/WATER_LEVEL). SeeFigure 5.24 /SUMMARY_PLOTS Unlike the plots generated by these
commands, however, users can generate plots for only selected
5.4.4. File and Folder Operations species as desired. Additionally, users can specify arbitrary time

periods of interest as well as change the number of size or age
Using the GUI'sCurrent BASS Directoryindow, users can classes that are plotted. TéressOA also enables users to create
create new files and project folders either from scratch or froraustomized versions of the summary tables that are generated for
existing files and project folders. BSS output files. These tables can be copied and pasted into
either Word or WordPerfect documents.
To create ®aAssproject or include file from scratch, users must
first left-click on the subdirectory (i.e., \COMMUNIY, \FISH, or WhenBASs executes a user’s project file, two XML files are
\PROPERTY) or project folder where the file is to be createdgenerated for use by tlsass OA. Both of these files reside in
The user then must left-click on the drop-down arrow head of thihe project folder of the PRJ file that generated them. The first of
Add New Fileicon |1 -| . When theAdd New Filedrop-down these files contains the actual data that the OA will use for
menu appears, the user must left-click on the desired file type gaphing and table construction. This file bears the same name as
be created. Finally, after the new file appears inGherent  its associated project file but possesses the extension XML.
BASS Directorwindow, the user must complete the naming oflmportantly, it is this file that users must open when using the
the new file. New project folders can be created following thesBAass OA.
same steps.

The second XML file generated for any particuBass
Users can create a file from an existing file by simulation contains general summary statistics of the simulation
and is loaded automatically into the OA when the
1. Left-clicking on the desired file and then left-clicking on aforementioned XML file is opened. The name of this file is the

theCopyicong _ associated project file’s name appended with the stiimg.
2. Left-clicking on the desired destination folder or

. o _ 5.6.Auxiliary BASs Software
subdirectory and left-clicking on tHeasteicon E

To aid users in constructimgssfish files and community files,
Users can also create a new file from an existing file by an auxiliary piece of software namedss CMM_FSHEXE is
distributed with thesass model and GUI software. Using a
1. Right-clicking on the file to be copied and then left- combination of an internal database of fish growth rates and two

clicking onCopy. external database files B4Ss FISH cobesDB and
2. Right-clicking on the destination folder or subdirectoryBASS FISHPARDB), this software can generate default FSH files
and then left-clicking oRaste for many North American freshwater fish. Although these
generated FSH files are setup toBisgs's linear feeding model,
Lastly users can create a new file from an existing file by users can easily edit these files to Bises's allometric feeding

model or a combination of both. Users can also construct
1. Left-clicking on the file to be copied and then pressingmultiple FSH files and an associated, rudimentary CMM file for

CTRL-c. an arbitrary selection of fish using this software. This software,
2. Left-clicking on the destination folder or subdirectory andhowever, does not have a GUI and must be executed by the user
then pressing CTRL-v from a DOS command prompt.
New project folders can be created from existing projects usingio generate a FSH file for a single species of interest, the user
the same procedures. should open a DOS command prompt window and navigate to
the project folder in which they want the file to be generated.
5.5.The BAss Output Analyzer Assuming that the usemssroot directory is:\BASS v22, the

DOS command
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...>C:\BASS v22\BASS CMM_FsSH\bass _cmm_fsh.exe -f
“bluegill” -g “lepomismacrochirus™m “Januaryl10” -l 10-u
33

will generatafishfile for bluegill sunfishwhosegrowthratehas
beencalibratedto anannualsinusoidalwatertemperatureycle
thatvariesfrom 10 to 33 Celsiusand whoseminimum annual
temperatur@ccurson JanuarylO.

To generatanultiple FSHfiles andanassociate€CMM file for
anarbitraryselectionof fish, the usershouldagainopenaDOS
commandpromptwindow andnavigateto the projectfolder in
whichtheuserwantsthefiles to begeneratedAssuminghatthe
user'sBAssrootdirectoryis c:\Bass v22,theDOScommand

...>C:\BASS v22\BASS cMM_FSH\bass _cmm_fsh.exe -i
fishes.datO

will generata FSHfile for eachfish speciesdentifiedin thefile

SPAWNING_PERIODapril-may
paraneter_option_1;, coment/reference
paraneter _option_2; coment/reference

bar aneter_option_n; comment/reference
biomass[kg/ha]= nunber ! or density[fish/ha]= nunber
FISH_END

FISH_START Lepomis macrochirus
COMMON_NAMt#tuegill sunfish
SPAWNING_PERIODapril-october
paraneter_option_1;, coment/reference
paraneter _option_2; comment/reference

bar anmeter _option_n; comment/reference
biomass[kg/ha]= nunber ! or density[fish/ha]= nunber
FISH_END

FISH_START ictalurus puntatus
COMMON_NAMthannel catfish
SPAWNING_PERIODmay-june
paraneter_option_1;, comment/reference
paraneter_option_2; comment/reference

paraneter_option_n; conmment/reference

. ) . o i kg/ha]= ! ity[fish/ha]=
fishes.dat@ndanassociate@MM file. Thefile fishes.dat®nust ,t:)'%TESES,E,S/ A nunber 1 or density[fish/hal number
residein the desiredprojectfolder. An exampleof the general

structureof theseinputfiles is illustratedbelow whereparameter_option_iis anyvalid optionfor the Bass fish

commands \COMPOSITIONAL PARAMETERS,

! File:bass_bluegill_catfish.dat0

\ECOLOGICAL PARAMETERS \MORPHOLOGICAL PARAMETERS OrF

CMM_FILE_NAMEbass_bluegill_catfish.cmm \PHYSIOLOGICAL PARAMETERSthatthe userwantsto supercede
MONTH_TOAugust thedefaultassignmennadebyBASS CMM_FSHEXE. Mostofthe
COLDEST_DAVYJanuary 10 i == :
TEMPERATURE MAXIMURO FSHfiles usedby the exampleBass distributionprojectshave

TEMPERATURE_MINIMUNIO beengeneratedisingearlierversionsof this software.

FISH_START micropterus salmoides
COMMON_NAN#Egemouth  bass

Figure 5.4 GUI commancdeditorfor simplestrings.

Source: species of largemouth_bass fzh

Yalue: micropterus salmoides

Comment:

ak. | Cancel
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File:bass_bluegill_catfish.dat0

Figure 5.5 GUI commandeditorfor simplestringswith drop-downselection.
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 specified units.
length_of_simulation

Source: length_of_simulation of everglades. prj

Camment: |

Parameter Commerts

length_of_simulation

o | Cancel
Figure 5.7 GUI commandeditorfor numericdatafixed units.
annual_outputs
Source: annual_outputs of everglades.prj
Walue: |2D
Carmnmet;
ok | Cancel
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Figure 5.8 GUI commancdeditorfor 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 5.9GUI 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 commandeditorfor compositionabndmorphometrigparameters.
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 commandeditorfor nondietecologicalparameters.

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 5.12GUIl 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 commandeditorfor physiologicalparameters.
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 5.15GUIl commandeditorfor spawningparameters.

spawning_period

Source; spawning_penod of largemouth_bass. fsh

Comment: Iassigned by Lser

Beain Month | End Manth

may jure

Ok I Cancel

Figure 5.16GUI 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 commandeditorfor nonfishbiotaasforcing functions.

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 5.18 GUI commandeditorfor nonfishbiotaasstatevariables.

Source: benthos of everalades.crm

Comment; |

" Use Forcing Function v Use Commurity State Yarables

Log Parameter Urits | temperature Walue Usze File | Comments

initial_biormaz [
mear_weight [
ingestion [

-

rezpiration

aK Cancel

Figure 5.19GUI command editor for nonfish bioaccumulation factors.

nonfish_bef

Source: nonfish_bef of pcb_new.chm

Comment: |

Monfizh_bef Value Commehts

benthos 0.02% oval-] azzsumed gzar

periphykon 0.071 %k owl-] assumed gsar
phutoplankton 0.071 o] azzumed gear
zooplankbon 0.05% oval-] aszumed gzar

Ok Cancel

Figure 5.20GUI commandeditorfor chemicalbiotransformatiorparameters.

metabolism

Source: metabolism of pchtrans. chm

Comment: | half life = 30 days

Fizh Uitz Walue Daughter Product Comments
largemouth_baszz  1/day In(2)430 pcb_metabolite
longnose_gar 1/day In(2)/40 pcb_metabaolite half life = 40 dayz

channel_catfish ~ 1/day In(2)/60 pchb_rmetabalite half life = B0 dayz
blugail_sunfish 1/day In(2)430 hone half life = 30 days
redear_sunfizh 1/day 2000 kowl-]"-0.9) none approximately 0,001

Add a Fish Qg Cancel
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Figure 5.21GUI commanceditorfor chemicaltoxicity parameters.

