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Foreword

This report describ&the theoretical developmermiarameteration, and application softwaré @ generalized, community-bake
bioaccumuldion modé called Bass (Bioaccumulationrand Aquatic System Simulator). This nodd is designd to predit the
popuationand bioaccumulation dynansicf age-structure fish communitie thd are exposd to hydrophols organic chemicaland
class B ad borderlire metas tha complexwith sulfhydryt groups (e.g cadmium copper, ¢ad, mercury, nickeljlger, and zinc).
Thisreport is not a caseusty on the application @assbu rathe a reference and usgeguide The intendd audience tthis report
andassociatd softwares research fishesecologistshioaccumultdon reearchersand ERA environmentéascientists ad ecologists
whomud routinely analyze and gsiate bioaccumulation of cheaails in fish for ecological chuman health exposure assessments.

BASSversion 2.13 a beta tassersion thais beirg rekeased on a targeted & EPA Progran and RegionhOffi ces ad to the
acalemicresarch community focommem and teging. Although the mdd has not keen extensivglfield-testal, its praess-based
agorithmsfor prediding chemcal bicaccumulation, grovt of individud fish, predator-prginteractions and populaon dynamics
eitherhave been corroborated or lelreen formulated using wigedccepted ecologicahd ecobxicological principlesEven when
aprocess-bagemodehas undergone owlimited field teging, it can be an extremelisefutool. Process-basenodet enabd users
to obsene quantitatively th resits of a paticular abstraction of th real world. Moreover, such modealan be argued to be the only
objectivemethod to mak extrapoléions b unobserve or unobservabl conditions If the conceptualization and constiioa of
process-baseshodek ae boh comprehensi (i.e., holisti¢ and reasnable, then thebutput vdidated or not can $ll be used for
compardive analyses. A mdel’s alility t o simulaé trends ad comparave dynamics aren fact often more irportant neasures of
amodel’s uility than is its alility to replicae a specific fial or leboratory stidy. AlthoughBAasscan be used to analy resits from
adual field studies, its princigantended ue is o predi¢ and compare the outcomef alternative managemeroptions thaare
associatd with pollution control © ecosystem managemniem restoréion activities.

Rosemar C Russo, Ph.D.
Director

Ecosystera Research Division
Athens, Georgia



Abstract

BASS (Bioaccumulationand Aquatic System Simulator) is a Fortran 95 simuian progran tha predicts te populéion and
bioaccumulatiordynamics d age-structure fish essemblage tha are exposé to hydropholi organic pollutantsral cless B ad
borderlinemetat tha complex with sulfhydryl groups (e.g cadmium copper, éad, mercury, nickeljlger, and zinc). The odel's
bioaccumulation algoritheiae based on #usion kindics and are couptéto a process-bagenodé for the growh of individual
fish.The nmodel's exchang algoithms conside both biological attribute d fishes and physico-chensial poperties d the chemicals
of concen tha determire difusive exchange acss dgll membrans and integina mucosa Biological chaacterigics usé by the
modelinclude the fists gll morphometry feedirg and growth rate, and proximetonpostion (i.e., its fiactiondaqueouslipid, and
structuralorganc content) Relevan physico-chential poperties ae the chemica'aqueous dfusivity, n-octanol/watepartition
codfficient (K, ), and, for metalsbinding coéficients o proteins ad othe organt matterBAsssimulates the growh 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 specified by defining one or more foraging classes for each fish species
based on either its body weight, body length, or age. The dietary composition of each of these feeding classes is specified as a
combination of benthos, incidental terrestrial insects, periphyton/attached algae, phytoplankton, zooplankton, and one or more fish
species. Population dynamics are generated by predatory mortalities defined by community’s food web and standing stocks, size
dependent physiological mortality rates, the maximum longevity of species, and toxicological responses to chemical exposures. The
model’s temporal and spatial scales of resolution are a day and a hectare, respectively. Currently, BAsS ignores the migration of fish

into and out of the simulated hectare.
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1. Introduction

Fish health can be defined from both an ecological and a human
health/value perspective in a wide variety of ways. Questions
relating to fish health from an ecological perspective often
include:

1) Is individual fish growth and condition sufficient to
enable them to survive periods of natural (e.g.,
overwintering) and man induced stress?

2) Avre individual fish species able to maintain sustainable
populations? For example, is individual growth
adequate for the fish to attain it’s minimum body size
required for reproduction? Is there adequate physical
environment for successful spawning? Is there
adequate physical habitat for the survival of the young-
of-year?

3) Do regional fish assemblages exhibit their expected
biodiversity or community structure based on
biogeographical and physical chemical considerations?

4) Are regional fish assemblages maintaining their
expected level of productivity based on
biogeographical and physical chemical considerations?

5) Are appropriately sized fish abundant enough to
maintain piscivorous wildlife (e.g., birds, mammals,
and reptiles) during breeding and non-breeding
conditions?

6) Are potential fish prey sufficiently free of contaminants
(endocrine disruptors, heavy metals, etc.) so as not to
interfere with the growth and reproduction of
piscivorous wildlife?

From a human health or use perspective another important
guestion related to fish health is:

7) Is the fish community/assemblage of concern fishable?
That is are target fish species sufficiently abundant and
of the desired quality? Fish quality is this context is
often defined in terms of desired body sizes (e.g., legal
or trophy length) and the absence of chemical
contaminants.

Some of the important metrics or indicators that have been
typically used to assess such questions include 1) physical
habitat dimensions, e.g., bottom type and cover, occurrence of
structural elements such as woody debris or sand bars, mean and
peak current velocities, water temperature, sediment loading,
etc., 2) community species and functional diversity, 3) total
community biomass (kg/ha or kg/km), 4) the population density
(fish/ha or fish/km) or biomass (kg/ha or kg/km) of the
community’s dominant species, 5) the age or size class structure
of the community’s dominant species, 6) annual productivity of

the community and its dominant species, 7) individual growth
rates or condition factors (i.e., the fish’s current body weight
normalized to an expected body weight based on its current
length), and 8) levels of chemical contaminants in muscle or
whole fish for human or ecological exposure assessments,
respectively.

From the perspective of evaluating alternative management
options or of assessing expected future consequences of existing
conditions, simulation models that can predict the individual and
population growth of fish and their patterns of chemical
bioaccumulation are important tools for analyzing several of the
dimensions of fish health identified above.

Although the growth of individual fish has often been described
using empirical models such as the von Bertalanffy, logistic,
Gompertz, or Richards models (see for example Ricker (1979)
and Schnute (1981)), process-based bioenergetic models such as
those described by Kitchell et al. (1977), Minton and McLean
(1982), Stewart et al. (1983), Cuenco et al. (1985), Stewart and
Binkowski (1986), Beauchamp et al. (1989), Stewart and Ibarra
(1991), Lantry and Stewart (1993), Rand et al. (1993), Roell and
Orth (1993), Hartman and Brandt (1995a), Petersen and Ward
(1999), Rose et al. (1999) , Schaeffer et al. (1999), are
becoming the models of choice for predicting the growth of fish.
Because these models predict fish growth as the mass or energy
balance of ingestion, egestion, respiration, specific dynamic
action, and excretion, they can generally be parameterized
independently of their currentapplication. Moreover, because of
the inherent difficulties in obtaining reliable field-based
measurements of the population dynamics and productivity of
fish, researchers are increasingly using such bioenergetic models
to characterize these population and community level endpoints.
See for example Stewart and Ibarra (1991) and Roell and Orth
(1993).

The ability to predict accurately the bioaccumulation of
chemicals in fish has become an essential component in
assessing the ecological and human health risks of chemical
pollutants. Not only are accurate estimates needed to predict
realistic dietary exposures to humans and piscivorous wildlife
but such estimates are also needed to assess more accurately
potential ecological risks to fish assemblages themselves.
Although exposure-referenced toxicological benchmarks such as
the LCs, and the EC, have been widely used to make hazard
assessments, most deleterious effects of chemical pollutants are
caused by the internal accumulation of those compounds, rather
than their environmental concentrations per se. Numerous
authors (Neely 1984; Friant and Henry 1985; McCarty et al.
1985; McCarty 1986; Connell and Markwell 1992; McCarty and



Mackay 1993; Verhaar et al. 1995; van Loon et al. 1997) have
discussed the need to consider chemical bioaccumulation
explicitly when assessing expected ecological consequences of
chemical pollutants in aquatic and marine ecosystems. Residue-
based toxicity studies confirmthis supposition (Opperhuizen and
Schrap 1988; van Hoogen and Opperhuizen 1988; Donkin et al.
1989; Tas et al. 1991; van Wezel et al. 1995; Driscoll and
Landrum 1997).

Although the concentrations of moderately hydrophobic
chemicals in fish often can be predicted accurately by assuming
equilibrium partitioning of the chemicals between the fish’s
organic constituents and the aqueous environment, this approach
frequently fails to predict observed concentrations of extremely
hydrophobic chemicals and metals that are often the chemicals
of greatest concern. Observed deviations can be in either
direction, with calculated contamination levels being both
considerably above and below those predicted by equilibrium
partitioning. Several factors can be identified to explain these
discrepancies.

Lower than expected contamination levels can result when the
length of exposure is insufficient to allow chemicals to
equilibrate. Because bioconcentration and bioaccumulation are
generally treated as linear, first order kinetic processes, the time
needed for chemicals to equilibrate between fish and their
exposure media is an increasing function of the elimination half
lives of those chemicals in fish. For example, the time required
for chemicals to achieve 95% of their equilibrium concentrations
is approximately 4.3 times their elimination half lives. Because
the elimination half lives of chemicals generally increase as their
hydrophobicities increase, the time needed for chemicals to
reach equilibrium concentrations in fish also increases as a
function of chemical hydrophobicity. Consequently, for
extremely hydrophobic chemicals such as polychlorinated
biphenyls (PCBs) and dioxins that have elimination half lives
ranging from months to over a year, the time to equilibrium can
be on the order of years. If the species of concern is relatively
short lived, the time needed for equilibrium can exceed their
expected life span. Even when there is sufficient time for
equilibration, whole body concentrations of fish can be much
lower than that expected from thermodynamic partitioning due
to physical dilution of the chemical that accompanies body
growth or to the biotransformation and metabolism of the parent
compound.

One of two possible assumptions are implicitly made whenever
equilibrium-based estimators are used. The first of these
assumptions is that only the selected reference route of exposure
is significant in determining the total chemical accumulation in
fish. The alternative to this assumption is that there are actually
multiple routes of exposure which are all covariant with the

chosen reference pathway in a fixed and constant manner. In the
case of bioconcentration factors (BCFs), the implicit assumption
is that virtually all of the fish’s accumulated body burden is
exchanged directly with the water across the fish’s gills or
possibly across its skin. Although direct aqueous uptake is
certainly the most significant route of exchange for moderately
hydrophobic chemicals, dietary uptake accounts for most of a
fish’s body burdens for extremely hydrophobic chemicals. This
shift in the relative significance of the direct aqueous versus the
dietary pathway is determined by the relative rates of exposure
via these media and by a fundamental difference in the nature of
chemical exchange from food and water. Consider, for example,
the relative absolute exposures to a fish via food and water. The
fish’s direct aqueous exposure, AE n.g/day,is the piodud of its
ventilation volume, Q mL/day, and the chemical ajueous
concentrationC,, wg/mL. Similarly, the fishs dietay exposure,
DE wug/day,is the podud of its feedirg rate F g/day, and the
chemcal’s oncentration in thésh’s prey C, 1.g/g. Assuming
thatthe fish feed only on one type foprey tha has equilibrated
with the watey one can calculatwhen the fists ajueous ad
dietary exposurs ae equausing the equéions

AE = DE
QC,=FC (1-1)
Q/F = BCF

Usingdata from Stewar et al. (1983) ad Erickson and McKim
(1990)the vetilation-to-feedirg raio for a 1 kg tout would be
onthe order of 1€* mL/g. Assumirmy the quantitatie structure
adivity relaionship (QSAR) for the tut’s prey isBCF = 0.048
K(Mackay1982, one would conclude thatdod s the trout’s
predominantoute d exposure fo any chental whos octanol/
water partition codficient is greater tha 1(°. For extremely
hydrophobt chemicalsnot ony will fish be more exposeda
foodbu they probabl will assinmilate chemicad from food more
effectively than fran the water Although chemgal exchange
from bot food and wateoccu by pasive diffusion, uptake
fromfood, unlike direct uptak from water does not recessaly
relax the dffusion gradient into the fis This fundamental
difference resuts from the digesion and asimnilation of food
thatcan actually cawsthe chemicalancentrationsfathe fish’s
gutcontens o increas (Connolly axd Pedersen 1988;0Bas et
al. 1983. Prediting resdue leves for chemcals whose
principal route o exchang is dietay is furthe complicated
sincemod fish species deanstrae well definel sze dependent,
taxonome, and tempotatrends regardig the prey they
consumeConsequentlyone would not generallyxgpect a single
BAF to be sfficiently accurag for risk assessmestfar dl fish
species o even differert sizes 6the same species.

Process-basedhodetk thd descrile the kinetic exchange of
chemicalsfrom food and wateand the growh of fish provide
objectiveand scientifically defensiblools tha can overcome



many of the limitations of equilibrium-based predictors of
bioaccumulation identified above. Although numerous models
have been developed to describe the dynamics of chemical
bioaccumulation in fish, (Norstrom et al. 1976; Thomann 1981,
1989; Jensen et al. 1982; Thomann and Connolly 1984; Gobas
et al. 1988; Barber et al. 1991; Thomann et al. 1992; Gobas
1993; Madenjian et al. 1993), these models differ significantly
with regard to how food web structure and dietary exposures are
represented.

This report describes the theoretical framework,
parameterization, and use of a generalized, community-based,
bioaccumulation model called BASs (Bioaccumulation and
Aquatic System Simulator). This process-based, Fortran 95

simulation model is designed to predict the growth of individuals
and populations within an age-structured fish community and the
bioaccumulation dynamics of those fish when exposed to
mixtures of metals and organic chemicals. The model is
formulated such that its parameterization does not rely upon
calibration data sets from specific toxicokinetic and population
field studies but rather upon physical and chemical properties
that can be estimated using chemical property calculators such
as CLOGP (http://www.biobyte.com/bb/prod/clogp40.html) , or
SPARC (Carreira et al. 1994;
http://ibmlc2.chem.uga.edu/sparc/style/welcome.cfm), and on
ecological, morphological, and physiol ogica parametersthat can
be obtained from the published literature or computerized
databases.




2. Model Formulation

To model the chemical bioaccumulation and the growth of
individuals and populations within an age-structured fish
community, BASS solves the following system of differential
equations for each age class of fish

dB
E:g*Ji’M (2-1)
dw,
_dt:FfEfRfEXfSDA (2-2)
dN
i NM - PM (2-3)

where B and W, denote the chemical body burden («.g/fish) and
dry body weight (g(pw)/fish) of the average individual within
the age class and N denotes the age class’s population density
(fish/ha). In Eq.(2-1) J,and J, denote the net chemical exchange
across a fish' s gill§rom the water and across its intestine from
food, respectively, and M denotes the chemical’s
biotransformation or metabolism. In Eq.(2-2) F, E, R, EX, and
DA denote the fish' s feeding, egestion, routine respiration,
excretion, and specific dynamic action (i.e., the additional
respiratory expenditure in excess of R required to assimilate
food), respectively. Although many physiologically based
models for fish growth are formulated in terms of energy content
and fluxes (e.g., kcalffish and kcal/d), formulating a
physiologically based growth model in terms of dry weight is
fundamentally identical to the former since the energy densities
of fish depend on their dry weight (Kushlan et al. 1986; Hartman
and Brandt 1995b). Finally, in Eq.(2-3) NM and PM denote the
age class’s non-predatory and predatory mortality, respectively.
Although migration can be a significant process in determining
population sizes, this process is presently ignored in BASS.
Though it may not be immediately apparent from the above
notation, these equations are tightly coupled to one another. For
example, the realized feeding of fish depends on the availability
(i.e., density and biomass) of 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 is determined by its rate of feeding and the
levels of chemical contamination in its prey.

The following sections describe how each mass flux in the above
system of equations is formulated in BASS. Table 1 summarizes
the definitions of all the variables used to develop these
equations. Because the system of units used to formulate
chemical exchanges is essentially the CGS-system (centimeter,
gram, second) and the system of units used to formulate a fish' s
growth is the CGD-system (centimeter, gram, day), some units

conversion is necessary to make the coupled system of equations
dimensionally consistent. The reader should also note that
whereas the growth of fish is described in terms of dry weight,
modeling the bioaccumulation of chemicals in fish requires
knowledge of their live weights since the following formulations
of the bioaccumulation process will be developed in terms of
diffusive exchange between aqueous phases.

2.1. Mod€ling Internal Distribution of Chemicals

Chemical exchanges across gills of fish and from their food are
generally considered to occur by passive diffusion of chemicals
between a fish’s internal aqueous phase and its external agueous
environment whether it be the surrounding ambient water or the
aqueous phases of the fish’s intestinal contents. Consequently,
to model these exchanges one must first consider how chemicals
distribute with the bodies of fish. If individual fish are conceptu-
alized as a three-phase solvent consisting of water, lipid, and
non-lipid organic matter, then their whole body chemical
concentration can be expressed as
C, - % - P.C, +PC +PC,
f

(2-4)

[ C Co]
Pa+PI€+Po€ C,

a a
where W, is the fish’s live weight (g(Fw)); P,, P,, and P, are the
fractions of the whole fish that are water, lipid, and non-lipid
organic material, respectively; and C,, C, and C, are the
chemical' sconcentrations in those phases. Because the
depuration rates of chemicals from different fish tissues often do
not differ significantly (Grzenda et al. 1970; van Veld et al.
1984; Branson et al. 1985; Norheim and Roald 1985; Kleeman
et al. 1986a, 1986b), internal equilibration between these three
phases can be assumed to be rapid in comparison to external
exchanges. For organic chemicals this assumption means that
Eq.(2-4) simplifies to

(2-5)

where K, and K, are partition coefficients between lipid and
water and between organic carbon and water, respectively.

Cf - Pa + PIKI * POKO) Ca

For metals, however, Eqg.(2-4) is in theory more complicated.
Although metals do partition into lipids (Simkiss 1983), their
accumulation within most other organic media occurs by
complexation reactions with specific binding sites.
Consequently, for metals it would seem that the term P,C,/C, in
Eq.(2-4) should be formulated as a function of an appropriate



stability codficient and the availality of binding stes.
AppendixA. summarzes a equilibrium complexéion model
that was intially formulated for BASs Despite its pparent
correctness,this algoithm greatly overesmated metd (in
particula mercury) bioaccumulation in fish. lthough this
overedimation can be atthuted to severbfactors the most
likelyexplandion for the algoithm’s unsésfactory performae
istha kinetics limits the complexation of mekan fish. Because
kinetic modding was ansiderd to be inappropriatio the time
scales of mog of the othe major processe represented
elsewherel BASS a much simplealgorithm was alopted.

Becausemany fae and transport adek (eg., EXAMS and
WASP) havwe successily used operdiondly defined
distributioncodficients K, to modé the accumulation of metals
in organc media, the same appich wa aoptel for BASS
Thus, for a metal

Cf - Pa * I:)I KI * PoKd) Ca (2_6)
wherekK is agan an appropri& patition codficients betveen
lipid and wate and K, is a1 appropriat metal spcific
distributioncosdficient. Although this equaion appeas ideriical
to Eq.(2-5) for organ contaminantsthe relatie values bK,
andK, in reldion toK, can be remarkapldifferent See Section
3.1.