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 5.22GUl command editor for automatic graphing selections.
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 commenteditor.
commentBlock

Source: commentBlock of largemouth_bass. fsh

References:

Bearnizsh, F.\W H. 1970, Oupgen consumption of largemauth bass, Microptenis salmaoides.
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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
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Arch. Erwiron.Contam. T oxicaol. 19:748-781.
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Ok I Cancel

Figure 5.24Data file editor for forcing functions specified as 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 withghss model
software and GUI. Each project resides in its own folder within
the PROJECTSSUbdirectory.

The example proje@x_EVERGLADES CANAL simulates the
growth and population dynamics of a canal fish community in
the Florida Everglades, USA wusing 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 holbrooki), redear sunfigkepomis microlophys

and yellow bullheads¥meiurus natalis The community file
EVERGLADES CANAL.CMM is used to specify the ecological and
physiological parameters and the initial conditions for these
species. Each species’ daily consumption rate is back-
calculated from its expected growth rate usingss linear
feeding option. The community’s water depth and the standing
stocks of benthos, periphyton, and zooplankton are specified
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 assuming
that largemouth bass, bluegill sunfish, and redear sunfish 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 parameters, initial
conditions, and assumed fishing mortalities. The community’s
water depth and non-fish standing stocks are again specified
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 Everglades canal
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 conditions for the 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 specified using 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 an
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 community file
EVERGLADES CANAL_LESLIE.CMM. Chemical exposures and
properties of methylmercury are provided by the include 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 provided by 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 an
alligator hole fish community in the Florida Everglades, USA
using the project fil&evERGLADES HOLES.PRJ The principal

fish species in these communities are assumed to be bluegill
sunfish, Florida gar, largemouth bass, least Kkillifish
(Heterandria formosg mosquito fish, redear sunfish, spotted
sunfish {epomis puntatys warmouth sunfish Lepomis
gulosu3, and yellow bullheads. The community file
EVERGLADES HOLES.CMM is used to specify the ecological and
physiological parameters and the initial conditions for these
species. Each species’ daily consumption rate is back-
calculated from its expected growth rate usiagss linear
feeding option. The community’s water depth and the standing
stocks of benthos, periphyton, and zooplankton are specified
by the project and community files
EVERGLADES HOLES HG.PRJ and EVERGLADES HOLES.CMM,
respectively. Methylmercury exposures are provided by the
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 dynamics of an open
marsh fish community in the Florida Everglades, USA using
the project fileEVERGLADES MARSH.PR1 The principal fish
species in these communities are assumed to be bluefin
killifish (Lucania goodei), Florida gar, golden top minnow
(Fundulus chrysotys largemouth bass, least Killifish,
mosquito fish, spotted sunfish, warmouth sunfish, and yellow
bullheads. The community filEVERGLADES MARSH.CMM is

used to specify the ecological and physiological parameters
and the initial conditions for these species. Each species’ daily
consumption rate is back-calculated from its expected growth
rate usingeAsss linear feeding option. The community’s



water depth and the standing stocks of benthos, periphyton,
and zooplankton are specified by the project and community
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 projeceEx_L_HARTWELL_PCB simulates the
bioaccumulation of tetra-, penta-, hexa-, and hepta-PCB in a
largemouth bass/ gizzard shad/ sunfish/catfish community in
the Twelve Mile Creek arm of Lake Hartwell, SC, USA using
the project file TWELVEMILE_CREEK PCB.PR1 The
community’s ecological and physiological parameters and
initial conditions are specified using the community file
TWELVEMILE_CREEK.CMM. Chemical exposures and properties
of tetra-, penta-, hexa-, and hepta-PCBs are provided by the
include files TWELVEMILE _CREEK.CHM
\PROPERTWPCB _TETRA.PRP, \PROPERTWPCB PENTA.PRP,
\PROPERTYPCB _HEXA.PRP, and PROPERTYPCB HEPTA.PRP,
respectively. This example demonstratesss ability to
simulate the bioaccumulation of arbitrary mixtures.

The example projecteX L HARTWELL _PCB TRANS also
simulates the bioaccumulation of tetra-, penta-, hexa-, and
hepta-PCB in the aforementioned largemouth bass/ gizzard
shad/ sunfish/catfish community of Lake Hartwell, SC, USA
using the project file WELVEMILE_CREEK PCB TRANS.PRJ

This example, however, allows for the biotransformation of
selected PCB congeners by selected fish species. The
community file TWELVEMILE_CREEK.CMM is again used to
specify the ecological and physiological parameters and the
initial conditions for this community.

The example projecEX_L_ONTARIO_PCB simulates the
bioaccumulation of tetra-, penta-, hexa-, and hepta-PCB in
Lake Ontario salmonids and alewife usingsss “fgets”
option and the project filBARBER ET_AL_1991pPRa This
example is th@Assimplementation of theGeTsapplication
published by Barber et al. (1991). Whereas salmonid feeding
is simulated usingass's Holling feeding option, the feeding

by alewife is simulated usirgpss's clearance feeding option.
The community fileBARBER ET_AL_1991cmm is used to
specify the ecological and physiological parameters and the
initial conditions for this community.

The example projeex_SE FARM_PONDsimulates the growth

and population dynamics of a typical southeastern US farm
pond community using the project fige FARM_POND.PR1

The principal fish species in these communities are assumed 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 parameters and the
initial conditions for these species as well as the standing
stocks of benthos, periphyton, and zooplankton. Each species’
daily consumption rate is back-calculated from its expected
growth rate usin@Ass’s linear feeding option.

6.2. An Analysis of Everglades Mercury
Bioaccumulation

The BASS example projectEX _EVERGLADES CANAL_HG
simulates methyl mercury contamination in a canal fish
community of the Florida Everglades and is constructed as
outlined in Section 4.5. For thsass application largemouth
bass WKicropterus salmoidgs Florida gar I episosteus
platyrhincug, yellow bullheads Ameiurus natalis bluegill
sunfish {epomis macrochirys redear sunfish Lepomis
microlophu3, and mosquito fishGambusia holbrooki) are
assumed to be the dominant species in the habitats of interest.
The sources of the ecological, morphological, and
physiological parameters used by this example are documented
in its associated FSH files. Turner et al. (1999) reported the
mean biomass of large and small fishes across a variety of
Everglades habitats to be approximately 60 kg wet wt/ha.
Initial standing stocks of the bass, gar, bullheads, bluegill,
redear sunfish, and mosquito fish were assigned to be 5, 10,
10, 50, 25, and 5 kg wet wt/ha, respectively, for a total
community biomass of 105 kg wet wt/ha. The water
concentration of methylmercury for the simulation was
assigned to be a constant 0.2 ng/L (Stober et al. 1998) and the
BAF's for benthos and zooplankton were assigned to ¥ 10
and 16 respectively (Loftus et al. 1998).

At the end of the 10 year simulation, the mean annual standing
stocks of the bass, gar, bullheads, bluegill, redear sunfish, and
Gambusiaare 0.867, 1.08, 4.79, 30.0, 35.4, and 2.55 kg wet
wt/ha, respectively, for a total community biomass of 74.7 kg
wet wt/ha.

The simulated whole-body concentrations of methyl mercury
in these species agree reasonably well with unpublished data
collected by Lange et al. and Loftus et al. (1998).FSgere

6.1 - Figure 6.6. BASSs significant over prediction of the
whole-body methylmercury concentrations of redear sunfish is
probably due to the specialized feeding behavior of this
species. In particular, redear sunfish, which are also known as
shellcrackers, often feed almost exclusively on molluscs that
generally have significantly lower methylmercury
concentration than do other benthic macroinvertebrates. The
annual averaged concentrations of methylmercury in



largemouth, gar, bullhead, bluegill, redear @@dmbusia As is typically observed under field conditions (Forrester et al.

weighted by cohort biomasses were 0.842, 0.822, 0.580, 1972, Scottand Armstrong 1972, Crossetal. 1973, Akielaszek
0.440, 0.513, and 0.180 mg Hg/kg wet wt, respectively. When and Haines 1981, Watling et al. 1981, Boush and Thieleke
weighted by cohort densities, the annual averaged 1983a, b, MacCrimmon et al. 1983, Ueda and Takeda 1983,
concentrations of methylmercury in largemouth, gar, bullhead, =~ Wren and MacCrimmon 1986, Braune 1987, Luten etal. 1987,
bluegill and redear were 0.450, 0.491, 0.332,0.237,0.299,and Moharram et al. 1987, Sprenger et al. 1988, Grieb et al. 1990,
0.143mg Hg/kg wet wt, respectively. Loftus et al. report Parks et al. 1991, Gutenmann et al. 1992, Lange et al. 1993,
average whole-body concentrations of methylmercury in  Tracey 1993, Joiris etal. 1995, Munn and Short 1997, Stafford
largemouth, gar, bullhead, bluegill, redear, &ambusiao and Haines 1997Figure 6.1- Figure 6.6 predicts a strong

be 0.967,1.16, 0.443-0.755,0.478,0.247,and 0.247-0.321 mg interdependence between the body sizes of fish and their
Hg/kg wet wt, respectively. The average body weights of  whole-body mercury concentrations.

largemouth, gar, bullhead, bluegill, redear, &@ambusia

analyzed by Loftus et al. were 205, 278, 37.5-92.9, 21.8, 73.0,

and 0.0602-0.218 g wet wt/fish, respectively.
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Largemouth bass (Micropterus salmoides)
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Figure 6.1Predicted and observed methylmercury concentrations of largemouth bass in Florida Everglades canals.
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Florida gar (Lepisosteus platyrhincus)
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Figure 6.2Predicted and observed methylmercury concentrations of Florida gar in Florida Everglades canals.
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Yellow bullhead (Ameiurus natalis)
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Figure 6.3Predicted and observed methylmercury concentrations of yellow bullhead in Florida Everglades canals.
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Bluegill (Lepomis macrochirus)
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Figure 6.4 Predicted and observed methylmercury concentrations of bluegill sunfish in Florida Everglades canals.
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Redear sunfish (Lepomis microlophus)
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Figure 6.5Predicted and observed methylmercury concentrations of redear sunfish in Florida Everglades canals.
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Mosquiotfish (Gambusia holbrooki)
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Figure 6.6 Predicted and observed methylmercury concentratio@anfbusian Florida Everglades canals.
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7. Model Quality Assurance

Quality Assurance (QA) and Quality Control (QC) for Hass  (1993) took exception teGETS predictions that “excretion of
simulation model has been addressed with respect to: PCB through the gills is an important flux in the PCB budget of
lake trout”. Madenjian et al. claimed that this result was not
1) The model's theoretical foundations, i.e., does thesupported by any laboratory study on trout and cited Weininger
model’s conceptual and mathematical framework standuf1978) as proof that gill excretion was, in fact, negligible.

to scientific / engineering peer view? Nevertheless, Madenjian et al. used a single, unidentified
2) The model’s implementation, i.e., does the code actuallgxcretion constant in their model that simply lumps all excretion
do what it is intended to do? pathways (i.e., gill, intestinal, urinary, and dermal) into one.

3) The model’'s documentation and application, i.e., can th&hus, what Madenjian et al. are essentially questioning is not
model be used by the outside research and regulatoRsETSper se but rather the need to use thermodynamically based
community in a meaningful way? diffusion models for bioaccumulation in general.

7.1. Questions Regarding QA of a Model's Scientific The second criticism is theGETSiS overly complex and requires
Foundations too much additional data to parameterize (McKim et al. 1994,
Stow and Carpenter 1994, Jackson 1996). SIRGETSS
7.1.1.sthe model’'s theoretical foundation published in the peebioenergetic model for fish growth is not significantly different
reviewed literature? from those used by several other authors (Norstrom et al. 1976,
Weininger 1978, Thomann and Connolly 1984, Madenjian et al.
With the exception of its population and trophodynamicl1993, Luk and Brockway 1997), this criticism is also generally
algorithms,BAss is based on theGEeTs bioaccumulation and aimed atBAsSs gill exchange model. A recent review and
bioenergetics model that has been published in the peer reviewesimparison of gill exchange models, however, clearly
literature (Barber et al. 1988, 1991). These algorithms have bedemonstrated that there is more than ample literature data to
reviewed and compared with other existing bioaccumulatioparameterize the gill exchange formulations usesdgrsand
models to document their scientific foundation and to verify theiBass (Barber 2003).
predictive performance (see Barber 2003, 2008). The
bioenergetic modeling paradigm tigass uses to simulate fish 7.1.2.How has the model or its algorithms been corroborated or
growth has been employed by many researchers in the paged?
reviewed literature (Norstrom et al. 1976, Kitchell et al. 1977,
Minton and McLean 1982, Stewart et al. 1983, Thomann andasss dietary and gill exchange algorithms have been
Connolly 1984, Cuenco et al. 1985, Stewart and Binkowsktorroborated by comparing its predicted dietary assimilation
1986, Beauchamp et al. 1989, Barber et al. 1991, Stewart agfficiencies and gill uptake and excretion rates to those published
Ibarra 1991, Lantry and Stewart 1993, Rand et al. 1993, Roéh the peer reviewed literature (Barber et al. 1988, Barber 2003,
and Orth 1993, Hartman and Brandt 1995a, Petersen and W&008).BAsS's dietary exchange algorithms have also been cited
1999, Rose et al. 1999, Schaeffer et al. 1999). Since itsy other researchers to explain results of actual exposure studies
constructionFGETShas also been included in numerous reviewge.g., Dabrowska et al. 1996, Doi et al. 2000). For validation of
of bioaccumulation models that are applicable for ecological riskasS's bioenergetic growth algorithms, the reader is referred to
assessments and environmental management (Barron 1990, JoBagber et al. (1991) and the examples herein.
etal. 1991, Barnthouse 1992, Chapra and Boyer 1992, Landrum
et al. 1992, Olem et al. 1992, Dixon and Florian 1993, Wurbsass's predictive performance as an integrated bioaccumulation
1994, Cowan et al. 1995, Campfens and Mackay 1997, Feijtel stodel has been corroborated for organic chemicals by
al. 1997, Deliman and Gerald 1998, Exponent 1998, Howgatamulations of PCBs dynamics in Lake Ontario salmonids,
1998, Vorhees et al. 1998, Wania and Mackay 1999, Bartell earious laboratory studies, largemouth bass-bluegill-catfish
al. 2000, Gobas and Morrison 2000, Mackay and Fraser 2000pmmunities of Lake Hartwell / Twelvemile Creek, SC, and
Bartell 2001, Limno-Tech 2002, Exponent 2003, Sood andennessee stream fishes (Barber et al. 1991, USEPA 1994,
Bhagat 2005). Brockway et al. 1996, Simon 1999, Marchettini et al. 2001,
USEPA 2004). Similarly, Hunt et al. (1992) uset1sto model
Two criticisms have been lodged agamsETsin the literature.  DDT bioaccumulation in caged channel catfish at Superfund
The first of these is th&GETSassumes or attempts to prove thatSites. For sulfhydryl binding metalsgass's predictive
the gill exchange of chemicals is more important than othgverformance has been corroborated by simulations of
routes of exchange (Madenjian et al. 1993). Madenjian et amnethylmercury bioaccumulation in Florida Everglades fish
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communities one of which is presented herein as a typisa  initial value of some state variable of interest that maybe
application. Murphy (2004) also successfully usessto model  itself. Structural sensitivity, which generally cannot be
and analyze mercury bioaccumulation in the South River and tHermulated as a simple partial derivative, typically concerns the
South Fork of the Shenandoah River in Virginia. More recentlynumber and connectivity between the system’s state variables.
BASSwas used to estimate lag times of mercury residues in fishin excellent question regarding structural sensitivity for a model
responding to mercury load reductions as part of ORD’s revielike BASSmight be how does a predator’s population numbers or
of the Agency'’s Clean Air Mercury Rule (CAMR, February 15, growth rate change with the introduction or removal of new or
2005). This work was subsequently incorporated into thexisting prey items?
Regulatory Impact Analysis (RIA) that assessed the benefits of
atmospheric load reductions to aquatic ecosystems (USEPBecause sensitivity is simply a mathematical characteristic of a
2005). model, model sensitivity in and of itself is neither good nor bad.
Sensitivity is desirable if the real system being modeled is itself
Several researchers (Lassiter and Hallam 1990, ECOFRAEnNSsitive to the same parameters, forcing functions, initial state
Aguatic Effects Subcommittee et al. 1998, ECOFRAM 1999perturbations, and structural changes to which the model is
Boxall et al. 2001, Boxall et al. 2002, Reinert et al. 2002) haveensitive. Even though model sensitivity can contribute to
usedBASS's predecessoRGETS to predict acute and chronic undesirable model uncertainty or prediction error, it is important
lethality, and the EPA’s Office of Water's AQUATOX modeling to acknowledge that model sensitivity and uncertainty are not one
system uses theGETIBASS lethal effects algorithm as its and the same (Summers et al. 1993, Wallach and Genard 1998).
principal effects module (Park and Clough 2004). AdditionallyModel uncertainty, or at least one of its most common
the Office of Water has recognizedss as one of the leading manifestations, is the product of both the model’s sensitivity to
models available for simulating time dynamic bioaccumulatiorparticular components and the statistical variability associated
for applications when steady-state methods (e.g., BAFs awith those components.
BSAFs) are considered insufficient (USEPA 2003). The
Commonwealth of Virginia has identifi@hss as an accepted A generalized sensitivity analysis @fass without explicit
tool for its PCB bioaccumulation assessments (VDEQ 2005kpecification of a fish community of concern is undoable.
BAss has also been recommended to the states of Michigan aRdrthermore, the results of a sensitivity analysis for one
Washington as an assessment tool (Exponent 1998, 2003). community generally cannot be extrapolated to other
communities. Issues related ®xsSs sensitivity must be
Whereas Hallam and Deng (2006) implementedtEr9dBASS  evaluated on a case by case basis by the users of the software.
bioaccumulation framework within sophisticated McKendrick Although procedures for enabling users to conduct a variety of
von Foerster partial differential equation models for agestructured sensitivity analyses are currently being developed,
structured populations, Cohen and Cooter (2002a, 2002lpyesently the onus of performing such analyses rests with the
incorporated simpler forms of this framework into more holisticuser. Users interested in issues and techniques related to model
fate and transport exposure software. Lastly, Apeti et al. (2005ensitivity and uncertainty should consult the following papers:
modified FGETSto simulate metal bioaccumulation in shellfish. Giersch (1991), Elston (1992), Summers et al. (1993), Hakanson
(1995), Norton (1996), Loehle (1997), and Wallach and Genard
7.1.3.What is the mathematical sensitivity of the model wit{1998).
respect to parameters, state variables (initial value problems),
and forcing functions / boundary conditions? What is the7.2.Questions Regarding QA of a Model's Implementation
model’s sensitivity to structural changes?
7.2.1.Did the input algorithms properly process all user input?
There are four major classes of mathematical sensitivity
regarding a model’s behavior. These are the model's sensitivifys part of its routine outpuBAss generates a *.MSG file that
to parameter changes, forcing functions, initial state variablesummarizes all the input data that were used for a particular
and structural configuration. The first three of these classesmulation. This summary includes not only a line by line
generally are formally defined in terms of the following partialsummary of the user’s input commands but also a complete