BecauseC,, equas C, at equilibrium, it follows from Eq.(2-4)
tha the thernodyname bioconcentrationdcta (K, = C/C,, at
equilibrium) for a chemical in fish would be

P, + PK, + P,K, for organics

K = (2-7)

P, + PK, + P,K, for metalics

2.2. Moddling Exchange from Water

Because chemical exchamgacrss tte glls of fish occus by
simple diffusion, such exchangean be mdelal by Fick' s first
law of diffusion & fdlows

3,-Sk%(c, - ¢l (2-8)
where§; is the fish' s totd gill area (cin k, is the chemical's
conductancécm/g acrass the glis from the interlamellawater,
and C, is the chemical's mncentratios gg/mL) in the
environmentalwater. ®e Yalkowsk et al. (1973) Mackay
(1982),Mackay ad Hughs (1984), Goba & al. (1986), Gobas
and Mackgy (1987), and Erickson and Mcii (1990). When
Egs.(2-4)and (2-7) areubdituted into ths equdion, one then
obtains

J, = Sk

C
Cw B _f] (2_9)
K 5

Althoughaccordirg to Fick' s first lav the conductankgof a
chemkal acr@s a fishs gll could be specifieds a ratio of the
chemtal’sdiffusivity to the thicknessf@n essociatd boundary
layer, implementtion of this defirition can be pwblemdic
becausehe thickness fothe boundary layevaries abng the
lengthof the gll' s seondary laméae and $ a fundion of the
gill' s veriilation velodty. To circumvent this mblem a fish’s
netchemcal exchang rate S, k, , canbe obgctively esimated
by reformulding the gllI' s n& chemical excharegas

Jg = Q(C, - Cy (2'10)

whereQ is tre fish' s vertilation volune (cifs) andC; is the
bulk concentration of thchemical in the watexpired from the
gills. When Egs. (2-8)rad (2-10) are equadeit follows that

C

Cy -
Sk, = Q c——cB] (2-11)

w a

Despiteits gppearance, the righand side dthis equaion can
bereadly quantified. In particulaythe vetilation volune d fish
can be eimated by

2
Q - —e
%o, “wo,

(2-12)

whereQ, is the fish’s rae o oxygen consumptiongg/s), ¢, is
the fish' s oxyge essinilation dficiency andC,, o, is the water’s
dissolvedoxygen concentrationg/mL). And if one now makes
certain sssumpions oncerniry the geomety of the interlamellar
spaces ad thenature ¢ mass transport bet®en the secondary
lamdlae,the normézed buk concentration of te exhalant gill
wate (C,-Cp)/(C,-C.)can also be formulated.

Becauséhe dlI' s secondary lanfiae fom flat channek having
very high aspect rati® (i.e, mean lam#ar height / interlamellar
distance)the lamellae can be considdras parallé plates and
theflow of wate between then can be treateds&oiseille slit
flow (Hills and Hughes 1970; Steverand Lightfoot 1986).
Under this assumfion, an expreson for a chemical' s
concentrationin the buk exhalart gill water can be obtained
usingthe soltions d the patial differertial equaion (PDE that
describesteady-stat conective mass transport bedwn parbel
plates, i.e.,

3

2
x o

(1
ay ox?

- x3) Vv (2-13)

whereV (cm/9 is the dllI's nean interlamiéar flow veloaty, D
(cnP/s)is the chemicad aqueous dfusivity, andx andy are the
lateraland longfudind coordinates d the channkalong which

diffusion and convection occursespectivelyln this equaion
C=C(x,y) denotes the chemica$ interlaméar concentration at



the distancesx from the surfae d the lamdlae andy alongits
length. The sudces of adjcert lamellae ag located Bx =+ h
whereh is the hydraulic radiusfdahe lamdlar channéwhich
equalsore haf of the interlaméar distanced (cm). The midline
between adjacen lamellae $ therefore denoteby x=0. The
meaninterlamdiar flow velodty, V (cm/s), can be formulatieas
theratio of the fish’s ventilation volum o the cres sectional
poreareaX, (cnt), of its glls. Becaus this pore aressirelated
to the gI' s lamdlar surface area by

S, d
X == (2-14)
whered (cm) is the mean interlarfiar distance ant(cm) is the
meanlamdlar lengh (Hills and Hughs 1970), a fish’'s man
interlamdar flow velodty is given by

_ QI

5. d (2-15)

To sole the above PP two boundary conditions mube
specified. Becaus adjacenlamellae presumaplexchang the
chemcalequdly well, the solutions shodlbe synmetrical about
the channel's midline To insure thé characterigc, the boundary
condition

aC
oX

=0
x=0

(2-16)

is assumel. The second necesgdroundary condition must
describehow chemtal exchang acres tte secondary lanfiee
adually occurs Assuming stad/ stak diffusion from the
interlamd ar water b the fish’'s aqueous dad, ths boundary
condition can be formulateas

aC o -
A [ty - c,) (2-17)
where k., is the permeality of the gll membrare (cm/s).
Although ths boundary condition codibe usd as is (Barbeet
a. 1997, it can also be modifteto addres potentibperfusion
limitation of gill uptake To accomfssh this tak a formuldion
patternel afte Erickon and McKim (1990)can be usg In

particular, conside the following reformulaion
p

| = *a(Cw) -Cc)

X=h

(2-18)

p

- —km[C(h,y) —(ca(l) e ')])

where C,(y) denotes the aqueous phasoncentratin of the
chemralat pointy along the lendit ofa secondary lantia, C(I)
=C, denotes the chemical's concentration in the afferdamellar
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blood,U(y, I) is the chemicafaccumulated ratof uptale (..g/s)
aong the lamiar segmenty, I], andg, is the laméar perfusion
rate(cn¥/s). If both sides of the lamia uptake chemgal, then
U(y, I) can be formula as

aC

—| dzd
oX y

Xx=h

Uy, 1) = nyl fOZD
(2-19)
dy

:22Df'£
y aXx:h

wherez denotes the height (ciyof the secondary lartta. Using
this expression, the boundary condith (2418) can now be
written as

e

oX

oC

p 9C 2zD
oX

a, fv

Oncethe solution of Eq.(2-13) for the®oundary conditions has
beenobtained, the chemicalbuk concentration in the exhalant
gill water can be evaluated using the weighteverage

fo" cx0) (1 - x?) dx
RN FErEr @2

that €aleseach concenttin profle C(x, I) by its reldive
velodty.

x=h

= K, [ c(hy) - C, - dy) (2-20)
x=h

A canoncal solution to Eq.(2-13)can be obtairge by
nondmensioningC(x, y), X, andy as follows

C-cC,

R (2-22)
X -2 (2-23)
_ybD

Y= v hZ (2-24)

where h is the hydraulic radius of the lamellar channel (i.e., one-
half the interlamellar distance). When this is done, the chemical's
dimensionless bulk concentration is given by

c ¢, fol O(X,Ng,) (1 - x?) dx
° C, G fl(lfxz)dx
0

where Ng, = (1 D) / (V h?) is the lamellae's dimensionless length
or Graetz number. Two important points concerning this
expression can now be made. Firstly, one can easily verify that

(2-25)

1-0, - % (2-26)
w a
and therefore Eq. (2-11) can be rewritten as
Sgkg = Q (1 - @) (2-27)



Secondly, analytical expressions for ®g are readily available
(Brown 1960; Grimsrud and Babb 1966; Colton et al. 1971;
Walker and Davies 1974). In particular, a chemical's
dimensionless bulk concentration can be evaluated by

9 - Y BLexp (% 12 Ny (2-28)
m=0

wherethe coefficiens B,,and exponesti,,are known fundions
of the lamellag dimensinless caductance o Shervwod
number

N k,h

s~ p (2-29)

andthe fish’s verilation/perfuson volune ratio. e Appendix
B. Although thg infinite series soliion does not hae a
convenientconvergence formula, for Shevad numbers rad
ventilation/perfusiomatios thd are typical d fish glls, only the
first two ternms d the series & needed to evalle®; with less
than 1% error (ats e Barbertal. 1991).

2.3. Modeling Exchange from Food

L T
1-P, C, K

K
- —*CE

Kf

whereE, is the agueous phassolume 6 the fish’s feces P, =
E./(E.+E) is the aqueous &ction of tke fish’s feces andC, is
thechemcal’'s mncentréions n the feces diy organc phase.
For organc chemicals the concentration tia C/C, can be
replacedwith an orgarg cabon/wate partition coéficient K,
(e.g.,Karickhoff 1981; Briggs 1981; Chiou al. 1986) whereas
for metals, thé raio can be sbdituted with the distrbution
coefficient similar to the one used in Eq.(2-6)lthough reported
valuesfor the percenmoistue d the intesina contens d fish
vary between 50 and 80% (Bite1971; Marais ad Erasmus

Chemcal upiake from food ha usudy been modeled by 1977 Grabne and Hofe 1985), in genetane can ssune that

assumirg tha a fish can asinilate a constant éction of the
chemcal it ingestsi.e.,

‘Ji T G Cp I:f (2'30)
whereq, is a assinilation ficiency (dimensonless) for the
chemcal, C, is the chemicaé wncentration £g/g(Fw)) in the
ingestedprey, andF; is the fish’'s wd weight @nsumption
(Norstrom et al. 1976; Jense & al. 1982; Thoman and
Connolly 1984 Niimi and Qliver 1987). However, becaeishe
chemical exchang acras the intesine is driven by dffusive
gradients(Vetter e al. 1985; Clak e al. 1990; Gbas 4 al.
1993, such formuléions would be therrndynamcally realistic
only if «. is a decreasm fundion of the fishs totd body

P, = P, due b rapid osmotic equilibration beéen the fish’s
integinal contens and its whole body If this assumiion is
indeedrea®nable, then wak with the same dr weight but
differentmoisture contestshoudl be processkby the fish & the
same rate and #iciency since they il attain the same
proximatecompogion reldively soon afte ingedion. Having
the sane poximae conpostion implies not ony tha the
concentrationsf digegive enzymes actgon such reak should
be comparal#® but als tha phystal forces exerté by the
volumeof the gu contens which contros peristalsisiad gastric
mobility should likewi® be comparable. BecaudBromley
(1980) aad Garbe (1983) deronstrate tha initial dietary

concentration CA thermodynantally sound description forthe  moisture content ha no signifcart effect on the assiitation

dietaryuptake d chemcals can be formulated usingetisimple
mass balane relationship

JI = Cp Ff B CeEf (2-31)
wherekE; is the fish's daily wet weight egestion an@, is the
chemrcal’s mncentration £g/g(Fw)) in the fishs feces

Becausethe trang time thiough the gastrointémal tract is

relaively slow, it is ea®nabk o assune that tle concentrations

of chemtals in the fishs aqueous lod, intesina fluids, and
dry fecal matte equilibrate with one another. Coni€1989)

madesimilar assumpions D analyge the ratio of a predator's

chemicalconcentration to thaf its prey Using ths assumtion,

afish’s totd fecal elimination of a chemical can be calculated a

efficiencies of turbot (Scophthalmus maximus) or gastric
evacudion rates o yellow perd (Perca flavescens),
respectively,the assumjon tha P, = P, does seemd be
reamnable.

WhenEq.(2-32) $ subsituted into Eq.(2-31) ad the resliing
expresson is equatel to Eq.(2-30), one can veyithat.
K.C
_ 1 _ 1 _ e ’f
%o - wxe

(2-33)

where o, is the fishs food a&simlation dficiency. This
gxpressbn predict thd a fishs chemtal assimilation eficiency
decreasess its whole body chengal burde or mwncentration
increasesand increases aseiwhole body oncentration of its

prey increases Observing thes predictions xperimentdly,



however, is not without problems since the fish's food
assimilation efficiency can vary significantly with feeding rate,
food quality, temperature and other factors. Nevertheless, the
results of studies by Lieb etal. (1974), Gruger et al. (1975) , and
Opperhuizen and Schrap (1988) which are analyzed and
discussed in Barber et al. (1991) corroborate these predicted
tends. Recent studies by Dori et al. (2000) who used in situ
preparations of channel catfish intestines, have clearly
established that preexposures to 3,4,3',4'-tetrachlorobiphenyl
does indeed decrease intestinal uptake rates.

Muiretal. (1992), Dabrowska et al. (1996), and Fisk et al.(1998)
have investigated chemical assimilation efficiencies of rainbow
trout and channel catfish using a model proposed by Bruggeman
etal. (1981), i.e.,

dc,
— - afC, - kG (2-34)
dt
1-exp(-k, t)
C=afCp— (2-35)

2

where ¢ is a constant assimilation efficiency, f is the fish's
specific rate of feeding (g/g/d), and k, is the chemical's apparent
elimination rate which necessarily must include actual excretion,
biotransformation, and growth dilution. Eq.(2-35), however, is
only the solution to Eq.(2-34) when C,(0) =0. The general
solution to Eq.(2-34) is actually

1-exp(-k, t)

Ci=afC

o + C,(0) exp(-k, 1)

2
(2-36)
AL [Cf<0) -2 LC"] exp(k, )

2

2

Acknowledging this fact is of paramount importance to interpret
the results reported by Muir et al. (1992), Dabrowska et al.
(1996), or Fisk et al. (1998) correctly in light of the fecal
partitioning model proposed herein. When this solution is
redifferentiated, one observes that

dC afC
- C,(0) - ” Pl k, exp(-k, ) (2-37)

2

Now let T denote the length of a bioaccumulation experiment in
which C(0)=0 and f and C, are constant, i.e., such as those
studies cited above. Also let ¢ and k, denote the assimilation
efficiency and apparent depuration rate that were estimated for
this experiment. When the experiment is half over, the rate of
change in the fish’s whole body concentration would be
calculated by Eq.(2-37) to be

dc,

s = o fC, exp(-k, T/2) (2-38)

t="T/2

If one now elects to arbitrary restart time, the bioaccumulation
dynamics for the second half of the experiment would be
described by

C, = OLTZCP +[Cf(T/2) - a;Cp] exp (-k, 1) (2-39)

2 2

where & and k, denote updatd egimates for the fish's
assimilation dficiency and apparent dmuraion rae for
0 < 1 < T/2. This gquaion can also be fferertiated to yield
afC) -

3 K, exp(-k, 1) (2-40)

dC,
— = | C(TV2) -
dr

which can be evaluated @ = O to yield

dc,

5| 4TS - k, C,(T/2)

t=0

(2-41)

For logical as well as mathematically consistency this derivative
should equal the derivative given by Eq.(2-38), i.e.,

6 fC -k C(T2) = afC exp(-k,TI2) (2-42)
Solving for & then yields

o f C, exp(-k,T/2) + k, C(T/2)
fC,

= o exp(-k, T/2) + fké

C,(T/2)

) (2-43)
K, [ochp 1 fexp(szT/Z)H

= aexp(-k, T/2) + pr %

7

-« [exp(—k2 TI2) + % (1 - exp(-k, T/2)))

This equation shows that unless k, = k,, chemical assimilation
efficiencies estimated for different times and initial whole body
concentration will be different. Phrased another way, this
equation implies that the fish’s ability to excrete, biodilute, and
biotransform chemicals, as measured by k, and k, , contributes
to the determination of the fish’s realized chemical assimilation
efficiencies. Specific growth rates and chemical excretion rates
for fish, however, are generally related to the fish’s body size as
allometric power functions, i.e.,

r= ple2

where in general p,<O(Barber et a. 1988; Sijm et a. 1993,
1995; Sijm and van der Linde 1995). Therefore, if any



significant growth occurs during the experiment, which is often
the case, one would not expect that k, = k, and consequently one
would not expect « = &. In point of fact one would generally
expect o > ¢&. Importantly, this simple analysis is corroborated
by findings of Ram and Gillet (1993) who showed that
assimilation efficiencies for a variety of organochlorines by
oligochaetes decreased as chemical exposures progressed.

In terms of application the above fecal partitioning model is best
suited to circumstances where its equilibrium assumptions are
best met such as the case herein where the object is to predict the
dietary exchange of average individual of an explicit or implicit
population. A more kinetically based approach may be needed,
however, when trying to describe the toxicokinetic of individual
fish. See for example Nichols et al. (1998).

2.4. Modeling Chemical Biotransformation

BASS assumes that the metabolism of xenobiotic chemicals in
fish is a simple first order reaction of the chemical’s aqueous
phase concentration, i.e.,

M= -pC,(P,W) (2-45)
whereM is the total amunt d chemtal met&olized (g / ml),

[ is the fish’s biotransformton rae (1/day) and P, W) is the
volumeof the volume 6the fish’s aqjueous phaséf Eqs (2-9)
and (2-45) are usedot describd the bioconcentration of a
chemcalin fish during a water oglexposure vithout growth,
then a fishs whole body oncentration would be odelal as

dc, 1 dB;
dt W dt
_ Sk (2-46)

c -S| BR.G
wl oK K,

I(ucw B (ke + I(m) Cf

wherek,, k., andk,, are the fishé uptale rate, Bmination rate,
and biotransforméon rate respectively which are often
reported in the literature In terns d quantitative structure
adivity relationships (QSARs)one siould not that this radel

predictsthat the whole body biotransfornten raek,, should be
inversey proportiond to the fishs thernodynamic
bioconcentrationdcta K; which in turn & pioportiona to the

chemcal's K,,. This reldionshp, however, W also be
influencediy any QS/R dep@dencies whid the fishs ayjueous
phasebiotransforméion rae 3 might have See & Wof et al.

(1992) ad de Bruijn et al. (1993).

2.5. Modeling Temperature Effects on

Physiological Rates

Becausetemperature effesta fishs feeding assimilation,
respiration, and egé®n, a general disasbn of how
temperaturemodulats theg praesss is n orde before
describinghow BAssactually nodek fish growth. Athough the
temperaturedependence fophysiologcal pracesse ae often
described usingraexponentibregpons equéon, e.g.,

ky = ket (2-47)
wherek, andk, are the process’reaction rate & temperatures
T,andT,, respectivelysud descriptions @&generally viid only
within a range bthe organisms thermétolerarces In most
cases,the process reaction rad increases xponentially wth
increasingtemperature up to a temperaturgafter which it
decreass. Moreover in mog cases th temperature at whica
processs rak is maximais very clo o the organisns upper
thermallimit. To addrss this poblem Thornton and Lesem
(1978) developed a logic mutiplier to descrie the
temperaturedependence foa wide variey of physiologcal
processesAlthough thg algoithm has been used succes#ifu
in a variey of fish bioenergic models BASS uses an
exponential-type formulaion tha is assumg to response
hyperbolicdly to increasig temperature Importantly such
algorithms can be edyg parametered.

Let P denok the rate ba physiologtal praess ad T, denote
the temperatwe at whit this rak is maximal If this praess
generdly exhibits a exponentib regpone t© temperature
change wdl below T,, then

P =pe’T T (2-48)
dP
o1 ! P (2-49)

where P, is the praesss rak at @ appropria¢ lower-end
reference temperatufig. To incorporatehe adverse effestof
high temperaturgon thisprocess, the rigthand side 6 Eq.(2-
49) can be mliiplied by a hypdvolic temperature tem that
approachesinity as temperat@ decreases beldl,, equas zero
a T,, and becoms inceasingy negdive as temperatures
approachthe fish's uppe therma tolerarce limt T, = T,.
Modifying Eq.(2-49) n this fashon subsequently yields

dP T-T

ar PlTOT (2-50)
2
whose soldion is
B T _T Y(Tz’Tl)
P=p e’ ™ (_TZ_T] (2-51)
2 0

Figure 1 displays the predicted temperature response of the
maximum feeding of a50 g brown trout (Salmo trutta) based on
datareported by Elliott (1976b, Tables 2 and 9). For thisfigure



itisassumedthat T,=(3.8+6.6)/2, T, =17.8, and T,=25. The
parameters P, = 340 and y = 0.50 were then calibrated using the
results of a non-linear least squares analysis as a starting point.
For other applications of this model see Lassiter and Kearns
(1974) and Swartzman and Bentley (1979). Note that when T, =
T,, the Eq.(2-51) reduces to Eq.(2-48).

2.6. Modeling Growth of Fish

Although the preceding formulations of the processes that
determine the bioaccumulation of chemicals in fish depend on a
fish’s live weight, BASS does not directly simulate the live weight
of fish. Instead, it simulates the dry weight of fish as the mass
balance of feeding, egestion, respiration, and excretion and then
calculates the fish’s associated wet weight using the following
relationships

e, 2-52)
P, = A, W (2-53)

Py = - a P (2-54)

Po=1-P,- P (2-55)

where W,, W,, W, and W, denotes the fish’s aqueous, dry, lipid,
and non-lipid organic weights, respectively. Whereas Egs.(2-52)
and (2-55) are simply assertions of mass conservation, Egs. (2-
53) and (2-54) are purely statistical in nature. Although Eq. (2-
53) is assumed because simple power functions of this form
generally describe a wide variety of morphometric relationships
for most organisms, the appropriateness of Eg. (2-54) is based
on the results of numerous field and laboratory studies
(Eschmeyer and Phillips 1965; Brett et al. 1969; Groves 1970;
Elliott 1976a; Staples and Nomura 1976; Craig 1977; Shubina
and Rychagova 1981; Beamish and Legrow 1983; Weatherley
and Gill 1983; Flath and Diana 1985; Lowe et al. 1985; Kunisaki
et al. 1985; Morishita et al. 1987). These equations yield an
expression for a fish’s live weigh that is a monotonically
increasing but non-linear function of the fish’s dry weight.

BASS calculates a fish’s realized feeding by first estimating its
maximum ad libitum consumption and then adjusting this
potential by the availability of appropriate prey as described in
the next section. Because a wide variety of models and methods
have been used to describe maximum feeding of fish, BASS is
coded to allow a user the option of using any one of four
different models to simulate the feeding of any particular
age/size class of fish. The first formulation that can be used is a
temperature-dependent power function
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T,-T
Tz B To
where the temperatures T,, T, and T, are specific to the fish’s

feeding. A commonly used alternative to this model is the
process-based Rashevsky-Holling model that is defined by the

max

e (T, - Ty)
Coo = CW® e%(TT‘))[ ) (2-56)

equations
Cma\x = ¢ (Imax - )
i (2-57)
— =C. A-E
dt

where ¢ is the fishs ad libitum feedirg rae (day') tha is
generdly a temperature-dependent powkindion of body
weight, I, is the maximum amaint o food (gbw)) tha the
fish’s storrachintestire can holdl is the actual amunt d food
(g(ow)) present in the inteéime, andA and E again are the fish's
assimilation (gdw)/day)and egetson (gw)/day), respectively
(Rashevskyl%59; Hdling 1966). The feedmrae ¢ can be
estimated using tle fdlowing equaions

MO = ['¢(IneM())ds (2-58)
d_'\é't(t) = ¢ (I M) (2-59)
-pt=1In l—l\l/l—(t)] (2-60)

whereM(t) denotes the total amunt d food consumed during
theintervd (0,t] (also s2e Dunbrack 1988). Ahough given a
fish’s gut capacityl ..., sdiation meal sizeM,, and tirme tg,
requiredto inges Mg, one can reaityy calculae ¢, one can also
simply assune thatM, = 0.95 x| in which case

In(O.
e (2-61)

sat
For planktiivores BASS can also d@nate a fishs maximum
ingegion using tle clearance volumeadel

Cmax =Y ch
M1 (2-62)
T-T Gz (T2 - Ty (
— qu e%(T’To) 2
ch q1 T2 B To

where? is the plankbn standing stock (g()/L), Q is the
planktivore'sclearare volume (L/day)and the temperaturds,

T,, andT, are specificd the fishs filtering rate The burth and
final option is basd on knowing tke fish's prgected growh and
routinerespiratory demads In particular becaus assintation,

egedion, specifc dynam¢ action, and exct®n can be
cdculatedas linear undions d feedirg and routire respiration
as discussd below, t is then a straightforwat madter to

cdculate a fishs expected ingason given its prgected growth
and respirdaion. When a user ett this £edirg option,BASS
assumesha the fish's sgecific growh raey (day*) is given by



., d_VV T,-T

dt T,-T,
where the temperatures T,, T,, and T, are specific to the fish’s
growth rate. See Thomann and Connolly (1984) for additional

discussion of the use of this feeding model.

gg (T27T1)
Y =W = g, W% egS(TT‘))[ ] (2-63)

If Egs. (2-56), (2-62), or (2-63) are used to estimate a fish' s
maximum consumption, then BASs calculates the fish’s
assimilation and egestion as a simple fraction of its realized
ingestion F, i.e.,
A=oF (2-64)

E-{-ofF (2-65)
where o is the fish' s net assimilation efficiency which is a
weighted average of the fish’s assimilation efficiencies for
invertebrate, piscine, and vegetative prey. However, when the
Rashevsky-Holling model is used for this purpose, BASS
calculates these fluxes by substituting F with a function that
describes the fish' s pattern of intestinal evacuation. The general
form of this function is assumed to be

d, (T, -T,)
D -d Idz edg(TTo)[ TZT] . (2'66)
' Tz B To

The numerical value of this function’s exponent, d,, depends
both on characteristics of the food item being consumed and on
the mechanisms that presumably control gastro-intestinal
motility and digestion (Jobling 1981, 1986, 1987). For example,
when gut clearance is controlled by intestinal peristalsis, d,
should approximately equal %2 since peristalsis is stimulated by
circumferential pressure exerted by the intestinal contents which,
in turn, is proportional to the square root of its mass. On the
other hand, when surface area controls the rate of digestion, d,
should be approximately either 2 or unity. If the fish consumes
a small number of large-sized prey (e.g., a piscivore), d, = %
may be the appropriate surface area model. On the other hand,
if the fish consumes a large number of smaller, relatively
uniform-sized prey (e.g., a planktivore or drift feeder), d,= 1 is
more appropriate since total surface area and total volume of
prey become almost directly proportional to one another. When
d, = 1, the above Rashevsky-Holling model is analogous to the
Elliott-Persson model for estimating daily rations of fish (Elliott
and Persson 1978). Finally, Olson and Mullen (1986) outlined
a hypothetical, process-based model that even suggests d, =0 as
an appropriate model.

Afish' sspecific dynamic action, i.e., the respiratory expenditure
associated with the digestion and assimilation of food, is
modeled as a constant fraction of the fish’s assimilation. In
particular,

DA = cA (2-67)
whereo is generby on the order of 0.15 to 0.20 (Wad975;
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Tandle and Beamib 1981; Bzamih and MacMahon 1988).

In BASS it is assume tha body weigh losses via metabolism
are due etiirely to the respiration of chon dioxide and the
excretion of ammonia A fish’s respiratoy losses ae therefore
cdculatedfrom its routine oxyge consumptionQ, (g O/day)
using respiratoy quaients RQ (L (CO, ) respired)/L (O,)
consumed) afdlows

L. _129C moleCO, 22410, moleO,
~ mol 2241 | 2
oiect, Z2ALE0, - malet, 3% (2-68)
- _=. O
32 RQ-O,

BASSthen calculates a fisk'outine oxyge consumptionaa

constantmultiple o its bas&or standard oxygen consumption

(Warel975 which is sgecified using tk temperature-dependent
T,-T

power fundion
b3 (TZ - Tl)
2-69
T, - TO] ( )

Althoughthe ammora excretion could be odela usirg an
analogousfunction (Paulsn 1980; du Preez and Cockroft
19883 1988b), inBASS this flux is formulatel s a ©nstant
fractionof the fish' s totd respiration since excretion and oxygen
consumptiorgenerdy track one anotheFor examplgammonia
excretion increass afte feeding as does oxyge consumption
(Savtz 1969 Brett and Zah 1975; Gallaglreet al. 1984).
Likewise, conditions tha inhibit the passie excretion of
ammoniaalso deprss cabon dioxide excretion (Wright et al.
1989. Assumirg tha fish maintain a constanitrogericaton
ratio NC (g(N)/g(C)),BAass edimates a fish's excretoy loss in
body weigh as

EX = e NC(R+ SDA) (2-70)
wheree = 17/14 is the ratio of tle molecular weightfammonia
to tha of nitrogen.

Ob _ lebz eb3(TT0)[

2.7.Modédling Trophiclnteractionsand Predatory
Mortalities

BASSis designd to simula¢ aquéic food websn which each
ageclass d a species careéd upon othefish speciesbenthos,
incidentd terrestrid insects periphyton / attached algae,
phytoplankton,and zooplankton. The realizedefdirg of any
givenace class bfish is determind by thre maximum or desired
feeding rate d an individud of that cohort the cohort's
popuation size, and the biomas$ prey avalable © the cohort
which is the sumn of the preys compartmentdliomasses minus
the biomass d thos conponens which are expected to be
consumed by othe cohors thda ar more efficient
foragers/compéors. BASS ranks the competitie ahlities of
different cohorts usirg the fdlowing assumpions:



ASSUMPTION 1. The competitive abilities and efficiencies of
benthivores and piscivores are positively correlated with their
body sizes (Garman and Nielsen 1982; East and Magnan 1991).
Two general empirical trends support this assumption. The first
of these is the trend for the reactive distances, swimming speeds,
and territory sizes of fish to be positively correlated with their
body size (Minor and Crossman 1978; Breck and Gitter 1983;
Wanzenbock and Schiemer 1989; Grant and Kramer 1990;
Miller et al. 1992; Keeley and Grant 1995; Minns 1995). Given
two differently sized predators of the same potential prey, these
trends would suggest that the larger predator is more likely to
encounter that prey than is the smaller. Having encountered the
prey, the trend for prey handling times to be inversely correlated
with body size (Werner 1974; Miller et al. 1992) would also
suggest that the larger predator could dispatch the prey and
resume its foraging more quickly than the smaller predator.

ASSUMPTION 2. Unlike benthivores and piscivores, the
competitive abilities and efficiencies of planktivores are
inversely related to their body size due to their relative
morphologies (Lammens et. al. 1985; Johnson and Vinyard
1987; Wu and Culver 1992; Persson and Hansson 1999).
Consequently, “large” planktivores only have access to the
leftovers of “small” planktivores.

BAss calculates the relative frequencies {...,d,,..} of the
different prey consumed by a cohort using dietary electivities,
ie.,
di B fi
e =
bood o+,

(2-71)

where f; is the relative availability of the i-th prey with respect to
all other prey consumed by the cohort. These electivities are
calculated dynamically by BASs using dietary data specified by
the user and the relative availabilities of the cohort’s prey
currently predicted by BASS. As described in the discussion of
BASS' «iet command (see page 38), BASS allows a user to
specify a fish' s diet as either a set of fixed dietary frequencies
{..,d;,..}, asetof electivities {..., €,...}, or a combination of
fixed frequencies and electivities {..., d;, ..., &;,...}. In order to
calculate the cohort’s realized dietary composition, BASs first
converts all fixed dietary frequencies specified by the user into
their equivalent electivities using Eq. (2-71) and the current
relative availabilities {...,f;,...} of all potential prey. These
electivitiesare then combined with any user specified electivities
to form a set of unadjusted electivities {..., €,..} which in
general must then be converted into a consistent set of realized
electivities {..., e,...}. Using these realized electivities, BASS
finally calculates the cohort’s realized dietary frequencies using
1l+¢

d = f
1l-¢

i (2-72)
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The important step in this computational process is the
conversion of the unadjusted electivities {..., &,,...} into a set of
realized electivities {...,e,...}. Although this conversion is
sometimes unnecessary, it is generally needed to insure that the
sum of the dietary frequencies {..., d,,...} calculated by Eq.(2-
72) equals 1. One can verify that the condition that
guarantees X d, =1 is

fi
Z 1-e

=1

(2-73)

SeeAppendix C. Wha this mndition i not satisfid for a set of
electivities{..., €, ...} andreldive prey avaabilities{..., f,,...} ,
BASS transforns the given edctivities usirg a linear
transformgéiontha mays €, = -1into g = -1 and max(..., €, ...)
into ane < 1. The general fan of this transformton is

g=a( 1 -1 (2-74)

where O<e<2/(max(...,€,..)+1). Besides insurirg that
Xd =1, this transforméon also preseng tre relative
preferences represente the original basset{..., €,,...} .

Becausenumerous 6od wé studis hawe sown tha there is
generdly a stong pogive carelaion between the body zés of
piscivorousfish and the foragfish tha they consune (Parsns
1977 Lewis d al. 1974; Timmonstal. 1980; Gille & al. 1981;
Knightet al. 1984; Mbore et al. 1985; Stiefvatend Malvestuto
1985 Stord 1986; dide et al. 1987;ahnon ¢ al. 1988; Yang
andLivingston 1988; Bodeur 1991; Etbd and O'Gorman 1991;
Hambright1991 Juans & al. 1993; Mattingly ad Butle 1994;
Hale 1996; Madenjia & al. 1998; Margena & al. 1998;
Mittelbachand Persson 1998; Bek & al. 1999) when BASS
usesthe aboe procedured calculag piscivopbus inteactions,
only a specific sie rang d forage fish are assunteto be
avalable to a piscivoous ®hort More specifically BASS
assumeghat the body length d forage fish avalable o such a
cohort ae distrbuted normdly with mean

Lprey =a B Lpredator (2'75)
BASSedimates the variance tthis distrbution by @sumirg that
thebody lengh of the largesprey typically taken by a piscivore
approximatelyequas 50% of its ow body lengt (Juans 1994).
If less tha 1% of a predators prey exceed this uppelimit, the
varianceof the predatds prey size distrbution can be calculated
from the caregonding stadardzed Z-score as
: 05 Lpredator B I‘prey (2'76)
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WhengsAsscalculateghe relatie frequeng d, of a forage fish
species in a cohort’s diethe relatie availability d that species
is calculated a the sum of all cohort biomases whose body
lengthsare less tha 0.5 L, e Minus the biomass bthose
cohortstha are calculated to be consudchby othe cohorts that

o



are more efficient piscivores (see assumption 1 above). If more
than one age class of species i can be consumed by the cohort,
the relative frequencies of these age classes s; in the cohort’s
diet are calculated using the cohort’s prey size distribution . For
example, let L;; and L;, denote the body lengths of two age
classes of species i that are prey for the cohort. If P, denotes the
probabilistic density

L. -L )
P, = ——— exp &~ bye) (2-77)
V2mo 2 0°

the relative frequencies of these two age classes in the cohort’s
diet are calculated to be s,=d(P,/(P,+P,)) and
s, =0, (P,/(P;;+P;,)). If only one age class of a species is
vulnerable to the cohort, then s; =d..

If during the calculation of the dietary frequencies of a
piscivorous cohort BASS predicts that the cohort’s available prey
is insufficient to satisfy its desired level of feeding, BASS
reassigns the cohort’s unadjusted electivities {...,e",...} ina
mannerto simulag prey swiching. The® reassignmestas
based on the flowing assumgion:

ASSUMPTDON 3.When forag fish becone limiting, piscivores
switch to benth¢ macroinvertebrate a incidentd terrestrial
insectsas dternative prey However, piscivorethda mug switch
to benthos otha routinely onsune benhos n addition to fish,

2.8. Modeling Non Predatory Mortalities and
Recruitment

Numerousstudies (Damulh 1981; Peteyr and Raelsn 1984;
Juanedl986 Robinn and Redford 1986;d8idreau and Dickie
1989 Gordoa and Duaet1992; Raddl et al. 1995 Dunha and
Vinyard1997 Steingringson and Grant 1999) reshown that
the populdion dengties d vertebrats ae generally coelated
with ther mean body gie. In particular,

N-aw?® (2-79)
whereN is the populéion dengy (inds/area) of th species or
cohortandWis the mean body weigdlof that species o cohort.
Althoughan interspecifi analyss d data for a variey of fish by
Randdl et al. (1995) suggesta mean exponent cko® unity,
datareported by Budreau and Dicki (1989) aad Gordoa and
Duarte (1992) for ndividud fish species syges an average
exponentof approximatey 0.75. An expression for a species’
totalmortdity rate can be obtairkby diferertiating Eq. (2-79)
as fdlows

dN b 1 dwy

& baw (W dt] b Ny (2-80)
where y is the species sific growh rate. Based on this
equdion, ore coull therefore conclude that a spetiesal
mortdity rate is simpy u=b vy . Reades interestd in detded
discussiors ncernirg the underlying process-based
interpretdion and genetdaapplicalility of this resit should

are less dficient benthivors than are obligate benthivores consultPeterson and Wroblewskl984) and McGurk (1993,
(Hansorand Legget 1986; Lacasse and Magnan 1992; Bergmanl1999. Becaug BAssassume tha the specific growh rates of

and Greenberg 1994). Consequentinly the leftoves o non-
piscivorous benthivores ae available @ benthc feeding
piscivores.If such resources arstll insufficient to sdisfy the
piscivores’metabolic demandgiscivores ae assumg to then
switchto plankivory (Werner ad Glliam 1984; Magna 1988;
Bergmannand Greenberg 1994). In ¢hcase, piscivosshave
access ony to the leftoves d non-piscivorous plartkrores

Usingthis assumiion, BAassfirst assigrs the cohort’s edctivity
for benthos ¢ 0 regardlss d its prevbus value BASS also
reassigs ary othe electivity which does not gud -1, to 0.

AfterBasshas calculated a cohort’s dieyezonpostion, it then
assigrs the realized éedirg rae o cohort as

F = max N’l E ABJ-: I:max (2'78)

ej¢—1

where F,, is the cohort's maximm o desir@ individual
ingesion, N is the cohort’s populéon size, andAB, is the
biomass of prey j tha is avédlable b tha cohort Using its
predicteddietary conpostions and realized éedirg ratesBASS
thencalculates th predatoy mortdities for each cohortrad non-
fish biotic resurce.
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a species a allometric tindions d its body stes it follows
that

W= by, W (2-81)

Also see Lorenzen (1996). Becaughis eudion actually
includeshah a speciégpredatory ad non-predatory motity,
BASS assume thd a specigsnon-predatoy mortdity rate is
simply somre fractiond of p. In general this fraction wil be
smdl for forage fish and larg far predatory secies During the
courseof the simulatiorBasscalculates ta daily non-predatory
mortdity each ohott using Ej.(2-81) parametezed with the
cohort’s curent body weight.

BASS edimates a sgcies recrutment by assumiry tha each
speciesturns ove a fixed percentagd its potentid spawning
biomass into nev young-of-year (YOY) This pecentag is
referredto &s the speciegeprodudive biomass investme(rbi).
Thespeciesspawning biomas is defind to be tte total biomas
of al cohors whose body lendt is ae greater thaor equd to
a specified minimum vale ¢l_r0) marking tle speciessexual
maturaion. When reprodution is simulate, the body weigtof
ead sexudly mature cohort is dcremented by its rtand the



total number of YOY which are recruited into the population as
a new cohort is estimated by simply dividing the species’
spawned biomass by the species’ characteristic YOY body
weight. Although this formulation does not address the myriad
of factors known to influence population recruitment, it is
logically consistent with the spawners abundance model for fish
recruitment (see Myers and Barrowman(1996) and
Myers(1997)).

2.9. Modeling Toxicological Effects

Narcosis is defined to be any reversible decrease in
physiological function that is induced by chemical agents.
Because the potency of narcotic agents was originally found to
be correlated their olive oil / water partition coefficients (Meyer
1899; Overton 1901), it was long believed that the principal
mechanism of narcosis was the disruption of the transport
functions of the lipid bilayers of biomembranes (Mullins 1954;
Miller etal. 1973; Haydon et al. 1977; Janoff etal. 1981; Pringle
etal. 1981). More recently, however, it has been acknowledged
that narcotic chemicals also partition into other macromolecular
components besides the lipid bilayers of membranes. It is now
widely accepted that partitioning of narcotic agents into
hydrophobic regions of proteins and enzymes inhibit their
physiological function either by changing their conformal
structure or by changing the configuration or availability of their
active sites (Eyring et al 1973; Adey et al. 1976; Middleton and
Smith 1976; Franks and Lieb 1978, 1982, 1984; Richards et al.
1978; Law et al. 1985; Lassiter 1990). In either case, however,
the idea that the presence of narcotic chemicals increases the
physical dimensions of various physiological targets to some
“critical volume” which renders them inactive is fundamental
(Abernethy et al. 1988). Consequently, narcotic chemicals can
be treated as generalized physiological toxicants and narcosis
itself can be considered to represent baseline chemical toxicity
for organisms. Although any particular chemical may act by a
more specific mode of action under acute or chronic exposure
conditions, all organic chemicals can be assumed to act
minimally as narcotics (Ferguson 1939; McCarty and Mackay
1993).

Studies have shown that for narcotic chemicals there is a
relatively constant chemical activity within exposed organisms
associated with any given level of biological activity (Fergusion
1939; Brink and Posternak 1948; Veith et al. 1983). This
relationship holds true not only for exposures to a single
chemical but also for exposures to chemical mixtures. In the case
of a mixture of chemicals, the sum of the chemical activities for
each component chemical is constant for a given level of
biological activity. Because narcotic chemicals can be treated as
generalized physiological toxicants as noted above, it should not
be too surprising that the effects of mixtures of chemicals

14

possessing diverse specific modes of action not only often
resemble narcosis but also appear to be additive in terms of their
toxic effects (Barber et al. 1987; McCarty and Mackay 1993).
For example, even though most pesticides possess a specific
mode of action is during acute exposures, the joint action of
pesticides is often additive and resembles narcosis (Hermanutz
et al. 1985; Matthiessen et al. 1988; Bailey et al. 1997).