derivatives summary of all control, chemical and fish parametersghss
ox ox ox assigned based on the. user’'s spgc_ified input file(s). The onus is
U L i (7.1) then on the user to verify that their input data has been properly
op; 9Z, 9.X,(0) processed. If not, the user should report their problem to the

) ] ] ] technical contact identified in tlEass user’s guide.
whereX; is a state variable of interegtis some state parameter

of concernZ; is some external forcing function; aKd0) is the
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BAssS hasa seriesof subroutineshatcheckfor thecompleteness
and consistencyof the user’s input data. When missing or
inconsistentdataare detected appropriateerror messagesire
writtento the*.MSG file, andanerrorcodeis setto true.If this
error codeis true after all the user’sinput hasbeenprocessed,
BASSterminateswithout attemptingfurther programexecution.

Toinsurethatall progranmsubroutinesfunctions andprocedures
are transmittingand receiving the correctvariables,all BASS
subroutinesand functions are called using implicit interfaces
generatedby the Lahey/ Fujitsu Fortran 95 5.7f compiler.
Subroutinesand functionsare packagedogetheraccordingto
theirfunctionanddegreeof interaction.TheBAssSv2.2 software
is codedwith one main programPROGRAM BASS MAIN (see
BASS PROGRAMFI0)and33procedurenodulesThesemodules
are:

® MODULE ADAMS_GEAR - subroutinesfor performing
EXAMS Adams-Gear integrations (see
EXAMS_ADAM _GEAR.F90).

® MODULE BASS ALLOC - subroutinesfor allocating and
reallocatingderivetype pointers(seeBass ALLOC.F0).

® MODULE BASS CHECK - subroutinesfor checking the
completenessand 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 parametersand variableshave been
initialized or assignedseeBASS DEFINED.FO0).

® MODULE BASS EXP - subroutinegor calculatingchemical
exposures,community forcing functions, and habitat
suitability multipliers (seeBass _Exp.F90).

® MODULE BASS INI - subroutinesfor initialization of
programvariablegseeBAss INI.F90).

® MODULEBASS INPUT-subroutine$or decodingiserinput
(seeBAss INPUT.FO0).

® MODULE BASS INT - subroutinegor Adams-GearEuler,
andRunge-KuttantegrationgseesAss INT.F90).

® MODULEBASS INT_LOADER-subroutine$orloadingsass
derivedtype variablesinto standardntegrationvectors
(SseeBASS INT_LOADER.F90).

® MODULE BASS 10 - subroutinedor processingiserinput
andoutput(seeBAss 10.F90).

® MODULE BASS ODE - subroutinedor the computational
kernelof theBAss software(seeBass ODE.F0).

® MODULE BASS PLOTS- subroutinegor generatingoutput
plots for BAss v2.1 and earlier as well as for code
developmenandmaintenancé¢seeBAss PLOTSFI0).

® MODULEBASS TABLES- subroutinegor generatingutput
tablesfor BAss v2.1 and earlier as well as for code
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developmenandmaintenancg¢seeBASS TABLES.F90).
MODULE BASS WRITE_CSV - subroutinesfor generating
CSV outputfiles for import into Excel workshets(see
BASS CSV.F90).

MODULE BASS WRITE_XML - subroutinedor generating
XML outputfiles for postprocessindyy the Bass GUI
(seeBAsSS XML.FO0).

MODULE DECODE _FUNCTIONS - subroutinedor decoding
constant,linear, and power functions from character
strings(seeuTL_DCOD_FNC.F90).

MODULE DISLIN - implicit interfacesfor the DISLIN
graphicssubroutine®ISLIN.FI0).

MODULE DISLIN_PLOTS - generalutility subroutinedor
generating2 and 3-dimensional DISLIN plots (see
UTL_PLOTSF90).

MODULE ERROR MODULE - subroutinegor printing error
codes encounteredwith general utility modules (see
UTL_ERRORSF90).

MODULE FILESTUFF - subroutinedor parsingfile names
and obtaining version numbersor time stamps(see
UTL_FILESTUFRF90).

MODULE FLOATING_POINT_COMPARISONS- operatorgor
testingequality or inequality of variableswith explicit
consideration of their computer representationand
spacingcharacteristic§seeuTL_FLOATCMP.FO0).
MODULE GETNUMBERS - subroutines for extracting
numberdrom charactestrings(seeuTL_GETNUMS.F90).
MODULE I0SUBS- subroutinegor assigningppening and
closinglogical units (seeuTL_I0SUBSF90).

MODULE MODULO_XFREAD - subroutinegor readindfiles
that containcomments continuationlines, and include
files (seeuTL_XFREAD.F90).

MODULE MSORT - subroutinedor sortingandgenerating
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 - subroutinedor allocatingand
reallocating integer, logical, and real pointers (see
UTL_ALLOC.F90).

MODULE SEARCH- subroutinegor finding thelocationof
akey phrasewithin a sortedlist (seeuTL_SEARCHFI0).
MODULE SEARCH LISTS - subroutinesfor finding the
location of a value within a sorted list (see
UTL_SEARCH LISTS.F90).

MODULE STRINGS - subroutinesfor character string
manipulationsand printing multiline charactetext (see
UTL_STRINGSF90).