BASS simulates acute and chronic mortality assuming that the
chemicals of concern are an additive mixture of narcotics.
Because this assumption is the least conservative assumption
that one would make concerning the onset of effects, mortalities
predicted by BASs should signal immediate concern. When the
total chemical activity of a fish’s aqueous phase exceeds it’s
calculated lethal threshold, BASS assumes that the fish dies and
then eliminates that fish’s age class from further consideration.
The total chemical activity of a fish’s aqueous phase is simply
the sum of the fish’s aqueous phase chemical activity for each
chemical. BAsS calculates the aqueous phase chemical activity of
each chemical using the following formulae

Aa - Ya Ma
Y-
10 Mw (2-82)
Cf
C,=—
Kf

where A, is the chemical' s aqueous activityy, is the chemical' s
aqueous activity coefficient (L/mol) which is the reciprocal of its
sub-cooled liquid solubility, M, is the chemical’s molarity within
the aqueous phase of the fish, and MW is the chemical’s
molecular weight (g/mol).

BASS estimates the lethal chemical activity threshold for each
species as the geometric mean of the species’ LA, i.e., the
ambient aqueous chemical activity causes 50% mortality in an
exposed population. These lethal thresholds are calculated using
the above formulae with user-specified LC,, substituted for C,.
These calculations are based on two important assumptions. The
first assumption is that the exposure time associated with the
specified LCy, is sufficient to allow almost complete chemical
equilibration between the fish and the water. The second
assumption is that the specified LCs, is the minimum LC, that
kills the fish during the associated exposure interval.
Fortunately, most reliable LC,, satisfy these two assumptions.
See Lassiter and Hallam (1990) for a comprehensive model
based analysis of these issues.

Three points should be mentioned regarding the above approach
to modeling ecotoxicological effects. Firstly, it should be noted
that for narcotic chemicals this approach is analogous to the



toxic unit approach for evaluating the toxicity of mixtures
(Calamari and Alabaster 1980; Konemann 1981a, 1981b;
Hermens and Leeuwangh 1982; Hermens et al. 1984a, 1984b,
1985a, 1985h, 1985c¢; Broderius and Kahl 1985; Dawson 1994;
Peterson 1994). Secondly, the approach is also analogous to the
critical body residue (CBR) and total molar body residue (TBR)
approaches proposed by McCarty and Mackay (1993), Verhaar
et al. (1995), and van Loon et al. (1997). Lastly, although
sublethal effects are not presently modeled by BASS, BASS’s
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simulation results can be used to indicate when sublethal effects
that are induced by narcotic agents would be expected to occur.
Results reported by Hermens et al (1984a) indicate that for
Daphniathe ratio of the ECg, for reproductive impairment to the
LCs, is generally on the order of 0.15 - 0.30 for chemicals whose
log K,,, range from 4 to 8. For individual growth inhibition,
however, the mean EC;, to LC,, ratio for Daphnia in 16 day
chronic exposures was approximately 0.77 (Hermens et at.
1984a, 1985a). Also see Roex et al. (2000).
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Figure 1. Application of Eq.(2-51) to describe thetemperature dependence of the maximum daily consumption of brown trout (Salmo
trutta) based on Elliott (1976b, Tables 2 and 9).
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3. Model Parameterization

Becauseeliable application of a wdd depeands not on} on the
validity of its formuldion but al® on its parameteritan,
importanaspect o parameterizig the aboe equéons ae now
discusséd.

3.1. Parameterizing K;

Superficidly, egimation of a fisteé thernodynamic

bioconcentratioffiacta K;via Eq. (2-7) ppeas o require a great

deal of information. This task however, $ mud simple than
it first gopears For examplegiven a fishs lipid fraction (ge
Eq.(2-53)),it is a straightforwat méter to calculag the fish’s

agueoudraction using §. (2-54). Having doneos one can then

immediatelycalculag the fishs nontipid organt fraction since
the sun of P,, P,, andP, mug be unity (i.e, Eq. (2-55)).

For an orgari chemical tk patition codficientsK; andK, can
be edimated using tle chemicals octaol/wate partition

codfficient K. Although triglycerides a the principal storage

lipid of fish and it vould ssem ea®nabk b egimateK, using
atriglyceride/water partitio codficient, BASsSassums thd K,
identicallyequatK,,. To edimateK,BAssassums thd a fish's

nortlipid organic matte is equivalent to orgamicabon and uses

Karickhoff's (1981) regresbn between orgard cabon/water
partition codficients K,,), andK,, to edimate this parameter.
Specifically,

K =

(o]

Ky = 0.411K (3-1)

For metab a metdlo-organc compmunds suk as
methylmercurythe chemicas lipid partition coéficient K, can
againbe assumeto equiiits octanol/wate partition coéficient

Ko A metal’s distrbution codficient into nonlipid organic
meatter, hovever, cannot® esimated using tle K, relaionship
givenabove. For examplevhereas taK,, of methylmercuy at
physiological pH's is on the order of 0.4 (Majot al. 1991), its
distribution codficient into environmenteorganic matteis on

the order of 16- 10° (Benoit etal. 1999a, 1999b). O’Loughlin

et al. (2000) report simila discrepancie for organotin
compoundsin generadistribution coéficients for metat into
fecalmatter should be assignvalues comparald o tho® used
tomodd the envionmentéfate and transporfonetak wheeas
metal distribution codficients for metas intb the nonlipid
organc matte of fish should be assigdevaluesupto an order
of magnitude higherot reflect the increased numbeand
availability of sulfhydry binding stes.

3.2. Parametersfor Gill Exchange

To parametete the gl exchange nodd the fish' s totd gill area,
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mean interlamdlar distance, and ean lam#ar lengh mug be
specified.In general, each of thesnophologcal variabls is
dependenbn the fish' s body size accordig to the allometric
fundions,

S = sW¥ (3-2)
d=dw* (3-3)
I =1,wW" (3-4)

Althoudh mary auhors hae reportd dlometric coefficiens and
exponentdor totd gill surface aregparameters fahe latte are
seldom avalable. Parameters fofish' s nmean interlamiéar
distancehowever, can be ¢éimated if the allometric éindion for
the densty of lamellae on the i} filaments, p (number of
lamellae per mm of gill filament), i.e.,

p = p,W" (3-5)
is known. Fortunately, lamellar densities, like total gill areas, are
generally available in the literature. See Tables 2-4. BASS
estimates d, and d, from p, and p, using the inter-specific re-
gression (n=28, r=-0.92)

d = 0.118p (3-6)
To overcome the scarcity of published morphometric
relationships for lamellar lengths (see Table 5), BASS uses the
default inter-specific regression (n=90, r=0.92)

| = 0.0188 W 0% (3-7)
Both of the preceding regressions are functional regressions
rather than simple linear regressions (Rayner 1985; Jensen
1986); the data used for their calculation were drawn from
Saunders (1962), Hughes (1966), Steen and Berg (1966), Muir
and Brown (1971), Umezawa and Watanabe (1973), Galis and
Barel (1980), and Hughes et al. (1986).

To calculate lamellar Graetz and Sherwood numbers, BASS esti-
mates a chemical's aqueous diffusivity (cm?s), using the
empirical relationship,

D = 2.101x10 " n 14y 0589 (3-8)

wherev (cn*/mol) is the chemica$ mola volume (Hayduk and
Laudie 1974). The difusivity of chemtals thiouch the dll
membrane which is reeded to dsnate the membrane’s
permeablity k., is then asssumé to equh one ha of the
chemical’'s aqueous dfusivity (Piiper etal. 1986; Barbeet al.
1988 Erickson and Mckin 1990). The other quantitgaded to
estimate k, is the thickness fthe glI' s water-bbod barier.
Basedon the stidies sunmarzed n Tabk 6,BAssassumes a
defaultwater-blood baier thickness d approximatey 0.0029
cm for dl fish speciesd then calculatels, as the ratio of the
chemrcal’'s membrane diusivity to the thickness othe gllI's
water-blood baier. Theg assumions imply that



Ng, = 0.0116 ' d (3-9)
To calculate ventilation/perfusion ratios BASS 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 Eq.(2-12)).
Perfusion rates (ml/hr) are estimated using

Q, = (0.23T - 0.78) 1.862 wo? (3-10)
as thedefault fa- dl species Although this expresson, in units
of L/kg/kr, was devebped by Erick®n and McKm (1990) for
rainbowtrout (Oncorhynchus mykiss), it has been successliy
appliedto othe fish species (Erickson and Maki1990; Lien
and McKim 1993; Lia & al.1994).

The eigenvalue ard buk mixing aup codficients reeded to
parametere Eq.(2-28) are intgolatal interndly by BAssfrom
matricesof tabulated eigenvalue and mixing ap codficients
which encompas tke range ® Sherwood numbers (i.e
1<Ng,<10) and ventilation/perfusion teos (i.e.,
1<Q,/ Qp < 20) tha are typical fa fish (Han®n and Johansen
197Q Barron 1990; McKim €al. 1994; 9m & al. 1994). &e
Figures 25.
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3.3. Bioenergetic and Growth Parameters

In generaparameterization of thphysiologtal pracesse used
by BAssto simulag fish growth posg no special mblens sirce
the literature abounds ith studies tha can be used for this
purposeTable 7 presersta vey brief and cursory surveyfalata
sourcestha can be used to paramegerBassfor a numbe of
common and important fie species The databas thd is
distributed with the Wisconsi Bioenergtics Fish Model
(Hansonet al. 1997) can also be used forstlpurpose In
addition to thee ources however the eader bould become
familiar with Carland€s classt three volume wdr that
summarizs dlometric, growth, and natutahistory dat for
hundedsof North American fish speciessee Carlande(1969,
1977,1997. For oxyge consumption datthe readertould
aso be aware bthe conputerzed OXYRHE- database that has
beencomplied by Thursbn and Gerle (1993) . Ths database
can be downloadd from the USERA Cente for Exposure
Assessmenh Modeling web site at
http://www.epa.gov/ceampubl/oxyr ef.htm.



Table 2. Summary of allometric coefficients and exponents for gill area and lamellar density for freshwater bony fishes and agnatha.

species
Acipenser transmontanus
Botia dario
Botia lohachata
Catostomus commer soni
Cirrhinus nrigala
Comephor us dyoowski
Cottocomephor us grewingki

Cottocomephorus inermis
Cottus gobio

Cottus gobio
Ctenopharyngodon idella
Cyprinus carpio

Esox lucius

Fundulus chrysotus
Gambusia affinis
Glossogobius giuris
Hoplias lacerdae

Hoplias malabaricus
Hoplias malabaricus

| ctalurus nebulosus

| ctalurus punctatus
Lampetra fluviatilis
Lampetra planeri
Leiopotherapon unicolor
Lepomis macraochirus
Macrognathus aculeatum
Micropterus dolomieui
Mystus cavasius

Oncor hynchus mykiss
Oncor hynchus mykiss
Oncorhynchus tshawytscha

Sl
3.50
10.5
9.13
11.2
11.8
2.15
6.56

7.42
7.20
1.35
9.44
8.46
0.274

2.47
12.6
4.92

1.26

0.731
4.98

24.1
23.9
4.68

2.17
7.36
6.17
1.84
3.15
7.13

SZ
0.849
0.716
0.700
0.587
0.816
0.675
0.91

0.918
0.849
1.29
0.774
0.794
1.24
1.18
0.842
0.516
0.81

1.14

1.25
0.728

1.03
0.689
1.04

0.733
0.819
0.915
1.13

0.932
0.922

fi
153
41.0
39.0
252
63.2

24.6
22.6

21.8
33.0
32.2
78.6
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f,
-0.0475
-0.0460
-0.0055
-0.109
-0.129

-0.150
-0.110

-0.126
-0.0513
-0.0787
-0.222

source

Burggren et al. (1979)
Singh et al. (1988)
Sharma et al. (1982)
Saunders (1962)

Roy and Munshi (1986)
Jakubowski (1993)
Jakubowski et al. (1995)

Jakubowski et al. (1995)
Jakubowski et al. (1995)

Liszka (1969) and Starmach (1971)
Jakubowski (1982)

Oikawa and ltazawa (1985)

de Jager et al. (1977) and

Burnside (1976)

Murphy and Murphy (1971)

Singh and Munshi (1985)
Fernandes et al. (1994)

Fernandes et al. (1994)

Fernandes and Rantin (1985)
Saunders (1962)

Barber (2000)

Lewis and Potter (1976)
Lewis and Potter (1976)
Gehrke (1987)

Barber (2000)

Ojha and Munshi (1974)
Price (1931)

Ojhaet al. (1985)

Niimi and Morgan (1980)
Hughes (1984)

Romough and Moroz (1990)



Orechromis alcalicus
Orechromis niloticus
Oryzias latipes

Piaractus mesopotamicus
Plagioscion squamosissimus
Pomoxis nigromaculatus
Prochilodus scrofa
Stizostedion vitreum
Tincatinca

Tincatinca

111
6.35
4.65
5.65
12.0

16.2
0.796
28.5
8.67

0.789
0.777
0.446
0.769
0.70

0.72
1.13
0.522
0.698

38.4
32.9
43.5
40.2
37.0
18.4
43.0

20.3
25.5
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-0.143
-0.0545
0.0
-0.033
-0.07
-.074
-0.12

0.0160
-0.0300

Hughes (1995)

Kisia and Hughes (1992)
Umezawa and Watanabe (1973)
Severi et al. (1997)

Mazon et al. (1998)

Barber (2000)

Mazon et al. (1998)

Niimi and Morgan (1980)
Hughes (1972)

Hughes (1972)



Table 3. Summary of allometric coefficients and exponents for gill area and lamellar density for cartilaginous and marine boney

fishes.

species
Acanthopagrus australis
Alopias vulpinus
Blennius pholis
Carcharodon carcharias
Carcharhinus obscurus
Carcharhinus plumbeus
Coryphaena hippurus
Fundulus similis

Isurus oxyrinchus
Katsuwonus pelamis

Morone saxatilis
Opsanus tau
Platichthys flesus
Prionace glauca
Scomber scombrus
Scyliorhinus canicula
Scyliorhinus stellaris
Seriola quinqueradiata
Thunnus thynnus

Torpedo marmorata

2.40
2512.
7.63
427
6.17
245
521

57.5
52.2

5.61
6.36
5.50
4.24
2.62
6.21
22.9
24.4
1.17

0.788
0.410
0.849
0.770
0.880
0.740
0.713
0.850

0.740
0.850

0.790
0.824
0.880
0.997
0.961
0.779
0.686
0.901
0.937
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source

Roubal (1987)

Emery and Szczepanski (1986)
Milton (1971)

Emery and Szczepanski (1986)
Emery and Szczepanski (1986)
Emery and Szczepanski (1986)
Hughes (1972)

Burnside (1976)

Emery and Szczepanski (1986)
Muir and Hughes (1969)

Barber (2000)

Hughes and Gray (1972)

Hughes and Al-Kadhomiy (1986)
Emery and Szczepanski (1986)
Hughes (1972)

Hughes (1972)

Hughes et al. (1986)

Kobayashi et al. (1988)

Muir and Hughes (1969)

Hughes (1978)



Table 4. Summary of allometric coefficients and exponents for gill area and lamellar density for air-breathing fishes.

species S, S, f, f, source
Anabas testudineus 5.56 0.615 36.5 -0.152 Hughes et al. (1973)
Boleophthal mus boddaerti 281 0709 246  -0.0830 Nivaetal. (1981)
Boleophthal mus boddaerti 0.927 1.05 26.6 -0.229 Hughes and Al-Kadhomiy (1986)
Boleophthal mus boddaerti 6.79 0481 231  -0.0307 Low etal. (1990)
Channa punctata 470 0592 360 -0.138 Hakim et al. (1978)
Clarias batrachus 2.28 0.781 254 -0.0830  Munshi et al. (1980)
Clarias mossambicus 0.958 0.971 30.7 0.0909 Maina and Maloiy (1986)
Cobitis taenia 467 0864 455 0.0 Robotham (1978)
Hoplerythrinus unitaeniatus 599 066 480 -0.16 Fernandes et al. (1994)
Hypostomus plecostomus 4.36 0.666 17.3 0.081 Perna and Fernandes (1996)
Lepidocephalichthys guntea 4,94 0.745 45.0 -0.221 Singh et al. (1981)
Lepisosteus oculatus 3.35 0.753 18.1 -0.0476  Landolt and Hill (1975)
Lepisosteus osseus 4.77 0.699 20.9 -0.0691  Landolt and Hill (1975)
Lepisosteus platostomus 3.01 0793 153  -0.0236 Landolt and Hill (1975)
Noemacheilus barbatulus 360 0577 364 00 Robotham (1978)
Periophthalmodon schlosseri 3.00 0.934 27.0 -0.0484  Yadav et al. (1990)
Periophthalmodon schlosseri 100 00931 479 -0.0518 Lowetal. (1990)
Periophthalmus chrysospilos 0976 0958 30.2 -0.237 Low et al. (1990)
Rhinelepis strigosa 6.25 0.757 123  0.020 Santos et al. (1994)
Saccobranchus fossilis 1.86 0.746 316 -0.0950  Hughes (1972)
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Table 5. Summary of coefficients and exponents for lamellar lengths.

species

Hoplias lacerdae

Hoplias malabaricus
Hoplerythrinus unitaeniatus
| ctalurus punctatus
Lepomis macrochirus
Morone saxatilis

Piaractus mesopotamicus
Pomoxis nigromaculatus

Rhinelepis strigosa

I

0.012
0.006
0.014
0.00465
0.00364
0.00474
0.0069
0.00255
0.0422
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0.23
0.36
0.22
0.265
0.234
0.202
0.223
0.257
0.231

source
Fernandes et al (1994)
Fernandes et al (1994)
Fernandes et al. (1994)
Barber (2000)

Barber (2000)

Barber (2000)

Severi et al. (1997)
Barber (2000)

Santos et al. (1994)



source

Dube and Munshi (1974)
Hughes (1972)

Hughes and Morgan (1973)
Hughes and Umezawa (1983)
Hughes et al. (1986)
Kobayashi et al. (1988)
Munshi et al. (1980)

Ojha and Munshi (1974, 1976)
Ojha et al. (1982)

Ojhaet al. (1985)

Piiper et al. (1986)

Roy and Munshi (1987)
Sharma et al. (1982)

Singh and Munshi (1985)
Singh et al. (1981)

Singh et al. (1988)

Steen and Berg (1966)
Stevens (1992)

Tuurala et al. (1998)

Table 6. Summary of studies reporting water-blood barrier thickness for freshwater and marine fishes.

species
Anabas testudineus
Tincatinca
various species
Phrynelox tridens, Seriola quinqueradiata
Scyliorhinus stellaris
Seriola quinqueradiata
Clarias batrachus
Macrognathus aculeatum
Garralamta
Mystus cavasius
Scyliorhinus stellaris
Cirrhinus nrigala
Botia lohachata
Glossogobius giuris
Lepidocephalichthys guntea
Botia dario
various species
Sciaenops ocellatus

Anguilla anguilla
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Table 7. Sources of bioenergetic and growth for selected fish species.

species

source

Alosa pseudoharengus

Stewart and Binkowski (1986)

Ambloplites rupestris

Roell and Orth (1993)

Ameiurus sp.

Glass (1969), Campbell and Branson (1978)

Ctenopharyngodon idella

Wiley and Wike (1986)

Cyprinodon sp.

Nordlie et al. (1991), Jordan et al. (1993)

Cyprinus carpio

Glass (1969), Oikawa and Itazawa (1984), Garcia and Adelman (1985)

Dorosoma cepedianum

Pierce et al. (1981), Drenner et al. (1982)

Esox lucius

Diana (1982a, 1982b), Salam and Davies (1994)

Gambusia affinis

Murphy and Murphy (1971), Shakuntala and Reddy (1977), Mitz and Newman (1989)

Lepomis sp.

Wohlschlag and Juliano (1959), O’Hara (1968), Pierce and Wissing (1974), El-Shamy (1976),
Evans (1984)

Micropterus salmoides

Beamish (1970, 1974), Niimi and Beamish (1974), Tandler and Beamish (1981)

Micropterus dolomieu

Roell and Orth (1993)

Morone saxatilis

Hartman and Brandt (1995a)

Oncorhynchus mykiss Kutty (1968), Rao (1968), Staples and Nomura (1976), Muller-Feuga et al. (1978), Grove et al.
(1978), Rand et al. (1993)

Oncorhynchus nerka Brett (1971), Beauchamp et al. (1989), Stewart and Ibarra (1991)

Oncorhynchus tshawytscha Stewart and Ibarra (1991)

Osmerus mordax Lantry and Stewart (1993)

Perca flavescens

Norstrom et al. (1976), Kitchell et al. (1977), Post (1990), Rose et al. (1999), Schaeffer et al.
(1999)

Phoxinus phoxinus

Wootton et al. (1980), Cui and Wootton (1988)

Pimephales promelas

Wares and Igram (1979), Duffy (1998)

Ptychocheilus oregonensis

Petersen and Ward (1999)

Pungitius pungitius

Cameron et al. (1973)

Pylodictis olivaris

Roell and Orth (1993)

Salmo trutta

Glass (1969), Elliott (1972, 1975a, 1975b, 1976b)

Salvelinus namaycush

Stewart et al. (1983), Thomann and Connolly (1984)

Sizostedion canadense

Minton and McLean (1982)

Sizostedion vitreum vitreum

Kitchell et al. (1977), Tarby (1980), Madon and Culver (1993), Rose et al. (1999)
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Figure 2. First eigenvalue for Eq.(2-28) as afunction of gill Sherwood number and ventilation/perfusion ratio.
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Figure 3. Second eigenvalue for Eq.(2-28) as afunction of gill Sherwood number and ventilation/perfusion ratio.
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Figure 4. First bulk mixing cup coefficient for Eq.(2-28) as afunction of gill Sherwood number and ventilation/perfusion ratio.
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ratio.

Figure 5. Second bulk mixing cup coefficient for Eq.(2-28) as afunction of gill Sherwood number and ventilation/perfusion
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4. BASS User Guide

Although BAss versions 1.0 and 1.1 were written in Fortran 77,
BASS version 2.0 and higher is coded in Fortran 95. The model
enables users to simulate the population and bioaccumulation
dynamics of age-structured fish communities using a temporal
and spatial scale of resolution of a day and a hectare,
respectively. BASS currently ignores the migration of fish into
and out of this simulated hectare. The duration of any species’
age class can be specified as either a month or a year. This
flexibility enables users to simulate small, short-lived species
such as daces, live bearers, and minnows with larger, long-lived
species such as bass, perch, sunfishes, and trout. The
community’s food web is specified by defining one or more
foraging classes for each fish species based on either body
weight, body length, or age. The user then specifies the dietary
composition of each of these foraging classes as a combination
of benthos, incidental terrestrial insects, periphyton,
phytoplankton, zooplankton, and/or other fish species including
its own. Presently the standing stocks of all nonfish prey are
handled only as external forcing functions rather than as
simulated state variables.

Although BASs was developed to simulate the bioaccumulation
of chemical pollutants within acommunity or ecosystem context,
it can also be used to simulate population and community
dynamics of fish assemblages that are not exposed to chemical
pollutants. For example, in its present form BASS could be used
to simulate the population and community dynamics of fish
assemblages that are subjected to altered thermal regimes that
might be associated with a variety of hydrological alterations or
industrial activities. BASS could also be used to investigate the
impacts of exotic species or sport fishery management programs
on population or community dynamics of native fish
assemblages.

The model’s output includes:

(] Summaries of all model input parameters and
simulation controls.

° Tabulated annual summaries for the bioenergetics of
individual fish by species and age class.

(] Tabulated annual summaries for the chemical
bioaccumulation within individual fish by species and
age class.

(] Tabulated annual summaries for the community level

consumption, production, and mortality of each fish
species by age class.
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(] Plotted annual dynamics of selected model variables as

requested by the user.

BASS version 2.1 is still a beta test version. Please report any
comments, criticisms, problems, or suggestions regarding the
model software or user manual to

Craig Barber

Ecosystems Research Division

U.S. Environmental Protection Agency
960 College Station Road

Athens, GA 30605-2700

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

4.1. Summary of New Features Available in BASS
version 2.1

The following features that were unavailable in BASS versions
1.x are now active:

o There are now no restrictions to the number of
chemicals that can be simulated.

(] There are now no restrictions to the number of fish
species that can be simulated.

o There are now no restrictions to the number of cohorts
that fish species may have.

° There are now no restrictions to the number of feeding
classes that fish species may have (see the command /
FEEDING_OPTIONS).

° There are now no restrictions to the number of foraging
classes that fish species may have (see the command /
ECOLOGICAL_PARAMETERS).

° Improved 3-dimensional and 2-dimensional plots of

selected state variables are available using the software
package DISLIN.

BASS’S output tabulations have also been reformatted, and
several input commands have been given new syntax.

New features of BASS version 2.1 that were unavailable in
version 2.0 include:



The ability to integrate BAsS’s differential equations
using either a simple Euler method or a fifth-order
Runge-Kutta method with adaptive step sizing. In BASS
version 2.1 the default method of integration is the
Runge-Kutta method.

The ability to simulate biotransformation of chemicals
with or without daughter products.

Regarding BAsS’s Euler and Runge-Kutta integrators, the user
should realize that these methods offer the user two distinctly
different options with respect to software performance and
execution. Although Euler methods often allow for fast model
execution, these methods cannot assess the accuracy of their
integration. Runge-Kutta methods, on the other hand, can
monitor the accuracy of their integration but at the cost of
increased execution time. Fortunately, however, this additional
computational burden can often be significantly reduced by
employing adaptive step sizing. BASS’s Runge-Kutta integrator
is patterned on the fifth-order Cash-Karp Runge-Kuttaalgorithm
outlined by Press et. al. (1992).

4.2. Input File Structure

The general structure of a BASS' s input file is as follows

/ command, argument(s)
/ command, argument(s)
/ command, 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 (e.g., command, ) that 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. Argument may be an integer (e.g., 7), a real number (e.g., 0,
3.7e-2, 1.3, etc.), or a character string. If a command allows
multiple arguments, each argument must be separated by a
semicolon. Commands may be continued by appending an
ampersand (&) to the line, e.g., the following two commands
lines are equivalent

/ command argy; arg,; args; &
argy; args; arge
/ command arg,; arg,; args; arg,; args; args

Because each record is transliterated to lower case before being
decoded, the case of the input file is not significant. Likewise,
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spacing within acommand is not significant because consecutive
blanks or tabs are collapse into a single blank. The maximum
length of a command line, including continuation lines, is 1024
characters.

An exclamation mark (1) in the first column of a line identifies
the line as a comment. An exclamation mark can also be used
anywhere in the record field to start an end-of-line comment, i.e.,
the remainder of the line, including the exclamation mark, will
be ignored.

Commands are broadly classified into three categories:
simulation control parameters, chemical parameters, and fish
parameters. Simulation control parameters provide information
that is applicable to the simulation as a whole, e.g., length of the
simulation, the ambient water temperature, nonfish standing
stocks, and output options. Chemical parameters specify notonly
the chemical's physico-chemical properties (e.g., the chemical's
molecular weight, molecular volume, n-octanol/water partition
coefficient, etc.) but also exposure concentrations in the
environment (i.e., inwater, sediment, benthos, insects, etc.). Fish
parameters identify the fish's taxonomy (i.e., genus and species),
feeding and metabolic demands, dietary composition, predator-
prey relationships, gill morphometrics, body composition, initial
weight, initial whole body concentrations for each chemical, and
initial population sizes. In the following sections, these
commands are described alphabetically by class.

The last command in any BASs input file must be /END. This
command terminates program input and any text/commands
following it will be ignored. BASs checks the syntactical
accuracy of each input command as it is read. If no syntax errors
are encountered, BASS then checks the specified input parameters
for completeness and internal inconsistency.

To facilitate easier data management when analyzing multiple
simulations of similar scenarios, a user can also specify blocks
of BASS input commands using include statements of the form

# include “filename’

For example, a BASs input file that has all of its chemical and
fish data stored in separate files might appear as follows

! file: example file with include statements

|

/simulation_control

/command argument! simulation control command 1
/command argument! simulation control command 2
/command argument! simulation control command 3
# include 'data_for_chemical_1'



# include 'data_for_chemical_2'
#include 'data_for_fish 1'

# include 'data_for_fish 2'

# include 'data_for_fish 3

# include 'data_for_fish 4'

/ end

Users are strongly recommended to make use of BASS’s include
file capabilities. A recommended file and subdirectory structure
for using and managing BAsS include files is discussed in detail
in Section 4.4.

4.2.1. Simulation Control Commands

Thesecommands estalish the lengt of the simulation and
BASS S integrdion step, the ambi¢nwate temperaturethe
availability of bentos incidentd terrestrid insecs and
plankton, the canmunity’s wate& level, and various output
options. Thee data a specifiel by the fdlowing block of
twelve canmands

/ SIMULATI ON_CONTROL

/ HEADER string

/ LENGTH_OF SIMULATI ON string

/ MONTH_TO string

| NSTEPS integer

| TEMPERATURE string

[ WATER_LEVEL string

/ BIOTA stringy; ... string,
/ ANNUAL_OUTPUTS integer

/ ANNUAL_PLOTS stringy; ...; string,
/ SUMMARY _PLOTS string,; ...; string,

| FGETS

The command KIMULATION_CONTROL mug be the first
command in the block sige it identifies the stat of these data.
The order of the remainiy canmands however, $ not
significant. The use bthese canmands wil now be described
inalphabdécal order See Appendk D for an exampé d the use
of thee canmands.

B /ANNUAL_OUTPUTS integer

This command specifis the time interva) in years between
BASS sannuadtabulatad and plottd outputs This numbe must
bean non-neghve integersassassums a defall value d zero
which signifies tha no annuboutput will be generated. This
command is optional.

B /ANNUAL_PLOTSString; ; ... ; string,

This command specifies th variable whos annuhdynamics
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will be plated for the yeas specified by conmand
/ANNUAL_OUTPUTS The options mpabe specified one per air
or dl in one cad, separated by semicols Valid options are:

afish(string) to generat plos d each speciédotal agueous
phasechemcal activily as a tindion of time (day & year) ad
the speciésage length, or weight ckss;

baf(string) to generat plos d each speciédioaccumulation
factor(i.e., the raticC; / C,) for each chenaial & a findion of
time(day of year) aad the speciésge lengh, or weight clas;

bmf(string) to generat plos d each speciébiomagnification
factor(i.e., the ratiaC,/ C,,) for each chengial & a tindion of
time(day of year) and the speciésge length, or weight cks;

cfish(string) to generat plos d each speciéswhole body
concentratiorfppm) for each chengl & a tindion of time (day
of year) ad the speciésge length, or weight cks;

pop(string) to generat plos d each speciépopulaion dengy
(ind./ha)as a indion of time (day & year) ad the speciesge,
length, or weight ckss;

wt(string) to generat plos o each speciesvhole body weight
(g(Fw)ffish) as a Lindion of time (day @ year) ad the species’
age, length, or weight c&s;

wherestring equas “age”, “length” ar “weight”. Each ag class
or cohort d the species is assighdo one 6five ske classes
thatare defined bgassbased on the specidarged/oldes and
smadlest/youngesindividuals.

M /BIOTA string, ; ... ; string,

Thiscommand specifies nonflsstanding stocks thare prey for
the simulated fishsssemblageValid options are:

benthogyunits] = string to genera benthic standing stocks
acording to the indion string whose unitsyunits mug be
dimensiondy equivalent to gow)/nm?.

insectg yunits] = string to generat incidental terestrid insect
standingstocks accordig to the fundion string whos units
yunits mug be dimensindly equivalent to gow)/m?.

periphyton[yunits] = string to generat perphyton standing
stocksaccordiry to the findion string whose unitsyunits must
be dimensindly equivalent to gow)/m?.

phytoplankton[yunits] = string to genera phytoplankton
standingstocls accordig to the findion string whose units



yunits must be dimensionally equivalent to g(pw)/L.

zooplankton[yunits] = string to generate zooplankton standing
stocks according to the function string whose units yunits must
be dimensionally equivalent to g(bw)/L.

Valid specifications for these biotic resource functions are

function_name[yunits] = « to generate the a constant prey
standing stock of ¢ (yunits) for the simulation.

function_namefyunits] = « + p*sin(w + ¢*t[xunits]) to
generate a sinusoidal prey standing stock for the simulation
where o is the mean standing stock for the chosen time period,
B isits amplitude (yunits), w isits phase angle (radians), and ¢
= 2rn/period s its frequeny (L/xunits).

function_name{yunits] = file(filename) to read ad interpolate
the specified prestanding stock fron the file filename.

Notethat unless sgcified otherwis BASsassume tha the first
day of simulation is Apil 1 and thathe 365-h simuldion day

is March 31. Thé assignmeancan be changed using the

command MONTH_TO.

Theseoptions ae only required when the uses simulaing fish
thatfeed on thesresurces (see the "dlebption for ECOLOGF
CAL_PARAMETERS). Note, however, becaagsAassassums that
piscivorous fish swtch to benthi invertebratesrad incidental
terrestrid insectswhen appropria forage fie are unavitable,
the benthos ad insct options shodl be specified even when
simulating only piscivomwous fish. If mitiple options ae selected,
eadt option musbe separated by a semionl

W /FGETS

Thiscommand enable a userd runBAsswithout simulatiig the
assemblage’popuation dynamics, i.e., oglthe growh and
bioaccumulation ofridividud fish are simulated.

B /HEADER string

Thisis an optiond command thd specifies a title & printed on
ead page d the output file The maximmn lengh of the quoted
string is 80 characters.

B /LENGTH_OF_SIMULATION string

This command specifies th ending tire d the simulation. The
valid syntax forstring is

afunits]
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whereq is non-negtive real valueThe tine unit sgcified with
brackes is onvertel into days far internd use and subsequent
modd output.

B /MONTH_TO string

This is a1 optiond commard tha specifies tke nonth that
correpondsto the starof the simulation. If not sgcified,BASS
assumse a defalt start time d April 1.

B /NSTEPS number

This command specifies t numbe of stes pe day usal by
BASS s Euler numertal integrato and is option&since BASS s
default integrator $ a fifth-order Rnge-Kutta metod with
adaptivestep sizing. When used, the specified nursbeuld be
greater tha or equd to one.

B /SIMULATION_CONTROL

This command specifies the begnning d input data that will
applyto the simulationtdarge i.e., the lendt of the simulation
and its integrdion step, the ambi¢nwvate temperaturethe
availability of benhos incident& terrestrid insecs and
plankton, the canmunity’s waté& level, and various output
options.

B /SUMMARY_PLOTS String, ; ... ; string,

Thiscommand specifies ta variables Wwose tenpord dynamics
will be plated & the completion of th simulation. The options
may be specified one pecard, or dl in one cad, separated by
semicolons. Véd options are:

afish(string) to generat plos d each speciédotal aqueous
phasechemctal activity & a tindion of time (day & simuldion)
and the speciésge length, or weight cks;

baf(string) to generat plos d each speciédioaccumulation
facta (i.e, the ratioC; / C,) for each chendial & a findion of
time (day of simulaion) and the speciesage lengh, or weight
class;

bmf(string) to genera plos d each speciébiomagnification
factor(i.e., the raticC, / C,,) for each chendial & a tindion of
time(day of simulaion) and the speciésge length, or weight
class;

cfish(string) to genera plos d each speciéswhole body
concentratiorfppm) for each chengl & a tindion of time (day
of simulaion) and the speciésage length, or weight ckss;



pop(string) to generate plots of each species’ population density
(ind./ha) as a function of time (day of simulation) and the
species’ age, length, or weight class;

where string equals “age”, “length” or “weight”. Each cohort of
the species is assigned to one of five size classes that are defined
by BAss based on the species’ largest/oldest and
smallest/youngest individuals.

B /TEMPERATURE String

The command specifies the ambient' s water temperature. Valid
options for this command are:

temp[celsius] = a to generate a constant ambient water tem-
perature for the simulation.

temp[celsius] = « + P*sin(w + ¢*t[xunits]) to generate a
sinusoidal ambient water temperature for the simulation where
o is the mean temperature for the chosen time period, {8 is its
amplitude (yunits), w is its phase angle (radians), and ¢ =
2m/period is its frequency (1/xunits).

temp[celsiug] =file(filename) to read and interpolate the ambi-
ent water temperature from the file filename.

Note that unless specified otherwise BASS assumes that its first
day of simulation is April 1 and that the 365-th simulation day
is March 31. This assignment can be changed using the
command /MONTH_TO.

B /WATER_LEVEL String

For shallow water communities, this command specifies a
community’s actual water level. For deep water communities,
however, this command specifies the depth of the community’s
productive plankton layer. Valid options for this command are:

depth[meter] = o to generate a constant water level for the
simulation.

depth[meter] = a + f*sin(w + ¢*t[xunits]) to generate a
sinusoidal water level for the simulation where « is the mean
water level for the chosen time period, B is its amplitude
(yunits), w is its phase angle (radians), and ¢ = 2r/period is its
frequency (1/xunits).

depth[meter] = file(filename) to read and interpolate the water
levels from the file filename.

Note that unless specified otherwise BASS assumes that its first
day of simulation is April 1 and that the 365-th simulation day
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is March 31. This assignment can be changed using the
command /MONTH_TO.

4.2.2. Chemical I nput Commands

The physico-chemical properties and exposure concentrations of
each chemical of interest are specified by a block of eleven
commands, i.e.,

/CHEMICAL string

/EXPOSURE string; ; ... ; string,
/LETHALITY string; ; ... ; string,
/LOG_AC real number
/LoG_kB1 real number
/LOG_KB2 real number
/LoG_p real number
IMETABOLISM  string, ; ... ; string,

/MOLAR_WEIGHT real number
/MOLAR_VOLUME real number
/MELTING_POINT real number

The command /CHEMICAL must be the first command in the
block 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. See Appendix D for an example
of the use of these commands.

B /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, the user should use an underscore " " as a separating
character. This command must precede the commands
/EXPOSURE, /LETHALITY, /LOG_AC,/LOG_KB1,/LOG_KB2,/LOG_P,
/METABOLISM, /MOLAR_WEIGHT, /MOLAR_VOLUME, and /MELT-
ING_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 command /METABOLISM to
specify daughter products of chemical biotransformation. If the
user specifies chemical exposures via by the file option, the
indicated name is also used to direct reading of the specified
exposure files. Otherwise this name is used only for output
purposes; BASS does not use this name to link to any chemical
data base.

B /EXPOSURE string; ; ... ; string,

This command enables the user to specify the temporal dynamics
of chemical exposures to fish via the 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 which include particle-bound chemical. If
multiple options are selected, each option must be separated by
a semicolon. Valid options are:

cbnthgyunits] = string to generate potential dietary exposures
to fish via benthic organisms according to the function string.

cinsct[yunits] = string to generate potential dietary exposures to
fish via incidental terrestrial insects according to the function
string.

cphytn[yunits] = string to generate potential dietary exposures
to fish via periphyton according to the function string.

cpplnk[yunits] = string to generate potential dietary exposures
to fish via phytoplankton according to the function string.

csdmnt[yunits] = string to generate sediment exposure concen-
trations according to the function string.

cwater[yunits] = string to generate aqueous exposure concen-
trations according to the function string.

czplnk[yunits] = string to generate potential dietary exposures
to fish via zooplankton according to the function string.

The concentration units for each exposure function are specified
within the indicated brackets. As previously noted for the
simulation control functions, unless specified otherwise BASS
assumes that the first day of simulation is April 1 and that the
365-th simulation day is March 31 for all the time dependent
exposure functions discussed below. This assignment can be
changed using the command /MONTH_TO.

Valid expressions for dietary exposures via benthos, periphyton,
phytoplankton, or zooplankton and for benthic sediments are:

function_name{yunits] = « to generate a constant concentration
of toxicant in benthos, periphyton, phytoplankton, sediment, or
zooplankton.

function_name[yunits] o* cwater[xunits] to generate
chemical concentrations in benthos, periphyton, phytoplankton,
sediment, or zooplankton as a chemical equilibrium with the
ambient environmental water. If this equilibrium is assumed to
be thermodynamic, then the coefficient o generally is equal the
product of the component's dry organic fraction and the
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chemical's K,

function_namelyunits] = file(filename) to read and interpolate
the concentration of toxicant in benthos, periphyton,
phytoplankton, sediment, or zooplankton fromthe file filename.