MODULE TABLE_UTILS - subroutinedor generatingself-
formatingtables(seeuTL_PTABLE.FO0).

MODULE UNITSLIBRARY - subroutinesfor defining and



performing units conversions (se®L_UNITSLIB.F90).

[
In general, these procedure modules are coded with minimal
scoping units. Consequently, their component subroutines ande
functions explicitly initialize all required internal variables. This
safeguard is intended to prevent inadvertent use of uninitialized
variables. Whenever possible, subroutine and function argumentse
are declared with INTENT(IN) and INTENT(OUT) declarations
to preclude unintentional reassignments. °

Although global constants and Fortran parameters are suppliede
to program procedures via modules (see question 7.2.3), data
exchanges between program procedures are performed via forma®
subroutine / function parameters whenever possible. The only
notable exceptions to this coding policy are modules that must bee
used to supply auxiliary parameters to “external” subroutines that
are used as arguments to certain mathematical subroutines (e.g®
root finding subroutines). Working areas usedhgs are not

used for data transfers between internal and external procedurese

To simplify the construction and maintenance of the formal

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 typeBASS 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 consumption
MODULE BASS TYPE VMATRIX _LOGICAL - type definition
for DISLIN graphing matrices

MODULE BASS TYPE VMATRIX _REAL - type definition for
DISLIN graphing matrices

MODULE BASS TYPE_ZFUNCTION_PAR-type definition for
user-supplied exposure and forcing functions

parameter lists of margass subroutines and functions and to A good example o8AsS's use of derived type data structures is
help prevent the inadvertent transposition of formal parameterthe derived type variable used to store and transfer the
BASS makes extensive use of derived type data structures. Eaehological, physiological, and morphometric data for a particular
derived type definition is specified within its own module, and alffish species. This derived type is defined by following module

derive type definition modules are maintained in a single file
(Bass TYPESF90.) Derived types used IBaSSV2.2 are:

MODULE bass_type_fish_par

USE bass_type_hsi_par

® 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

TYPE:: fish_par
CHARACTER (LEN=80) :: ageclass, ast_type, ast_var, common_name, &
fmodel_var, genus_species, spawning_interval, temp_var
INTEGER :: fmodel_cls=0, harvests=0, spawnings=0, &
stockings=0, temperatures=0
INTEGER,DIMENSION(:),POINTER::
INTEGER,DIMENSION(:),POINTER::
INTEGER,DIMENSION(:),POINTER::
INTEGER,DIMENSION(:),POINTER::
INTEGER,DIMENSION(:),POINTER::

fmodel=>NULL()
spawn_dates=>NULL()
harvest_date1=>NULL()
harvest_date2=>NULL()
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_on=.TRUE.

REAL :: ae_fish, ae_invert, ae_plant, ast_bb, ast_bnds, ast_pop, &
dry2live_ab, dry2live_aa, dry2live_bb, dry2live_cc, gco2_d, kf_min, &
la, longevity, mgo2_s, rbi, refugia, rq, rt2std, sda2in, tl_r0, wt_max, yoy

REAL, DIMENSION(2) :: ga, id, Id, II, lw, pa, pl, sg_mu, wl

REAL, DIMENSION(3) :: nm

REAL, DIMENSION(4) :: Ip, Ip_max, Ip_min

REAL, DIMENSION(5) :: ge, mf, mi, sg, sm, so, st

REAL, DIMENSION(:), POINTER :: fmodel_bnds=>NULL()

REAL, DIMENSION(:), POINTER :: harvest_len1=>NULL()

REAL, DIMENSION(:), POINTER :: harvest_len2=>NULL()

REAL, DIMENSIONC(:), POINTER :: harvest_rate=>NULL()

REAL, DIMENSION(:), POINTER :: stock_age=>NULL()

REAL, DIMENSIONC(:), POINTER :: stock_rate=>NULL()

REAL, DIMENSION(:), POINTER :: stock_tI=>NULL()

REAL, DIMENSION(:), POINTER :: stock_wt=>NULL()

REAL, DIMENSION(:), POINTER :: temp_bnds=>NULL()

REAL, DIMENSION(:), POINTER :: 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 input parameters
that have already been discussed. For example, the array ga(2®
stores the coefficient and exponent of a species’ gill area function
(seeMMORPHOMETRIC PARAMETERSpage 49). Other components

are secondary parameters that are calculated from the user’'sinpue
data. For example, dry2live_ab, dry2live_aa, dry2live_bb, and
dry2live_cc are constants that are used to calculate a fish’s live
weight from its dry weight (see introduction to Section 2.6. e
Modeling Growth of Fish). Using a declaration of the form

TYPE(fish_par), DIMENSION(nspecies) :: par °

all data defined by the above derived type can be passed to a
BASS subroutine by the simple calling statement °

CALL subi(...., par, ....)

without fear of data misalignment.

use the same global constants or parameters, such constants are

BASS Vv2.2

subroutinegseeuTL_CONSTANTSFI0).

MODULE GEAR DATA - storescontrol parametergor the
EXAMS Adams-Gear integrators (see
EXAMS_ADAM_GEAR _MODULES.F90).

MODULE LOCAL_GEAR_DATA - storescontrol parameters
for the Exams Adams-Gear integrators (see
EXAMS_ADAM _GEAR _MODULES.F90).

MODULE STEP DATA - storescontrol parametergor the
EXAMS Adams-Gear integrators (see
EXAMS_ADAM _GEAR _MODULES.F90).

MODULE STIFF_DATA - storescontrol parametergor the
EXAMS Adams-Gear integrators (see
EXAMS_ADAM _GEAR _MODULES.F90).

MODULE UNITS_PARAMETERS- specifiegparametersised
by the units conversion subroutines (see
UTL_UPARAMS.F90)

uses the

following modules (see

BASS WORK_AREAS.FI0) to define work areas that are common
Toinsure that all program subroutines, functions, and proceduré&s two or more functions or subroutines.

declared and defined within a set of 15 data modules. Thesee

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 BysSs 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

7.2.3.1s the developer reasonably confident that all program

MODULE BASS GRAETZ - specifies parameters used to subroutines, functions, and procedures are using the same
calculate chemical exchange across the fish gills (seglobal constants or parameters?

BASS GLOBALS.F90).

MODULE BASS IOFILES - specifies logical unit numbers for All global constants are defined within their own individual

input and output devices (sBeSS 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 been initialized ®
(seeBASS GLOBALS.F0).

MODULE BASS PRECISION - specifies the precision of
floating point variables as either single, double, or quad e
precision variables. This module also assigns certain
associated floating point constants (see
BASS GLOBALS.F90).

MODULE BASS UNITS - specifies unit conversion factors

that are specific teassfor use byMODULE UNITSLIBRARY °
(seeBASS UNITS.F90).

MODULE BASS WORKING_DIMENSIONS - specifies
“standard” sizes for character variables, input records, etc. ®
(seeBASS GLOBALS.F0).

MODULE CONSTANTS - constants used by utility e
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modules. These modules include

MODULE BASS CONSTANTS - constants used bgasss
computational subroutines (se&ss _GLOBALS.F0).

MODULE BASS NOVALUE - specifies values for integer,
real, and character variables that have not been initialized
(seeBASS GLOBALS.F0).