Valid expressions for insect dietary exposures are:

cinsct[yunits ]= « to generate a constant concentrations of the
toxicant in incidental terrestrial insects.

cinsct[yunits ] = file(filename) to read and interpolate the
concentration of the toxicant in incidental terrestrial insects from
the file filename.

Valid expressions for direct aqueous exposures are:

cwater [yunits] = ¢ to generate a constant aqueous concentration
for the chemical of concern.

cwater[yunits] = a*csdmnt[xunits] to generate aqueous
exposure concentrations as a chemical equilibrium with the
benthic sediments. If this equilibrium is assumed to be thermo-
dynamic, then the coefficient & generally is assumed to equal the
product of the sediment's organic fraction and the chemical's K ..
cwater[yunits] = a+p*exp(y*t[xunits]) to generate an
exponential dissolved chemical water concentration where ¢ and
[ have units of yunitsand y has units of 1/xunits. This option
can be used to simulate a chemical spill or one time application
of a pesticide.

cwater[yunits] a+p*sin(w+¢*t[xunits]) to generate a
sinusoidal dissolved chemical water concentrations where « is
the mean dissolved chemical water concentration (yunits) (over
one period), B is the amplitude (yunits), w is its phase angle
(radians), and ¢ = 2x/period is its frequency (1/xunits). This
option might be used to simulate the mobilization of sediment
bound contaminants during spring or fall turnover.

cwater [yunits] = file(filename) to read and interpolate the dis-
solved aqueous concentration of toxicant from the file filename.
This option is currently inactive.

The user should be very cautious and judicious when using more
than one of the above options since the user can easily construct
an exposure scenario which is inconsistent with theoretical
constraints on the fate and distribution of contaminants in
aquatic systems.

B /LETHALITY string, ; ... ; string,



This optional command specifies species specific LCg,'s for the
chemicals of concern. Valid string options are:

Lc50[units](fish_name) = «
Lc50[units](fish_name) = o* Kow[-]"y

where Kow[-] is the chemical’s n-octanol/water partition
coefficient and fish_name is the common name of the fish
species to be simulated. BASS converts these user supplied LCq,'s
into their corresponding aqueous chemical activities and then
uses the geometric mean of these lethal activities to trigger
mortality during the simulation.

If the user desires, simulation of mortality associated with the
accumulation a lethal aqueous chemical activity can be turned
off by using the command line option “-I” as discussed in
Section 4.5. When this is done, however, BASS still calculates
the fish’s total aqueous phase chemical activity and reports it as
a fraction of the fish’s estimated lethal chemical activity to
provide the user with simple but useful monitor of the total
chemical status of the fish.

M /LOG_AcC real number

This command specifies the log,, of the chemical's aqueous
activity coefficient. For organic chemicals, if this parameter is
not specified, BAsS will estimate the chemical's activity
coefficient using its melting point and n-octanol/water partition
coefficient.

W /LoG_kB1real number

This command specifies the log,, of metal’s binding constant for
non-lipid organic matter (see Eq.(2-6)). This parameter is input
only for metals and organometals.

B /LoG_KB2 real number

This command specifies the log,, of a metal’s binding constant
for refractory organic matter. This parameter is used to calculate
metal binding to the fish’s dry fecal matter and input only for
metals and organometals.

B /LoG_P real number

This command specifies the chemical's log,, K., where K, is
the n-octanol/water partition coefficient. /LOG_P must be

specified for all organic chemicals.

B /MELTING_POINT real number
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The command specifies the chemical's melting point (Celsius).
This datum, together with the chemical's logP, is used to
calculate the aqueous activity coefficient for organic chemicals
when that parameter is not specified by the user. See Yalkowsky
et al. (1983)

B /METABOLISM string, ; ... ; string,

This optional command specifies species specific rates of

biotransformation for the chemical of concern. Valid strings
options are:

BT[units](fish_name, chemical _name) = «
BT[units](fish_name, chemical_name) = a*Kow[-]"y
BT[units](fish_name, none) = o

BT[units](fish_name, none) = a*Kow[-]"y

where BT is the whole body referenced biotransformation rate
k., in EQ.(2-46); Kow[-] is the chemical’s n-octanol/water
partition coefficient; and fish_name is the common name of the
fish species that can metabolize the chemical of concern, and
chemical _nameis the name of the daughter product generated by
the metabolism of chemical. If the user does not wish to simulate
daughter products because they are insignificant or assumed to
be harmless, chemical_name can be assigned the value none.
When daughter products are specified, the user must specify all
physical chemical properties of the identified by-product in the
same way that the physical chemicals properties of the parent
compound are specified.

B /MOLAR_VOLUME real number

The command specifies the chemical's molecular volume
(cm*mol) which is used to calculate the chemical's aqueous
diffusivity, i.e.,

~2.101x10°7
~ 14 0589

per (4-1)

where D is the toxicant's aqueous diffusivity (cm?/sec), n is the
viscosity of water (poise), and v is the molecular volume of the
chemical (cm®/mol) (Hayduk and Laudie 1974). The viscosity of
water over its entire liquid range is represented with less than

1% error by
_ -4(T _20)2
Log,, M| _ 1.37(T-20) + 8.36x10"(T-20) (4-2)
nr 109+T
wheren;is the viscosty (certipoise at temperatug T (Celsius),

and n,, is the viscosty of wate a 20°C (1.002 centipoise)
(Atkins 1978).

D




B /MOLAR_WEIGHT real number
Thecommand specifies th chemicat mokcular weight (Gnol).
4.2.3. Fish Input Commands

Modelparameters foeach fish specied mtereg are specified
by a block d ten commads, i.e.,

/COMMON_NAME string

/SFECIES string

/AGE_CLASS DURATION  string
/SPAWNING_PERIOD string

/FEEDING_OPTIONS string,; ...; string,

/INITIAL _CONDITIONS stringy; ...; string,
/ECOLOGICAL_PARAMETERS string,; ...; string,
/COMPOSITONAL_PARAMETERS  string;; ...; string,
/MORPHOMETRIC_PARAMETERS  string; ...; string,
/PHYSIOLOGICAL_PARAMETERS stringy; ...; string,

The command coMMON_NAME mug be the firsd command in

theblock since it is the idertifier for the starof a new seof fish

parameters.The order of tB remainiy canmands is not
significant. See Appendk D for example d the canmands
described below.

B /AGE_CLASS DURATION string

Thiscommand is usel to speciy the durdion of each ag class.
Two character strings.e., "month" ad "year", are recognized
as vdid options.

B /COMMON_NAME string

Thiscommand specifies tha stat of input data foa fish species.
The command’s specified common namstring is use for
modd output aad & a label fo specifying the dietary
compodtion of othe fish speciesEach common naenmus be
asingle character stringithout embelded blanks If a two-part
nameis desird, the user lwuld ue an underscer" " as a
separding blank. Se thaliet option for the conmand EcoLoGF
CAL_PARAMETERS.

B /COMPOSITIONAL_PARAMETERS String; ; ... ; string,
Thiscommand specifies queous ad lipid fractions 6the fish.
Vdid options whidy mug be separated by semioaois are:

pal-] = o + B*pl[-] which specifies th fishs aqueous faction
as a lirear undion of the fishs lipid fraction.

pI[-] = a*W[xunits]* B which specifies ta fishs lipid fraction
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as an dlometric fundion of its body weightlf a fish’s average
lipid content is ndependentfoits body weigh (i.e., p equals
zero), however, ths paramete can be specified simplas
pl[yunits] = o .

whereq andf} are integer or real numbers.
M /ECOLOGICAL_PARAMETERS String; ; ... ; string,

Thiscommand specifies th ecological parametetha describe
the fish's trophic interactions non-predatory morligy, and
recrutment.Valid options thamug be separated by semiools
are:

diet(a< string <p) = {string, = € , , ..., string, = € ,} which
specifiesthe dietay conpostion for fish of the age osize range
(ce[xunits],B[xunits]) wherefkunits] mug be dimensbndly
equivalentto dather yr, gFw), orcm. The rigit hand side 6éthe
option specifies tle prey iters (string,) and ther contribution
(e,,) to the fishs diet Eachstring, is ather the canmon nama of
one of the fish speciesd be simulatd, "benthos”, “inects”,
“periphyton”, “phytoplankton”, ® "zooplankbn" (see
commands BIOTA and €OMMON_NAME). Depending on its
value,e, is interpretd dther as a constant peert contribution
or as a prey dctivity. In particular if 1<e,<100, then €,
designateshe relative frequeng of that prey in the fishs diet
independentfats relaive abundance ithe fied. On the other
hand,if -1<e,<1, thene, is mnsiderd a prg electivity (e
Eq.(2-71)).For any give foraging clas, a user can speglioth
constantdietary pecentagesrad prey electivities Valid syntax
for specifyirg the size o0 age range bthe fish are

a< a[xunits]<p if the fishs ag determine its dietary
composdtion;

a<I[xunits]<p if the fishs lengh determine its dietary
compodtion;

a<w[xunits|<p if the fishs weigh determins its dietary
compodgtion.

Although for a given speciedlaange types mustdthe same
(i.e., age, length, or weight), the range types betwsgecies
may be different Thediet(-)={-} option can be repeated amany

timesas reeded in ordeto define a completlifetime sequence
of diets for the fish.

Ip[yunits] = & + B*L[ xunits] which specifies ta average length
of prey consume by a fid whos body lendt is L[xunitg]. If a
fish’savera@ prey ste 5 independentfats body lengh (i.e.,
equalszero) however, ths parametecan be specified simpas
Ip[yunits] =« .



mls[yunits] = e which specifies the species’ maximum longevity
or life span.

nm[yunits] = a* W[xunits]* which specifies a non-predatory
mortality rate for fish whose body weight is W[xunits]; yunits
must be dimensionally equivalent to 1/year. If the mortality rate
of fish is independent of their body weight (i.e., B equals zero),
however, this parameter can be specified simply as nm[yunits]
=o.

tl_ro[yunits] = a which specifies the species’ minimum total
length when it reaches sexual maturity or its first reproduction.

rbi[-] = a which specifies the species’ reproductive biomass
investment, i.e., grams gametes per gram spawning fish.

wl[yunits] = a*L[xunits]*p which specifies the fish' s live
weight as an allometric function of its total length.

yoy[yunits] = & which specifies the live weight of fish recruited
into the population as age class 0.

B /FEEDING_OPTIONS §tring, ; ... ; string,

This command instructs BASS how to calculate ingestion for a
particular age or size range of fish. Valid options for this
command are

allometric(a< string <B) to model expected feeding using
Eq.(2-56).

clearance(a< string <p) to model expected feeding using Eq.(2-
62).

holling(e< string <B) to model expected feeding using Egs.(2-
57).

linear (a< string <) to model expected feeding using Eq.(2-63).

where o and 3 are integer or real numbers and string equals one
of the following

a[xunitg] if the fish' s age determines its feeding algorithm;
I[xunitg] if the fish' s length determines its feeding algorithm;
w[xunitg] if the fish' s weight determines its feeding algorithm.
Although for a given species all range types must be the same
type (i.e., age, length, or weight), the range types between

species may be different. The parameters for these models are
specified using the /PHYSIOLOGICAL_PARAMETERS command.

39

B /INITIAL_CONDITIONS String, ; ... ; string,

This command specifies the species’ initial ages, whole body
chemical concentrations, live body weights, and population
sizes. Valid options for this command are:

agefunits] = {n, , ..., Ny qas 10 initialize the age of each
cohort with the specified vector. The units which are delineated
by brackets must be dimensionally equivalent to days.

chemical_namefunits] ={n, ..., N gas tO initialize the whole
body concentration of each cohort for the named chemical by the
specified vector. Each name must correspond exactly to a name
specified by one of the /CHEMICAL commands. The units of mea-
surement which must be enclosed by brackets must be
dimensionally equivalent to g/ g(Fw).

wtfunits] = {ny, ..., Ny gasd 1O initialize the body size of each
age class with the specified vector. The units which are delin-
eated by brackets must be dimensionally equivalent to g(Fw).

poplunits] = {n; , ..., Ny gass O initialize the population
density of each age class with the specified vector. The units
which are delineated by brackets must be dimensionally
equivalent to inds/ ha.

B /MORPHOMETRIC_PARAMETERS String; ; ... ; string,

This command specifies the species’ morphometric parameters
that describe the exchange of chemicals across its gills. Each
string 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:

galyunits] = a* W[xunits]”  which specifies the fish's total gill
surface area. yunits must be dimensionally equivalent to cm? or
cm?/g(Fw).

id[yunits] = e* W[xunits]*p which specifies the interlamellar
distance between adjacent lamellae.

Id[yunits] = a*W/[xunits]* which specifies the density of
secondary lamellae on the primary gill filaments, i.e., number of
lamellae per mm gill filament.

[[[yunits] = e*W[xunits]* B which specifies the fish's lamellar
length. yunits must be dimensionally equivalent to cm or cm
l9(Fw).

Note that if the exponent B equals zero for any of these
parameters, the resulting term W[xunits]* 0 does not have to be
specified.



M /PHYSIOLOGICAL_PARAMETERS String, ; ... ; string,

This command specifies ta speci€sphysiologcal parameters
for simulding its growh. Eachstring specifies a physiologal
parameterof the fish a&s a constantrotemperature-depelent
power fundion of its body weightln particular,

ae plant[-] = e which specifies th fishs assiration dficiency
for perphyton and phytoplankton.

ae invert[-] = a which specifies ta fishs assintation
efficiency for benhos insects and zooplankton.

ae fish[-] = a which specifies té fishs assiniation eficiency
for fish.
ge[yunits] = a*G[xunits]*p *exp(y*(T[celsius]-
To)*h(T,,T,,T,) which specifies tle fishs gastrt evacuation
whereG is the mass tfood resident in the intéige. yunitsmust
be dimensiondly equivalent to gfw)/day.In generaly = %2,%s,
or 1 (Jobling 1981). This parameter is required only if the
feeding option holling(-) is selected.

mf[yunits] = a*W[xunits]*p*exp(y*(T[celsius]-
To)*h(T o, T,,T,) which specifies the fish's maximum filtering
rate. yunitsmust be dimensionally equivalent to L/day. Required
only if the feeding option clearance(-)is selected.

mifyunits]=a*W [xunits]*pB*exp(y*(T[celsius}
To)*h(T o, T4, T,) which specifies the fish's maximum ingestion.
yunitsmust be dimensionally equivalent to g(Dw)/day. Required
only if the feeding option allometric(-) is selected.

rq[-] = « which specifies the fish's respiratory quotient; rq =
L(CO,) respired / L(O,) consumed.

rt:std[-] = & which specifies the ratio of a fish's routine respira-
tion to its standard respiration; rt:std = (routine O, consumption)
/ (standard O, consumption). BASS assumes a default value equal
2.

sda:in[-] = « which specifies the ratio of a fish's SDA to its
ingestion. BAsS assumes a default value equal 0.17.
sg[yunits] = a*W[xunits]*f *exp(y*(T[celsius]-
To)*h(T ,,T4,T,) which specifies the fish's specific growth rate.
yunits must be dimensionally equivalent to day ™. Required only
if the feeding option linear(-)is selected.

smlyunits] = o*W [xunits]*p *exp(y*(T[celsius]-
To)*h(T ,,T4,T,) which specifies the size of the satiation meal
consumed during the interval (O, st]. See option “st[:]” below.
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Required only if the feeding option holling(-) is selected.
so[yunits] = a*W[xunits]*B *exp(y*(T[celsius]-
To)*h(T o, T1,T,) which specifies the fish's standard oxygen con-
sumption. yunitsmust be dimensionally equivalent to mg(O,)/ hr
or mg(O,)- g(Fw)™ hr.

st[yunits] = oa*W [xunits]*B *exp(y*(T[celsius]-
T)*h(T o, T, T,) which specifies tl time b sdiation when
feedingwith an initially empty storach. &e optiorsm[-] above.
Required ory if the feedimg optionholling(:) is sekcted.

where

Y(T,-Ty
TZ_T] 271
T —T0

2

whereT; is the temperature at whiceach particulaprocess’s
rateis maximal T,is the uppe temperature at whicthe process
is no longe operdive, and T, is the low end reference
temperaturehat is usel to speciy the process Q, response.
Specificationof the hypebolic fundion h(T,,T,,T,) is optional
in which cag the specification of threference temperaturg T
is also optional. Consequentlgl of the aboe temperature
dependent powedundions can also be specified simgls

h(T, T, T,) = [ (4-3)

o* W[xunits] *exp(y* T[celsiug)

Asnated for the fishs mophometrc parametersf the exponent
B equak zep for any & parametes idenified as being
dlometric powe fundions the resliing temW/[xunits]"*0 does
nat have 1 be specified. If a requidgparameteis not sgcified,
the program Wi terminate with an appropria message.
B /SPAWNING _PERIOD string
This command specifies tb nonths during whikb spawning
occurs Valid character string for this canmand are eithethe
nameof a month or the namesfdwo months separaleby a
hyphen. For example,

/SPAWNING_PERIOD may OR

/SPAWNING_PERIOD april-june
The namesfathe months must & spelle out in full.

B /SPECIES string

Thiscommand specifies th scietific name (genusral species)



of the fish to bemodeled. When tkicanmand is enountered,
BASS uses the specified scientific name a assigh default
ewlogical,morphologcal, and physiologial parameterfor the
speciesof interest The® defalt parametes ae then updated
with the data that tb use inputs via the
/ECOLOGICAL_PARAMETERS,/MORFHOMETRIC_PARAMETERS, and
/PHYSIOLOGICAL_PARAMETERS commands This option,
however, & not implementtin BASsversion 2.1.

4.2.4. Units Recognized by BASS

ThemanyBAsscommands reuire the specification of units (or
combinaion of units) as pat of an option. Ths section describes
the syntax for units thaare recognized byBASSs input
adgorithms. The conversin of use supplied units b those
adually used bysAssis accompished by referencig dl units to
theMKS systen (i.e, meter, Hogram second). Table 8 and 9
summargeprefixes and fundamentainits, respectivelytha are
recognizedyy BASS s unit converson subroutinesTabk 9 also
summargesthe dimengindity and the conversin facta to the
MKS systen of each unit. Tald 10 summatzies units thiaare
recognizedy BASS sunit converson subrouting for specifying
ewmlogical morphometric, and physiolagil units.

Units and ther prefixes mgy be specified in gher uppe or
lower case. If prefixe ae used, there mude no embedded
blanksbetween the prefi and the unit name.g., "nilligrams™"
is carect "milli grams’ is incarect Only those units ad their
plural form presentd in Tables 9 and 10 are viid. The
circumflex (") is use to denot exponentiation (e.g., ¢his
presented acm”-2) The slaslH{/) is usél to denog division. If
multiple slashs ae used to spegifa unit, thg are interpreted
acordingto strid algebraic logic. For exampleoth "mdliter",
and "mg liter*-1" are equivaleh specifications Similarly, the
weight specifc units "mg/g/day are "mg g~-1 day*-1" are
equivalent. The unit onverson facta (Tables 9 and 10)
convers from the given unito the MKS systeme.g., 1 calorie
x 2.388x10" =1 meter? kilogram second.

4.2.5. Syntax for User Specified Functions
The following syntax rules apply to specifying these options
] Brackets are wused only to delineate units.

Dimensionless parameterslike assimilation efficiency,
lipid fraction, and K ,,, must be specified with null units

(o0

o The order of addition and multiplication is not
significant. Thus, thefollowing specificationsarevalid
and equivalent.
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temp(celsius) = a+p*sin(w + ¢*t[xunits]) <=>
temp[celsius] = B sin(¢* t[xunits]+w) + «

czplnk[yunits] = «* cwater[xunits] <=>
czplnk[yunits] = cwater[xunits]* «

Optionsthat are temperature dependent or independent
power functions may be specified by their log,, or In
transforms. For example, the following options are
valid

In(so[yunits]) = o + p* T[celsiug] + y* In(W[xunits])
log(so[yunits]) = « + p* T[celsius] + y*log(W[xunits])

User specified functions do not have to be in reduced
form. For example, temperature-dependent power
functions can be specified with areferencetemperature
other than 0°Celsius. Thus, BAss will correctly decode
the following functions

so[yunits] = o* exp(B* (T[celsius]-20))* W[xunits] "y

In(so[yunits]) = « + B*(T[celsius]-20)
+ y*In(W[xunits])

log(so[yunits])= a+p* (T[celsiug]-20)
+ y*log(W[xunits])

If the temperature dependency is unknown,
temperature-dependent power functions can be input
for a specific temperature, B° Celsius, in which case
BASS assumes a default Q,,=2. If this feature is used,
the reference temperature must be enclosed by
parentheses and follow the units specification of the
independent variable. For example, the following
specifications are valid

so[yunits](B) = a* W[xunits] My

In(so[yunits](B)) = « + y*In(W[xunits])
log(so[yunits](B)) = « + y*log(W[xunits])

If either the slope of alinear function or the exponent
of apower functionsis zero, the function can be input
as aconstant function without specifying the expected
independent variable. For example, the following

specifications are equivalent

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



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

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

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

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

The correct syntax for these options would be

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

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

4.2.6. User Supplied Exposure Files

If the user specifies the file option for the /BIOTA,
/TEMPERATURE, /WATER_LEVEL, or /[EXPOSURE commands, the
designated files must exist and be supplied by the user. The
general format of a BAsS exposure file allows a user to specify
multiple exposure conditions within a single file. Each file
record specifies exposure conditions for a specific time The
general format of a BASs exposure file is as follows

! file: exposure.dat
|

/001

time[units] ! see ensuing discussion
/C1 string
ICM  string
/START_DATA
Vi1 Vi Vigy | comment
Vo Voo Vo mv I comment
VNR L VNR,2 VNRNV I comment

The records beginning with a slash (/) followed by an integer CJ
identify the type of data (time, exposure concentration,
temperature, etc.) contained in CJ-th column of each data record.
In this example, NR is the total number of data records in the
file, NV is the number of variables per record, and C1...CM are
the column positions of M exposure variables that are to be
read. Note, however, that MV can be greater than CM and that
C1...CM need not be consecutively numbered. To simplify the
reading of multiple exposure files, BASs requires that “time” be
specified as the first column of any user-supplied exposure file.
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Valid character strings for specifying the remaining data
columns include:

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

cinsct[units](chemical name) to input the concentration of
chemical name in incidental terrestrial insects;

cphytn[units](chemical name) to input the concentration of
chemical name in periphyton;

cpplnk[units](chemical name) to input the concentration of
chemical name in phytoplankton;

csdmnt[units](chemical name) to
concentration of chemical name;

input the sediment

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

czplnk[units](chemical name) to input the whole body
concentration of chemical name in zooplankton;

benthogunits] to input the standing stock of benthic
invertebrates;

insectg units] to input the standing stock of incidental terrestrial
insects;

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

input the standing stock of

zooplankton[unitg] to input the standing stock of zooplankton;
temperaturefunits] to input ambient water temperature.
depth[units] to input water depth.

If column names other than those listed above are specified BASS
simply ignores them. Data records may be continued by

appending an ampersand (&) to the line, e.g., the following data
records are equivalent.

Vit Vi2 Vii  Viju Vimv
Vit Vi2 Vi; &
Vijier Vigz o Vimv



File records must be sequenced such that time is nondecreasing

(ie, t < t,y, | =1, 2, ..., N-1). The tim incremeh between
consecuive records can be eittreconstant o variable BASS
cdculateghe exposure conditions beten specified timpoints
by simpke linear interpol&on.

4.3. Output Files Generated by BASS

Given a user’s mputBAssgenerate the fdlowing three output
files

] an output file that smmarizes tke user’'s mput
parameters,input arors deécted by BAss and
warnings/earors enounterel during tke actual
simulation. This file will have the name fathe user's
input command file, with extension "MSG;' e.g,
INPUT.DAT will generate tk file INPUT.MSG.If the
file alreadqy exists it will be dlently overwitten. See
Appendix E (pag 95) for @ example.

(] an ouput file that thulates sekcted results fothe
simulation. Tabulated summargeincude 1 annual
bioenergéic fluxes and growth stastics (i.e, mean
body weight, nean growth radeof individud fish by
speciesand a@ class, 2)r@nud bioaccumulation fluxes
and statistics (i.e, mean whot body mncentrations,
BAF, and BMHF of individud fish by species ad age
class,and 3) anud community fluxes and staistics
(i.e.,mean populBon dengies and biomases) of each
fish species by age class. Thi file will have the name
of the user's input commad file, with extension
"BSS"; e.g., INPUT.DAT will generate the ife
INPUT.BSSIf the file alread exists it will be dlently
overwritten. See Appendk F (pag 112) for an
example.

(] a Post-script file that @entains tle plos tha were
requesté by the user The fle will have the name of
theuser' s input conmand file, with extenson "PLX";
e.g., INPUT.DAT will generate theile INPUT.PLX.
If the file alread exists it will be dlently overwitten.
See Appendk G (pag 122) for a example.

4.4. Include Filesand General File Management

Asmentioned previougBAssenable the userd construtBASss
simulation files usirg include fles. Although the usefanclude
files was introduced in 8ction 4.1 a simpl a mater of user
convenience, the installation softwarer fBass version 2.1
adually creates a specdfi ubdirectoy structue © help
constructand maintain usanput files Although users do not
haveto use ths subdirector structue © runBASS its use is
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strongly recanmended since th graphgal interfice GUI) that

is currently beig devebpel for BASS uses this diectory

structure.Using tre installation proceduseottlined in Section

5.1, theBAssinstdlation software INSTBAS.EXE creates the
directoty structue belav

C:\BASS --+-- INSTBASS.EXE

|
+-— BASS_V2.EXE

|
+-- \DISLIN

I
+-— \FISH -- *_FHS

|
+-— \COMUNITY -- *_.CMM

|
+-— \PROPERTY -- *_.PRP

|
+-- \PROJECTS --+ \projectl --+
| +

-PRJ
-CHM
-DAT
.BSS
-MSG
-PLX

Fox % ok F X

+ 4+ 4+ 4+

|
|
|
+ \project2

Files within the subdirectory \FISH are al assigned the
extension FSH. These files specify the compositional,
ecological, morphological, and physiological parameters of a
fish species and are intended to be used as include files for
constructing fish community fileswhich arediscussed next. The
general structure of a*.FSH fileis

1 file: name.fsh
1 date: june 20, 2000
1
I notes: structure of BASS fish file
1
/COMMON_NAME <string>
/SPECIES <string>
/AGE_CLASS_DURATION <string>
/SPAWNING_PERIOD <string>
/FEEDING_OPTIONS allometric(a<x[units]<b); &
clearance(a<x[units]<b); &
holling(a<x[units]<b); &
linear(a<x[units]<b)
/COMPOSITIONAL_PARAMETERS pa[-]=a*pl[-]+b; &
pl[-1=a*w[g]"b
/ECOLOGICAL_PARAMETERS Ip[cm]=a*l[cm]+b; &
wl[g]=a*1[cm]™b; &
tl_rO[cm]=a; &
rbi[-]=a; &
yoy[gl=a; &
mis[yr]=a; &
nm[1/yr]=a*w[g]"b
/MORPHOMETRIC_PARAMETERS ga[cm™2]=a*w[g]"b; &
id[cm]=a*w[g]"b; &
Id[cm]=a*w[g]"b; &



11 [cm]=a*w[g]"b
/PHYSI0LOGICAL_PARAMETERS &
ge[g/d]=a*w[g]~b*exp(c*t[celsius]); &
mf[1/d]=a*w[g]"b*exp(c*t[celsius]); &
mi [g/d]=a*w[g]~b*exp(c*t[celsius]); &
sg[1/d]=a*w[g]~b*exp(c*t[celsius]); &
sm[g]=a*w[g]"b*exp(c*t[celsius]); &
so[mg(02)/h]=a*w[g]"b*exp(c*t[celsius]); &
st[min]=a*w[g]~b*exp(c*t[celsius]); &
ae_fish[-]=a; &
ae_invert[-]=a; &
ae_plant[-]=a; &
sda:in[-]=a; &
rq[-]1=a; &
rt:std[-]=a
! end c:\bass\fish\name.fsh

Files within the \COMUNITY subdirectory are all assigned the
extension CMM. These files specify the composition, trophic
structure, and initial conditions of a particular fish community.
These files will generally use FSH files from the \FISH
subdirectory as include files and are themselves used as include
files by PROJECTS files. The general form of a *.CMM file is

1 file:c:\bass\comunity\name.cmm
1 date: june 20,2000

!
!

notes: structure of BASS community file
1
#include “namel.fsh’
/ECOLOGICAL_PARAMETERS &
diet(a<x[units]<b)={benthos=a,..
diet(a<x[units]<b)={benthos=a,..
diet(a<x[units]<b)={benthos=a,..
diet(a<x[units]<b)={benthos=a,..
/INITIAL_CONDITIONS age[yr]={a,...b}; &
wt[gl={a,.,b}; &
pop[inds/ha]={a,..,b}

,hamel=b, ..
,hamel=b, ..
,hamel=b, ..
,hamel=b, ..

o Ro Ro

W e

! repeat above fish data block as needed

1 end c:\bass\comunity\name.cmm

Files within the PROPERTY subdirectpare all ssignel the
extension PRP and speciy the physico-chenaial pioperties of
individual chemcals The® files sere as indlide fles for
chemical exposureifes. The general structerd *.PRP files is

1 file: name.prp

1 date: june 20, 2000
!
!

notes: structure of BASS chemical file
1

/CHEMICAL <string>

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

/LOG_KB2 <real number>

/MOLAR_WEIGHT <real number>
/MOLAR_VOLUME <real number>
/MELTING_POINT <real number>
1 end c:\bass\chemical\name.prp

The PROJECTS dictoly contains subdirectories thare
createcdby the user for a psicular modd application. In general,
eadt application should be assight its ow subdirectoryFor
exanple, thesassdistribution examp EVERGLDL.PRJ that
simulates mercury bi@ccumulation n a deep-water Florida
Everglades community & asignel to the sabdirectory
C\BASS\PROJECTS¥WAMPLEL1. Six type d files will reside
ineach PROJECT subdirectoryTheg file types arel) *. PRJ
filesthat specify the simulation control paramesgsnd chemtal
and fish/community indlide fles 1o be used for tki paticular
application,2) *.CHM files tha specify chemcal exposures and
properties, 3) *.DAT files which specify actual chemical
exposuresnorfish standing stocksvate temperaturgor water
depthwhen thee fundions supplid by the ‘file’ option, 4)
*.BSSwhich are the tabutaoutput files generaig by BASS 5)
*. MSG which are the messagutp files generatd by BASS
and 6) *.PLX which atwe the PasScrip plot files generai by
BASS The reconmendal structure ba PRI file is

1 file: name.prj

1 date: june 20, 2000
!
!

notes: structure of BASS project file

1

/SIMULATION_CONTROL

/HEADER <string>

/MONTH_TO <string>

/LENGTH_OF_SIMULATION <number>[year]

/TEMPERATURE temp[celsius]=<string>

/WATER_LEVEL depth[meter]=<string>

/BIOTA benthos[g/m"2]=<string>; &
insects[g/m"\2]=<string>; &
periphyton[g/m"2]=<string>; &
phytoplankton[mg/1]=<string>; &
zooplankton[mg/1]=<string>

/ANNUAL_OUTPUTS <integer number>

/SUMMARY_PLOTS pop(length); cfish(length)

1

1 specify chemical properties and exposures
1

#include “namel.chm”
1

1 specify fish community
1

#include "name2.cmm*”
/END

The chemcal exposurs and propertis fle NAME1.CHM
specifiedin the precedig prgect file has th fdlowing general
form



file: namel.chm
date: june 20, 2000

!
!
!
1 notes: structure of chemical exposures
1 and properties file

1

1

specify physico-chemical parameters

1

#include “chem_1.prp~

/EXPOSURE cwater[ppm]=<string>;
cbnths[ppm]=<string>;
cinsct[ppm]=<string>;
cphytn[ppm]=<string>;
cpplInk[ppm]=<string>;
czplnk[ppm]=<string>

1c50[units](fish_1) = a; ....

bt[units](fish_1,chem_n) = a; ...

Ro R0 R0 Ro Ro

/LETHALITY

/METABOLISM
1

! repeat above data block as needed
1 for other chemicals of concern

1 end namel.chm

The *.FSH, *.CMM, and *.PRP files within the subdirectories
\FISH, \COMUNITY, and \PROPERTY should be considered
by the user to be canonical “databases” for the construction of
new project files. If the user wishes to make changes to any of
these files, the user should either 1) edit the files as desired and
save the changes as a new *.FSH, *.CMM, and *.PRP file
within the subdirectories \FISH, \COMUNITY, and
\PROPERTY or 2) copy the desired files to a working project
subdirectory. Unless identified with an absolute path, any file
designated by an include command is assumed by default to
specify a path and file name relative to the project file specified
by the command line option “-i” when BASS is invoked. If a
specified *.FSH, *.CMM, or *.PRP file can not be found in the
subdirectory containing the user’s project file, BASS then uses
the extension of the specified file to search the subdirectories
\FISH, \COMUNITY, or \PROPERTY.

4.5. Command Line Options

To run a BASs simulation which is specified by an input/project
file INPUT.PRJ, the BASs software is invoked using the UNIX
like command line shown below

C:\BASS21> bass_v21 -i input.prj

Although the "-i filename " option is the only required command
line option, the following additional options are available

-a=> print abbreviated tabular output with minimal flux
summaries

-c=>  print distribution of cpu time in major subroutines

-e=> integrate by Euler method

-h=>  print this help list and stop (also see -?)

-i filename =>  specify Bass input file (REQUIRED)

-l=>  turn off lethal effects

-o filename =>  specify BASS_V21 output file

-p=> print messages associated with prey
switching/limitation

-r=> integrate by Runge-Kutta method (DEFAULT)

-t=>  run test of BASS Runge-Kutta integrator and stop

-?=>  print this help list and stop (also see -h)

For example, the command line
C:\BASS21> bass_v21 -i input.prj -a -C

will execute the project file INPUT.PRJ and generate
abbreviated summary tables and a distribution of cpu time spent
within various key BASS subroutines.

4.6. Restrictionsand Limitations

Commands may be presented in any order with the exceptions
noted below.

o The /CHEMICAL command must precede the commands
for any particular chemical since this command defines
a new chemical and increments the total number of
chemicals to be simulated.

° The /cOMMON_NAME command must precede the
commands for the particular fish, since this command
essentially defines a (new) fish.

° Chemical commands must precede any fish commands.

° The /END command must be the last command. Any
other text or commands following it will be ignored.



Table 8. Valid Unit Prefixes

Prefix Name Conversion Factor
atto 108
centi 10
deca 10*%!
deci 10®
exa 10+8
femto 10
giga 10"
hecto 10*02
kilo 10%%
mega 10%%
micro 100
milli 100
myria 10"
nano 10
peta 10"
pico 1012
tera 10*12
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Table 9. Valid Unit Names for Length, Area, Volume, Mass, Time, and Energy. This list is not exhaustive and summaries only

commonly used unit names that BASS’S units conversion program recognizes.

Unit Name
acre
are

btu
calorie
cc

cm
day
decade
erg
fathom
feet
foot

ft

g
gallon
gm
gram
gramme
hectare
hour
hr
imperialgallon
inch
joule
kg

km

|

Ib

liter
litre

m
meter
metre
mg
micron
mile
min
minute
mi

mm

Conversion
Factor

Dimensions

Metre

2.471x10™
1.000x10
9.479x10*
2.388x10%
1.000x10*%®
1.000%x10*%
1.157x10%
3.169x10%°
1.000x10*""
5.468x10
3.281x10*®
3.281x10*®
3.281x10*®
1.000x10*®
2.642x10"
1.000x10*®
1.000x10*%
1.000x10*®
1.000x10%
2.778x10%
2.778x10™
2.200x10"
3.937x10""
1.000x10*®
1.000x10*®
1.000x10
1.000x10*%
2.205x10"%°
1.000x10*%
1.000x10*®
1.000x10*®
1.000x10*
1.000x10*®
1.000x10*%
1.000x10*%®
6.214x10%
1.667x10
1.667x10
1.000x10*%®
1.000x10*®

P WLWOORPRFPORFRPPFRPPFPWWOWRPRONPEFPWOONOOOWOREPRFPEPNOORPRWDNDNDNDN

Kg

o
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Second Description
0 4840 yards?
0 100 meter?

-2

-2

0 cm®

0

1

1 10 years
-2

0 6 feet

0

0

0 feet, foot
0 grams

0 3.785 liter
0 grams

0

0

0 100 are
1

1 hour

0 4.54 liter
0

-2
0 kilograms
0 kilometer
0 liter
0 pound
0
0
0 meter
0
0
0 milligrams
0 10 meter
0 5280 feet
1 minute
1
0
0



Table 9. Valid Unit Names (Continuation)

Unit Name
month
nauticalmile
ng
ounce
0z

pint
pound
ppb
ppm
ppq
ppt
quart

S

sec
second
ton
tonne
week
yard
year

Conversion

Factor

3.858x10""
5.400x10%
1.000x10**
3.527x10""
3.527x10**
2.113x10*%
2.205x10"%°
1.000x10*%®
1.000x10*%
1.000x10**
1.000x10*%°
1.057x10*%®
1.000x10*®
1.000x10*®
1.000x10*®
1.102x10
1.000x10
1.653x10
1.094x10*
3.169x10%

Kg

o

OCO0OO0ORRPRPOO0OO0OORRPRRPRPRRORRLREO

Dimensions
Metre

Second

Description
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1

P OPOORPRPFPPOOOODOOOOOOOoO

1852 meter
nanograms

ounce
8 pint = 1 gallon

nanograms/mL

pugrams/mL

femtograms/mL

parts per trillion, picogram/mL
4 quarts = 1 gallon

second

second

2000 pounds
1000 kilograms



Table 10. Valid Ecological, Morphometric, and Physiological Unit Names

Conversion Dimensions
Unit Name Factor Metre  Kg Second Description
fish n.a. 0 0 0 treated as information as is byte
gram(02) 7.370x10% 2 1 -2 gram of oxygen
0(02) 7.370x10% 2 1 -2 gram of oxygen
ha 1.000x10% 2 0 0 hectare
individuals n.a. 0 0 0 treated as information as is byte
inds n.a. 0 0 0 treated as information as is byte
kcal 2.388x10™ 2 1 -2 kilocalorie
1(02) 5.159x10% 2 1 -2 22.4 liters STP = mole
lamellae n.a. 0 0 0 treated as information as is byte
mg(02) 7.370x10 2 1 -2 milligram of oxygen = 3.24 calorie
mi(02) 5.159%1072 2 1 -2 milliliter of oxygen
mmole(02) 2.303x10 2 1 -2 millimole of oxygen
mole(02) 2.303x107 2 1 -2 mole of oxygen

Note: For purposes of units conversion, units used to report oxygen consumption are treated dimensionally as joules.
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5. Software Installation and Management

5.1. MS-DOS Installation

The microcomputer ms-dos BASs 2.1 software is distributed with
1) a readme file, 2) the BASs 2.1 software, and 3) three example
project simulations. The BASS 2.1 executable and example
simulation files are compressed into a self extracting executable,
INSTBASS.EXE, using PKZIP and must be decompressed
before use. See instructions below.

BASS 2.1 is coded in Fortran 95 and its executable, BASS V21,
has been created using the Lahey/Fujitsu Fortran 95 5.60
compiler. Although BASS's source code is not included on its
software distribution diskette, it is available to any interested
party on request. Please note that there is a bug in the DISLIN
graphics software that BASS uses to generate 3-dimensional plots
of model results as a function of age or size class and time. In
particular, there is a bug in DISLIN's hidden line removal
algorithm. This bug has been reported and is being investigated.