MODULE BASS PRECISION - specifies the precision of
floating point variables as either single, double, or quad
precision variables. This module also assigns certain

associated floating point constants (see
BASS GLOBALS.F90).
MODULE BASS WORKING_DIMENSIONS - specifies

“standard” sizes for character variables, input records, 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 (see

UTL_UPARAMS.F90) ¥, = arctan(x) - arctan(x,)

Y, = asinh(x) - asinh(x,)

7.2.4.Do all strictly mathematical algorithms do what they are o = 1o101 exp(-100 x)

supposed to? For example, are root finding algorithms 1(1)881 10000

functioning properly? - ———cos(x) + sin(x
g propery 10001 ) 10001 )

u = 2 exp(-x) - exp(-1000 x)

During executiongass must employ root finding algorithms for v = —exp(-x) + exp(-1000 x)

two important types of calculations. The first of these is the
calculation of a fish’s live weight from its dry weight given an
allometric relationship between its live body weight and itsOn the interval [0x<10], the above solutions range in value
fraction lipid, and linear relationships between its moisture, lipidfrom v=0.453999E-04 tg.=0.220255E+05. Besides their large
and non-lipid organic matter fractions. The second type ofiumerical range, the last three equations in this system are
calculation involves the linear transformation of unconditionechumerically stiff (Press et al. 1992, Ascher and Petzold 1998).
dietary electivities into self-consistent sets of dietary electivitiesWhen integrated on the interval [0<10], the ratio of the
These calculations are performed using the combined bisectiomumerical solutions and the corresponding analytical solutions
/ Newton-Raphson algorithm outlined by Press et al. (1992). equaled unity with an absolute error of £10

As mentioned earlieeAsS's differential equations are integrated BASSs Runge-Kutta algorithm has also been compared to the
using a fifth-order Runge-Kutta method with adaptive step sizingdaptive Adams-Gear algorithm employed by the widely used
that monitors the accuracy of its integratismss's Runge-Kutta Exams fate and transport model. These comparisons
integrator is patterned on the fifth-order Cash-Karp Runge-Kuttdemonstrated thahss's Runge-Kutta algorithm was not only as
algorithm outlined by Press et. al. (1992) and was tested usimgcurate as thexams Adams-Gear algorithm but was also

the following system of equations. computationally faster.

dy Jd = 1.0 7.2.5.Are mathematical algorithms implemented correctly, i.e.,
e are the assumptions of the procedure satisfied by the problem of

dyyldx = x interest?

dy,/dx = cos(x)

dy,/dx = cosh(x) Becausesass is a differential equation model, a question of
4

dyJ/dx = exp(x) paramount concern is how its integration between points of

dyglde = 1.0/(1.0 +x) (7.2) discontinuity / nondifferentiability is controlledass, like many

ecological models, utilizes threshold responses, absolute value

_ 2
dy,/dx = 1.0/(1.0 +x7) functions, maximum and minimum functions, and linear

dyg/dx = 1.0//1.0 +x2 interpolations between time series in its formulation and
dyg/dx = ~100 (y, - sin(x))  y,(0) = 1 implementation. Although mostBAss's parameters are updated
du/cbe = 998 1 + 1998 v u(0) = 1 continuously, some parameters that change very slowly a.nd that
dvidc = 999 3-1999 (0) =0 are computationally intensive to evaluate (e.g., dietary

compositions) are updated only daily. All of these features create
points of discontinuity or nondifferentiability. Although there is
The analytical solution to this system of equations is nothing intrinsically wrong with using such formulations in
differential equation models, numerical integrations of such
models must proceed from one point of discontinuity /

N =E nondifferentiability to another.

y,=0.5x%-x0)

¥, = sin(x) - sin(x,) With these considerations in mirehss's computational kernels
¥, = sinh(x) - sinh(x,) (subroutines BASS ODESOLVR and FGETS ODESOLVR) are

¥s = exp(x) - exp(x,) designed to integrateass's differential equations for a single
¥ = In(1 +x) - In(1 +x,) (7.3) day of the desired simulation period. Immediately following the

call of these computational kernegg\ss calculates the dietary
composition of each fish that will be held constant for that day.
The progress of the subsequent numerical integration within the
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day is then controlled by any condition that results in a point dfJsing the “-mba” command line optiomASS performs a
nondifferentiability. The two most important conditions in thiscomprehensive mass balance analysis of its fundamental
regard occur wheBassmust read an exposure file to update thedifferential equations (i.e., Equations (2.1), (2.2), and (2.3)).
parameters for the linear interpolation of one or more exposueassalso calculates and reports mass balances for each cohort’s
variables, or when one or more cohorts are eliminated from thetal biomass and the community’s total predicted predatory
community. In the later caseass also recalculates the dietary mortality and its total predicted piscivorous consumption. For the
compositions of the remaining fish that again will remainexample presented herein, this mass balance is -2.950E-09 g dry
constant for the remainder of the day. Note that recruitment eft/ha/yr. Since this community’s total piscivory is calculated to
new cohorts into the simulated community does not create a poin¢ 8.850E+03 g dry wt/halyr, this mass balance check would
of nondifferentiability forsass since such amendments to the have a relative error of less than'10

community’s structure are performed before calling the

computational kernelASS ODESOLVROIFGETS ODESOLVRand,  7.2.7. Are simulation results consistent across machines or
therefore, constitutes a simple reinitialization problem. compilers?

7.2.6.Are simulated results consistent with known mathematicaass was originally developed on a DEC 3000 work station
constraint of the model? For example, if state variables areising the DEC Fortran 90 compiler. In November 1999, it was
supposed to be non-negative, are they? Similarly, if the modelp®rted to the Windows operating system on the DELL OptiPlex
supposed to mass balance, does it? using the Lahey / Fujitsu Fortran 95 5.7f compiler. Although the
results of these two implementations agree with one another up
BASS's state variables, like those of most physical or biologicato single precision accuracy, due to differences in compiler
models, must be by definition non-negative. However, insuringptimization, model computations must be performed in double
that the numerical integration of a differential equation modeprecision to obtain this level of consistency.
remains constrained to its appropriate state space is not a trivial
issue. Consider, for example, the case when one wants to takinéSeptember 2004Ass was ported to a IBM Intellistation A
simple Eulerian step for a non-negative state variable that hagao workstation equipped with dual 64-byte Opteron processors
negative derivative. If the state variable is to remain- nonand a Windows XP operating system. Bagssource code was
negative, then the largest allowable size for the integration stepen recompiled using the Absoft multiprocessor Fortran 90/95

can be calculated as follows compilers 8.2 MP and 9.0 MP. Although initial compilations
, using these compilers failed due to compiler bugs that have been
yrh) = y@) + hy'@) acknowledged by Absoft Technical Support, workarounds for
, these bugs were successfully implemented. Simulation results of
0<y® +hy® (7.4) theBAssAbsoft MP dual processor executables were in excellent
agreement with those of tBasslLahey-Fujitsu single processor
%((t)) > h where y'(f) <0 executable. With respect to execution times:
y

1) BassLahey-Fujitsu executable runs on standard EPA, single
processor machines were approximately 1.5 times slower than
BASS Lahey-Fujitsu executable runs on the dual processor
workstation.

If his greater than the numerical spacing@®., + & # t), then

an integration step is possible. If the converse is true, however,
the functiony(t) is approximating a step function in which case
the desired integration can simply be restarted with= 0.
There are at least two types of situations that can occur during
BASS simulation that might necessitate this type of corrective
action. The first of these occurs when a cohort experiences
intense predation or other mortality that drives its population to
extinction whereas the second situation might occur when there
is the rapid excretion of a hydrophilic contaminant following the
disappearance of an aqueous exposure. When the derivative fo
a fish’s body weight, population density, or body burden is
negative passverifies whether the current integration step will,

in fact, yield non-negative state values. If nBASS either

executes a simple Euler step of the appropriate size or restarts 9158 Have test and reference / benchmark data sets been
integration with the appropriate state variables initialized to Z€rY s cumented and archived?

a2) BASSLahey-Fujitsu executable runs on standard EPA, single
processor machines were approximately 2.9 times slower than
BASS Absoft MP executable runs on standard EPA, single
processor machines

3)BAssLahey-Fujitsu executable runs on standard EPA, single
[Jrocessor machines were approximately 5.2 times slower than
BASS Absoft MP SOF executable runs on the dual processor
workstation.
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The tenBAss projects discussed in Section 6.1 serve not only ag.3.3.What internal checking can be made to help insure that

BASS distribution examples but also as test projects that tracthe model is being used appropriately?

changes in the operation @&ass associated with code

maintenance and updates. These project files are used @arrently, the only internal checking performeddanss is to

benchmarks to verify that code modifications that should noterify that all parameters needed by the model for a particular

changeBAsSs computational results do not changesss  simulation have, in fact, been specified by the user. Although

simulation output. BASS does assign default values for a limited number of
parameters, most unassigned parameters are fatal errors. Future

7.3.Questions Regarding QA of Model Documentation and versions oBAss will perform bounds checking on many of its

Applications physiological and morphological parameters.

7.3.1. Is the model intended for absolute or comparative7.3.4.Has the developer anticipated computational problem
prediction? areas that will cause the model to “bomb™?

AlthoughBAss can be used to analyze results from actual fieldSeveral key mathematical calculations have been identified as

studies or predict the expected future condition of specific regdotential problem areas foBass simulation. In general, these

communities, its principal intended use is to predict and compaggoblem areas involve either the unsuccessful resolution of a root

the outcomes of alterative management options that aef a nonlinear equation or the unsuccessful integratieass's

associated with pollution control, fisheries management, and / twasic state variables. Examples of the former include situations

ecosystem restoration activities. whenBAsS's calculated dietary compositions do not sum to unity
or when a fish’s live weight is calculated to be less or equal to its

7.3.2.Does the User Guide provide the information needed tary weights. Examples of the latter include situations when the

appropriately apply and use the model? current integration step is less than the numerical spacing of the
current time point, or wheanss's integration error exceeds10

The Bass User's Guide summarizes the model's theoreticaWhen these situations are encounteredss terminates

foundations and assumptions, the model's input commanexecution and issues an appropriate error message to the current

structure, issues related to user file and project management, anelSG file.

software installation. The User's Guide also presents and

discusses the results of one of eight example applications that are

distributed with thesass software.
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8. Planned Future Features

Presentlytenmajorprograndevelopmentareplannedor BASS.
Theseinclude:

Developmenbf canonicafish andcommunitydatabases
(i.e., *FSH and *CMM files) to facilitate easier
applicationof BASS.

Softwareto performmodelsensitivityanalyses.

Implementationof an option to read a simulated or

measuredime serieof dissolvedoxygenconcentrations
that are neededto calculate the fishes’ ventilation

volumes. See Equation (2.12). Currently, BASS uses
saturated dissolved oxygen concentrationsthat are

calculatedasa function of watertemperature.

Development of submodels for simulating the
physiological tolerances of fish to water quality
parameterstherthantoxic chemicals.

Incorporation of quantitative structure activity
relationshipgQSAR’s)to predictmetabolisnof organic
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chemicals.

Developmenofimmigrationalgorithmgor simulatinghe
movemenbf fish into the simulatedcommunitybasedn
habitatparametersuchaswaterdepth,currentvelocity,
availability of prey,etc.

Development of subroutinesto simulate sublethal,
residue-basedffects.

Enable lipid fractions, fecundity, and physiological
mortality to be functionally dependenton the fish’'s
predictedgrowth rate and/or duration of fasting (see
AdamsandHuntingford1997,Simpkinsetal. 2003).

Enable an option for specifying habitat suitability
multipliers on respiratoryexpendituresSeefor example
Swekaand Hartman(2001) and Faceyand Grossman
(1990).

Implementatiorof light and nutrientdependenprimary
productionby phytoplanktorandperiphyton.
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APPENDICES

APPENDIX A. Equilibrium complexation model for metals

As reviewed by Mason and Jenkins (1995), metals can kbat
classified into three different categories based on their

. ) . . P C
complexation behavior and preference for different ligands. 0“0 _ KbRSH

These groups are generally designated as class A, class B, and C. W,H"] (A.6)
borderline metals. Of these, however, class B and borderline

metals are the most important from an ecotoxicological point dtnd consequently

view. Class B metals (e.g., Au, Ag, Cu, Hg, and Pb) c-(psrk + Kb RSH c

preferentially bind to marcromolecules such as proteins and 7| Ta i ow a (A7)

W, [H*
nucleotides that are rich in sulfhydryl groups and heterocyclic W]
nitrogen. Borderline metals (e.g., As, Cd, Co, Cr, Ni, Sn, and Znjo parameterize Equation (A.7) f&SH the following mass

bind not only to the same sites as do class B metals but alsoBalance for the fish’s sulfhydryl content is then assumed
those sites preferred by class A metals (i.e., carboxylates,

carbonyls, alcohols, phosphates, and phosphodiesters). Although TS =RSH + RS~ + E RSM,

factors determining the preference of borderline metals for a !

particular binding site are complex, the fact that the transport and RSHK Kb.C RSH
storage of these metals in fish and other biota are regulated by = RSH + 2+ . N A8
metallothioneins via sulfhydryl complexation reactions suggests [H7] i [H7] (A8)

that the total availability of sulfhydryl groups within organisms
plays a key role in their internal distribution and accumulation.

K Kb, C,
=RSH| 1+ —"+ :

H* . [H?
To formulate complexation reactions for class B and borderline 7] L]
metals, one can assume that protein sulfhydryl groups are thdhere TSis the total moles of sulthydryl ligandRS' is the

only significant ligand for these metals, i.e., moles of disassociated sulfhydryls; akddis the sulfhydryl's
disassociation constant. Therefore,
RSH+M*=RSM +H* (A1)
. . o TS[H*

The stability constant for this reaction is = [H7] A9

[H+]+Ka+2 KbiCa. ( ' )
xp - IRSMI[H'] _ RSM[H '] A2) ; ‘
[RSH][M™] RSH[M'] Using Equation (A.7), however, this expression can be rewritten

where H "] is the hydrogen ion concentration (molai}t T] is as

the concentration of free metal (molar)RSH is the RSH = T8

concentration of reactive sulfhydryls (molarRgM] is the K, Kb, B, (A.10)

concentration of sulfur bound metal (moldRSMis the moles 1+ = +E PP K \W I;* Xb.RSH ’

of metal bound to sulfhydryls; afiSHis the moles of free, non- 7] ( atty 0w,> WIH'] + Kb,

disassociated sulthydryl. If a fish’'s metal concentrations G.g., _ . _ '
.C,,C,,andC,) are expressed on a molar basis, then thgvhereri—C/i w,, is the fish’s total burden (mol/fish) of metal

following identities hold For most class B metals, however,
[M*]=C, (A.3) (Pa + P,Kowi>Ww [H*] < Kb,RSH (A.11)
RSM=C,P, W, (Ad) Consequently, Equation (A.10) can be simplified to
TS-Y. B,
_ s _ ] ‘
¢ RSH = ) A.12)
c,=| P +PK _+P —°|C (A.5) K, B, K, (A.
f a [ ow °C a 1+ + E 1+ —
a [H*] = RSH [H]

where W,, is the fish’s kilogram live weight. Substituting T

. . . ?_Thi i then b bstituted into E ti A7) t
Equations (A.3) and (A.4) into Equation (A.2), one can verify 's expression can then be substituted into Equation (A.7) to
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calculate the fish agueous phase metal concentrations. researchers have investigated the occurrence of MTs in the liver,
kidney, and gills of fish, and most have shown that tissue
To use the aforementioned complexation model (i.e., Equatioconcentrations of MTs generally vary with metal exposures.
(A.12) substituted into Equation (A.7)), one must specify bothUnder moderate exposures, typical hepatic MT concentrations in
the metal’s stability constant (see Equation (A.2)) and the totdilsh are on the order of 0.03 - 0.30 mol(MT)/g(liver) (Brown
concentration of sulfhydryl binding sitd$S (mol SH/g dry wt)  and Parsons 1978, Roch et al. 1982, Klaverkamp and Duncan
within the fish. Although numerous studies have investigated th£987, Dutton et al. 1993). Using data from Takeda and Shimizu
sulfhydryl content of selected fish tissues, it appears that no stug$982) who report the sulfhydryl content of skipjack tuna
has attempted to quantify the total sulthydryl content of fish. AKatsuwonus pelamis MTs to be approximately 25
reasonable approximation of this parameter, however, can still meol(SH)/mol(MT) and assuming a dry to wet weight ratio equal
made since data do exist for the major tissues (i.e., muscle, livé.2, these MT concentrations would be equivalent to 3.75 - 37.5
kidney, gill, and intestine) typically associated with metal mol(SH)/g(dw liver). This range of values suggests that the
bioaccumulation. hepatic sulfhydryl content of fish, that includes both baseline MT
and cytoplasmic components that can be converted into MT,
Iltano and Sasaki (1983) reported the sulfhydryl content afight be on the order of 40 mol(SH)/g(dw liver). This latter
Japanese sea bassteolabrax japonicusmuscle to be 11.5 value, however, is probably too conservative. Consider, for
mol SH/g(sacroplasmic protein) and 70.5 molexample, the observation that the ratios of mercury
SH/g(myofibrillar protein). Using these authors’ reported valuegoncentrations in liver to those in muscle often vary from 1.5 to
of 0.0578 g(sarcoplasmic protein)/g(muscle) and 0.12®& or more (Lockhart et al. 1972, Shultz et al. 1976, Sprenger et
g(myofibrillar protein)/g(muscle), the total sulthydryl content of al. 1988). If liver and muscle are equilibrating with the same
Japanese sea bass muscle is estimated to be 9ibfernal aqueous phase, then either the MT sulfhydryls are more
mol(SH)/g(muscle) or45.6 mol(SH)/g(dw muscle). Opstevediavailable than are the sacroplasmic and myofibrillar sulfhydryls
et al. (1984) reported the sulfhydryl content of Pacific mackeredr the inducible concentrations of hepatic MT are much higher
(Pneumataphorus japanicusnd Alaska pollock Theragra than 40 mol(SH)/g(dw liver). Of these two possibilities, the
chalcogrammamuscle to be 6.6 and 6.2 mmol(SH)/16 g(muscldatter appears more likely.
N), respectively. Using conversion factors reported by these
authors, these values are equivalent to 48.7 and 56.7 mol/g(éMthough gill, kidney, and intestine MTs have not been studied
muscle). Chung et al. (2000) determined the sulfhydryl conterib the same detail as hepatic MTs, it appears that MT, and hence
of mackerel $comber australasicusmuscle to be 88.2 sulthydryl, concentrations in gills and kidney are lower and not
mol(SH)/g(protein). Using the conversion factor 0.83as inducible as hepatic concentrations (Hamilton et al. 1987a, b,
g(protein)/g(dw muscle) (Opstevdt et al. 1984), this value iXlaverkamp and Duncan 1987). Klaverkamp and Ducan (1987)
equivalentto 73.2 mol(SH)/g(dw muscle). Several studies havestimated the concentrations of gill MT in white suckers
determined sulfhydryl contents of the actomyosin and myosi(iCatostomus commersoni) to be 33 g(MT)/g(gill) which is
components of fish myofibrillar proteins (Connell and Howgatesquilvalent to 3.3 nmol(MT)/g(gill) or 0.0825 mol(SH)/g(gill).
1959, Buttkus 1967, 1971, Takashi 1973, Itoh et al. 1979This latter value agrees well with the estimated concentrations of
Sompongse et al. 1996, Benjakul etal. 1997, Lin and Park 199&)nidentified binding sites (0.03-0.06 mol/g(gill)) for copper on
Because the results of these studies agree well with thhke gills of rainbow trout®ncorhynchus mykisand brook trout
actomyosin analysis reported by Itano and Sasaki (1983), tt{€alvelinus fontinalis(MacRae et al. 1999), but is somewhat
results of Itano and Sasaki (1983), Opstevedt et al. (1984), ahigher than the concentration of unidentified binding sites (0.013
Chung et al. (2000) can be assumed to be representative of fish.03 mol/g(gill)) for copper, cadmium, and silver on the gills
in general. Consequently, the sulfhydryl content of fish musclef rainbow trout and fathead minnowRirfhephales promelas
can be assumed to be on the order of 45-70 mol(SH)/g(d¢Playle et al. 1993, Janes and Playle 1995).
muscle).
Based on these considerations and the acknowledgment that
Although the sulfhydryl contents of liver, kidney, gills, and many other important organic compounds contain sulfhydryl
intestine have not been measured directly, the sulfhydryl contegtoups, e.g., enzymes involved in fatty acid synthesis,
of these tissues can be estimated from their metallothionegiutathione, etc., it seems reasonable to assume that the
concentrations. Metallothioneins (MT) are sulfur-rich proteinssulfhydryl content of fish is approximately 70 mol(SH)/g dry
that are responsible for the transport and storage of heavy amtl Because Davis and Boyd (1978) reported the mean sulfur
trace metals and that are also usually considered to be tbentent of 17 fish species to be 206 mol(S)/g dry wt, this
principal source of sulfhydryl binding sites in these tissuesssumption implies that almost 1/3 of a fish’s sulfur pool exists
(Hamilton and Mehrle 1986, Roesijadi 1992). Numerousas sulfhydryl groups.
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The aforementioned complexation model was implementethe stability constants of methylmercury, howesss over
within BASsusing 70 mol(SH)/g dry wt to calculate the fish’'s predicted the bioaccumulation of methylmercury in fish by at
total sulfhydryl content. The mean dissociation constant foleast an order of magnitude. Consequently, a much simpler
organic sulfhydryls was then assigned ag pl9.25 (i.e., the distribution coefficient algorithm was adopted.

SPARC estimated pKor cysteine). Using literature values for
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APPENDIX B. Canonical equationsfor modelingdiffusive chemicalexchangeacrossfish gills with ventilation and perfusion
effects.SeeSection2.2for background information and notation.

If chemicalexchangeacrosdish gills is treatedassteady-state,
convective masstransportbetweenparallel plates, then the
following PDE andboundaryconditionscanbe usedto model
chemicaluptakefrom andexcretionto the interlamellarwater:

2
3 x| poC_p&C (B.1)
2 r’ oy dx?
aC
9|~y
o |, (B.2)
1
p€¢| -_x C(r,y)—ca——Zthﬂ &|(B.3)
x=r qp Y ox x=r

Toobtainacanonicakolutionfor thisgill model theseequations
canbenondimensionalizedsingthefollowing transformations:

Cc-cC,
0= c (B.4)
X
X= - (B.5)
_yD
Y= v (B.6)

Applying thesetransformationschemicalexchangeacrossa
fish's gills is describedy thefollowing dimensionles®DEand
boundaryconditions:

é(l —X2) Va_® =@ (B.7)
2 oY ax?
0®
921 -0
x|, (B.8)
N,
00 2rhV | 00
D =N le,T) - f_ dv| (B.9)
a1YX=1 qp Y oX X=1

where Ny, =k, rD ™' is the gills’ dimensionlesslamellar
permeability(i.e., Sherwoochumber);and N;, =IDV ' r 2 is
thegills’ dimensionlestamellarlength(i.e., Graetznumber).

The boundarycondition (B.9) describingexchangeacrossthe
secondarjamellaehowevercanbesimplifiedbynotingthatthe
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solutionof Equation(B.7)is separabld,e.,0(X, Y)= ®(X)¥(Y)
andthatq, = 2 rhV is the ventilationvolume of anindividual
interlamellarchannel.Using theseobservationspne canthen
write

do
| =
D x|
N, (B.10)
9, do
- Ng,|o()¥(D) - = — f‘I’(v)dv
q, dX |y, .

thatcanthenbedifferentiatedwith respecto Y to obtain

d¥ do|
dY dx|,_,
(B.11)
dv 9, do
- N lo(1) &= + p(r) = 42
|00 Gy YOG

Because¥(Y) = exp(-% A2 Y) where A is the constantof
separationfor Equation (B.7), the preceding equation is
equivalento

_%Q}d_q) =
dX|y_
(B.12)
N |- ) + 2 42
9, X |y,

which canberearrangedo yield
%A N,
%2\ -(q,/4,)Ng,

Althoughthisboundarconditionisdependenntheeigenvalue
A, theeigenvaluexpansiorfor thesolutionof Equation(B.7)is
still straightforwardWalter1973,Fulton1977).Notethatasthe
fish’s perfusiorrateincreaseghisboundaryconditionconverges
to

do
dx

] o(1) (B.13)

X=1

o
ax

= - Ny, (1)
X=1

(B.14)

whichis theboundaryconditionoriginally usedby Barberetal.
(1991).

SeeBarberet al. (1991)for the methodusedto constructthe
seriessolutionfor the dimensionlesdulk concentratiorof the
aforementione@®DEgill exchangenodel(i.e.,Equation(2.28)).
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APPENDIX C. Derivation of the consistencycondition for feedingelectivities.

Toderiveaselfconsistencgonditionfor afish’s electivitiesand
relative prey availabilities such that its calculated dietary
frequenciesvill sumto unity, considerthefollowing

WhenEquation(C.3)is substitutednto Equation(C.5),onethen
obtains

1 1+e . 2e. f
d-f e ffl =Y Ji_g (C.6)
e = (C.1 i=1 1 -e, -1 1-e¢
d |
or equivalently
¢ <di +f:) =d,-f, (C.2) " e f,
171 :0
Z 1 ¢ (C.7)
1+e,
d; = 1-e /i (C.3) Finally, adding Zf, =1 to eachside of Equation(C.7), the
' following consistencyonditionis obtained
SummingEquation(C.2)overall i thenyields z": e, f; of] =1
1| 1-¢ !
n n n (C8)
Eei(di+-f;)=zdi_zf; (C.4) = S -1
i=1 i=1 i=1 ~ 1- ei
Y e(d +f)=0 (C.5)
i=1
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