INSTBASS.EXE not only installs the BASS 2.1 executable but
also creates a subdirectory structure to organize and manage
project files and their associated data files. Following the
instructions given below, INSTBASS.EXE creates the following
subdirectory structure

C:\BASS --+-- INSTBASS.EXE
1_- BASS_V21.EXE
1_- \DISLIN
1_- \FISH -- *_FHS
1_- \COMUNITY —- *_CMM
1_- \PROPERTY -- *_PRP
1_- \PROJECTS --+ \EXAMPLE1

I
+ \EXAMPLE2

I
+ \EXAMPLE3

The structure and use of the \FISH, \COMUNITY,
\PROPERTY, and \PROJECTS subdirectories are described in
Section 4.4 (page 43). The \DISLIN subdirectory contains the
*.DLL file needed to execute the DISLIN graphing software.

Three example BASS projects are provided in the \PROJECTS
subdirectory. Each example is allocated its own subdirectory. In
\PROJECTS\EXAMPLE1 the project file EVERGLD1.PRJ
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simulates the bioaccumulation of methylmercury in a deep-water
fish community in the Florida Everglades, USA. The major fish
species in these communities are largemouth bass, Florida gar,
yellow bullhead, bluegill and red ear sunfish, and Gambusia.
EVERGLD1.PRJ wuses the include file
\COMUNITY\EVERGLD1.CMM to specify the ecological and
physiological data for these species. The chemical exposures and
properties of methylmercury are provide to EVERGLD1.PRJ
using the include file MERCURY.CHM which in turn uses the
include file \PROPERTY\METYL_HG.PRP. The community's
water depth and the standing stocks of benthos, periphyton, and
zooplankton are specified by NONFISH.DAT. This example is
presented in Section 6 of this user's manual.

In the subdirectory \PROJECTS\EXAMPLE? the project file
EVERGLD2.PRJ also simulates the bioaccumulation of
methylmercury in a deep-water fish community in the Florida
Everglades, USA dominated by the same fish species. This
example, however, uses BASs's "fgets” option to simulate only
the growth and bioaccumulation of individual fish. The
community's population dynamics are not simulated. The
ecological and physiological data for this example are provided
by the include file \COMUNITY\EVERGLD2.CMM. The
chemical exposures and properties of methylmercury are provide
to EVERGLD2.PRJ using the include file MERCURY.CHM
which in turn wuses the include file
\PROPERTY\METYL_HG.PRP. The community's water depth
and the standing stocks of benthos, periphyton, and zooplankton
are specified by NONFISH.DAT. These files, however, are
simply copies of those found in \PROJECTS\EXAMPLE].
Because the food web structure and dynamics specified and
implied by \COMUNITY\EVERGLD2.CMM can not be made
to coincide with that of \COMUNITY\EVERGLD1.CMM, the
output of EVERGLD2.PRJ will not match that of
EVERGLD1.PRJ.

In the subdirectory \PROJECTS\EXAMPLE3 the project file
HARTWELL.PRJ simulates the bioaccumulation of tetra-,
penta-, hexa-, and hepta-PCB in a largemouth/sunfish/catfish
community of the Twelve Mile Creek region of Lake Hartwell,
SC, USA which was a USEPA Superfund site. Because the
structure of the Twelve Mile Creek fish community, like many
other largemouth/sunfish/catfish communities throughout the
southeastern USA, closely resembles an Everglades deep-water
community, the project file HARTWELL.PRJ uses the
community file \COMUNITY\EVERGLD1.CMM to model the
community of concern. This example is intended only to
demonstrate BASS's ability to simulate the bioaccumulation of
arbitrary mixtures and not what is actually occurring Lake
Hartwell fish communities. Despite this fact this simulation does



predict some interesting results regarding largemouth bass. In
particular, largemouth bass are predicted to attain internal total
chemical activities on the order of 10% of their expected lethal
chemical activity threshold. As discussed earlier, one might
suspect that such accumulations would begin to produce
sublethal effects on these fish. Interestingly, biomarker studies
on Twelve Mile Creek largemouth bass indeed suggest this to be
the case.

To install the BASs software the user should first obtain a DOS
prompt and follow the instructions below.

® Select a default drive into which the BASS software is
to be installed (e.g., hard disk "C")
C:\WINDOWS> CD C:\

b. Create a directory for BAsS software and then move to
that directory
C:\> MKDIR BASS21
C:\> CD BASS21\

¢. Request verification of copy results
C:\BASS21> VERIFY ON

d. Transfer the files from the distribution diskette (e.g.,
drive "A") to the hard disk
C:\BASS21> COPY A:*.*

e. Execute the installation file INSTBASS.EXE to

recover files from the ZIP archives using the option -d
C:\BASS21> INSTBASS -d

f.. Edit your AUTOEXEC.BAT file as follows
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SET BASS=C:\BASS21
SET PATH=%PATH%;%BASS%
SET PATH=%PATH%;%BASS%\DISLIN

to execute BASS from any directory and to enable the
BAsS executable to find DISDLL.DLL which is needed
for DISLIN graphics.

To run one of the distribution examples move to the
desired PROJECTS subdirectory and invoke BASS
using the UNIX like command as shown in the example
below

C:\BASS21> CD PROJECTS\EXAMPLE1
C:\BASS21\PROJECTS\EXAMPLE1> bass_v21 -i evergldl.prj

5.2. Auxiliary Software

To view and print BAsS plot files the user will have to have some
type of PostScript previewing software installed on their system.
If the user does not have any such software, it is recommended
that the user obtain a copy of the Ghostscript/Ghostview/GSview
software. This freeware can be downloaded from the
Ghostscript, Ghostview and Gsview homepage:
http://www.cs.wisc.edu/~ghost/.

BASS’s input files and non-PostScript output files can be viewed
using a wide variety of editors. They can also be viewed using
word processing software such as WordPerfect or Microsoft
Word. When using a word processor, however, the user should
select a non-true type font (e.g., Courier) for viewing so that the
file’s intended alignment is display properly. Using a word
processor to view non-PostScript BASS, has the added advantage
being able to compare similar files easily. For example, using
WordPerfect’s Document/Compare feature one a easily view any
differences between two BASs output files resulting from a
parameter change.



6. Example Application

Appendix D presents an example BASS project file that simulates
methyl mercury contamination in canals or open water habitats
inthe south Florida Everglades. This project file was constructed
as outlined in Section 4.4 (page 43) and is supplied with the
BAss distribution software as \EXAMPLEL. For this application
largemouth bass (Micropterus salmoides), Florida gar
(Lepisosteusplatyrhincus), yellow bullheads (Ameiurusnatalis),
bluegills (Lepomis macrochirus), redear sunfish (Lepomis
microlophus), and mosquito fish(Gambusia holbrooki) are
assumed to be the dominate fish in the habitats of interest and a
generalized food web of such assemblages is depicted in Figure
6. The sources of the ecological, morphological, and
physiological parameters used for this example are documented
by comment lines in the files presented in Appendix D. Total
fish biomass in canal and open water Everglades habitats vary
between 150 and 460 kg(Fw)/ha (Frank Jordan unpublished
data). Using Jordan’s relative abundance data as guidelines, the
initial standing stocks of the bass, gar, bullheads, bluegill, red
ear sunfish, and mosquito fish were assigned to be 20, 10, 20,
200, 100, and 10 kg(Fw)/ha, respectively, for a total community
biomass of 360 kg(Fw)/ha. Based on Loftus et al. (1998) the
water concentration of methylmercury for the simulation was
assigned to be a constant 0.444 ng/L and the BAF’s for benthos
and zooplankton were assigned to be 10%Y and 10°%,
respectively.

Appendices D, E, and F present the resulting output files
generated by BASS. At the end of the 10 year simulation the
mean annual standing stocks of the bass, gar, bullheads, bluegill,
red ear sunfish, and mosquito fishare 17.2, 12.7,4.51, 191, 146,
and 0 kg(Fw)/ha, respectively, for a total community biomass of
371 kg(Fw)/ha (see pages 120 and 121). Although the total
elimination of mosquito fish during the simulation may not be
particularly desirable, it is not unrealistic since bass and other
piscivores often exert intense predatory pressures on mosquito
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fish and other small fishes in Everglades and other wetland or
swallow water communities.

The simulated whole body concentrations of methyl mercury in
these species agree also well with unpublished data collected by
Ted Lange et al. and Loftus et al. (1998). The annual averaged
concentrations of methylmercury in largemouth, gar, bullhead,
bluegill and red ear weighted by cohort biomasses were 0.817,
0.694, 0.539, 0.495, and 0.416 mg Hg/kg(Fw), respectively (see
pages 113, 115, 116, 117, and 118). When weighted by cohort
densities, the annual averaged concentrations of methylmercury
in largemouth, gar, bullhead, bluegill and red ear were 0.671,
0.615, 0.467, 0.482, and 0.370 mg Hg/kg(Fw), respectively (see
pages 113, 115, 116, 117, and 118). Loftus et al. report whole
body concentrations of methylmercury in largemouth, gar,
bullhead, bluegill and red ear to be 0.967, 1.16, 0.443-0.755,
0.478, and 0.247 mg Hg/kg(Fw), respectively.

As is typically observed under field conditions (Forrester et al.
1972; Scott and Armstrong 1972; Cross et al. 1973; Akielaszek
and Haines 1981; Watling et al. 1981; Boush and Thieleke
1983a,1983b; MacCrimmon et al.1983; Ueda and Takeda 1983;
Wren and MacCrimmon 1986; Braune 1987; Luten et al. 1987;
Moharram et al. 1987; Sprenger et al.1988; Grieb et al. 1990;
Parks et al. 1991; Gutenmann et al. 1992; Lange et al. 1993;
Tracey 1993; Joiris et al. 1995; Munn and Short 1997; Stafford
and Haines 1997 ), BAss predicts a strong interdependence
between the body sizes of fish and their mercury whole body
mercury concentrations. For example, the mean annual mercury
concentration of newly recruited largemouth whose average
annual body weights is 86.9 g(Fw) is 0.499 mg Hg/kg(Fw).
However, the mean annual mercury concentration of oldest
largemouth whose average annual body weights is 1.09 kg(Fw)
is 1.03 mg Hg/kg(Fw).
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7. Model Quality Assurance

Qudity Assurace QA) and Qudity Control (QQ for theBASS
simulation modé has been addresel with respect to:

1) Themodel's theortical founddions i.e., does the model’'s
conceptual and mathemésécal framewok standup to
scientific/engireerirg peer view?

2) Themodel's implementidon, i.e., dos the code actually do
wha it is intended to do?

Nevertheless Madenjian et al. used a single, unidentified
excretion constant in their model which simply lumps all
excretion pathways ( i.e., gill, intestinal, urinary, and dermal)
into one. What Madejian et al. are essentially questioning is not
FGETS per se but rather the need to use thermodynamically
based diffusion models for bioaccumulation in general.

The second criticism is that FGETS is overly complex and

3) Themodel's documentan and application, i.e., can the requires too much additional data to parameterize (McKim et al.
model be used by tb outside research and regulatory1994; Stow and Carpenter 1994; Jackson 1996). Since FGETS’s

community h a meaningfuway?

7.1. Questions Regarding QA of a Model’s
Scientific Foundations

7.1.1Isthe nodel’s theorécal foundation publishein the peer
reviewed literature?

With the exception of its population and trophodynamic
algorithms, BASS is based on the FGETS bioaccumulation and
bioenergetics model which has been published in the peer
reviewed literature (Barber et al. 1988, 1991). The bioenergetic
modeling paradigm employed by BASs to simulate fish growth
has been used by many researchers in the peer reviewed
literature (Norstrom et al. 1976; Kitchell etal. 1977; Minton and
McLean 1982; Stewart et al. 1983; Thomann and Connolly
1984; Cuenco et al. 1985; Stewart and Binkowski 1986;
Beauchamp et al. 1989; Barber et al. 1991; Stewart and Ibarra
1991; Lantry and Stewart 1993; Rand et al. 1993; Roell and Orth
1993; Hartman and Brandt 1995a; Petersen and Ward 1999;
Rose et al. 1999; Schaeffer et al. 1999). Moreover, since its
construction FGETS has been included in numerous reviews
bioaccumulation models that are applicable for ecological risk
assessments and environmental management decisions (Barron
et al. 1990; Jones et al. 1991; Barnthouse 1992; Chapra and
Boyer 1992; Landrum et al. 1992; Olem et al. 1992; Dixon and
Florian 1993; Cowan et al. 1995; Campfens and Mackay 1997;
Feijtel et al. 1997; Howgate 1998; Wania and Mackay 1999;
Mackay and Fraser 2000; Bartell et al. 2000).

Two criticisms have been lodged against FGETS in the
literature. The fist of these is that it assumes or attempts to prove
the gill exchange of chemicals is more important than other
routes of exchange (Madenjian et al. 1993). Madenjian et al.
(1993) took exception to FGETS predictions that “excretion of
PCB through the gills is an important flux in the PCB budget of
lake trout”. Madenjian et al. claimed that this result as not
supported by any laboratory study on trout and cited Weininger
(1978) as proof that gill excretion was in fact negligible.
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bioenergetic model for fish growth is not significantly different
from those used by several other authors (Norstrom et al. 1976;
Weininger 1978; Thomann and Connolly 1984; Madenjian et al.
1993; Luk and Brockway 1997) , this criticism is generally
aimed at BASS’s gill exchange model. As indicated by Tables 2 -
6, however, there is in fact an abundance of gill morphometric
data available to estimate the parameters needed for this model.

7.1.2. How has te nodd or mode algorithms been
corroborated / validated?

BASS’s bioconcentration and bioaccumulation algorithms have
been validated by comparing its predicted uptake and elimination
rates to published in the peer reviewed literature (Barber et al.
1988; Barber 2000). For organic chemicals these algorithms
have also been validated by simulations of mixtures of PCBs in
Lake Ontario salmonids and various laboratory studies (Barber
et al. 1991). For sulfhydryl binding metals, BASS’s
bioconcentration algorithms have been validated by simulations
of methylmercury bioaccumulation in Florida Everglades fish
communities one of which is presented herein as a typical BASS
application. For validation of BAsSs’s bioenergetic growth
algorithms the reader should refer to Barber et al. (1991) and the
example herein.

7.1.3.What is tle mathemtical sensitivity & the nodd with
respecto parametes, stae varables (intial value problems),
andforcing fundgions/bounday condition® What is tke nodel's
sengtivity to structural ©ianges?

There are four major class of mathematical sensitivity regarding
a model’s behavior. These are the model’s sensitivity to
parameter changes, forcing functions, initial state variables, and
structural configuration. The first three of these classes generally
are formally defined in term the following partial derivatives

X X axX
ap, ez 3% (0)

where X; isastate variable of interest; p, is some state parameter



of concern; Z; is some external forcing function; and X;(0) is the
initial value of some state variable of interest which may be X;
itself. Structural sensitivity, which generally cannot be
formulated as a simple partial derivative, typically concerns the
number and connectivity between the system’s state variables.
Anexcellent question regarding structural sensitivity for amodel
like BASS might be how does a predator’s population numbers or
growth rate change with the introduction or removal of new or
existing prey items?

Because model sensitivity as defined above is simply a
mathematical characteristic of a model, model sensitivity in and
of itself is neither good nor bad. Sensitivity is desirable if the
system being modeled is itself sensitive to the same parameters,
forcing functions, initial state perturbations, and structural
changes to which the model is sensitive. Even though model
sensitivity can contribute to undesirable model uncertainty or
prediction error, it is important to acknowledge that model
sensitivity and uncertainty are not one and the same (Summers
etal. 1993; Wallach and Genard 1998). Model uncertainty, or at
least one of its most common manifestations, is the product of
both the model’s sensitivity to particular components and the
statistically variability associated with those components.

A generalized sensitivity analysis of BASS without explicit
specification of a fish community of concern is undoable.
Furthermore, the results of a sensitivity analysis for one
community generally cannot be extrapolated to other
communities. Issues related to BASS’s sensitivity must be
evaluated on a case by case basis by the users of the software.
Although procedures for enabling users to conduct a variety of
structured sensitivity analyses are currently be developed,
presently the onus of performing such analyses rests with the
user. Users interested in issues and techniques related to model
sensitivity and uncertainty should consult the following papers:
Giersch (1991), Elston (1992), Summers et al. (1993), Hakanson
(1995), Norton (1996), Loehle (1997), and Wallach and Genard
(1998).

7.2. Questiors Regarding QA of a Model’s
I mplementation

7.2.1.Did the nput algoithms propery process kuse input?

As part of its routine output BASS generates a *.MSG file which
summarizes all the input data that was used for a particular
simulation. This summary includes not only a line by line
summary of the user’s input commands but also a complete
summary of all control, chemical and fish parameters that BASS
assigned based on the user’s specified input file(s). The onus is
then on the user to verify that their input data has been properly
processed. If not, the user’s should report their problem to the
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technical contact identified in the BASS user’s guide.

BASS has a series of subroutines that check for the completeness
and consistency of the user’s input data. When missing or
inconsistent data is detected, an appropriate error message is
written to the above *.MSG file and a error code is set to true. If
this error code is true after all the user’s input has been
processed, BASS terminates without attempting further program
execution.

7.2.2.1s the developer reasonaplconfiden that program
subroutines,fundions, andprocedurs are tansnitting and
receiving the carect variable® Sinilarly, is the devebper
reasonaby} confidenthat program subroutingsundions, and
proceduresare not inadvertetty changing variate sssgnments
the $1ouldn’t ke changed?

All BAsS subroutines and functions are accessed using implicit
interface generated by the pertinent Fortran 95 compiler.
Subroutines and functions are packaged together according to
the function and degree of interaction. The BASS version 2.1
software is coded with one main program PROGRAM BASS_V21
(see BASS_V21.F90) and 25 procedure modules. These are

® MODULE BASS ALLOC - subroutines for allocating and
reallocating derive type pointers (see BASS ALLOC.FO0).

® MODULE BASS CHECK - subroutines for checking the
completeness and consistency of user input (see
BASS CHECK.F90).

® MODULEBASS_DEFINED - functionsfor determining whether
program parameters and variables have been initialized or
assigned (see BASS_DEFINED.F90).

® MODULE BASS EXP - subroutines for calculating exposure
conditions (see BASS_EXP.F90).

® MODULEBASS INI-subroutinesfor initialization of program
variables (see BASS_INI.FO0).

® MODULEBASS INPUT - subroutinesfor processing user input
(see BASS_INPUT.F90).

® MODULE BASS ODE - subroutines for the computational
kernel of the BASS software (see BASS_ODE.F90).

® MODULE BASS PLOTS - subroutines for generating BASS
output plots (see BASS_PLOTS.F90).

® MODULE BASS_TABLES - subroutines for generating output
tables (see BASS_TABLES.F90).

® MODULE DECODE_FUNCTIONS - subroutines for decoding
constant, linear, and power functionsfrom character strings
(see UTL_DCOD_FNC.F90).

® MODULEDISLIN_PLOTS - general subroutinesfor generating
2 and 3-dimensional DISLIN plots (see uTL_PLOTS.F90).

® MODULE ERROR_MODULE - subroutines for printing error

codes encountered with general utility modules (see
UTL_ERRORS.F90).



MODULE FILESTUFF - subroutines for parsing file names and
obtaining wversion numbers or time stamps  (see
UTL_FILESTUFF.F90).

MODULE FLOATING_POINT_COMPARISONS - operators for
testing equality or inequality of variables with explicit
consideration of their computer representation and spacing
characteristics (see UTL_FLOATCMP.F90).

MODULE GETNUMBERS - subroutines for extracting numbers
from character strings (see UTL_GETNUMS.F90).

MODULE I0SUBS - subroutines for assigning, opening, and
closing logical units (see UTL_10SUBS.F90).

MODULE MODULO_XFREAD - subroutines for reading files
which contain comments, continuation lines, and include
files (see UTL_XFREAD.F90).

MODULE MSORT - subroutines for sorting and generating
permutation vectors for lists and vectors (see
UTL_MSORT.F90).

MODULE MXGETARGS - subroutines for extracting arguments
from a command line (see UTL_MXGETARGS.F90).
MODULE REALLOCATER - subroutines for allocating and
reallocating integer, logical, and real pointers (see
UTL_ALLOC.F90).

MODULE SEARCH - subroutines for finding the location of a
key phase within a sorted list (see UTL_SEARCHZ2.F90).
MODULE SEARCH_LISTS - subroutines for finding the
location of a wvalue within a sorted list (see
UTL_SEARCH1.F90).

MODULE STRINGS - subroutines for character string
manipulations and printing multiline character text (see
UTL_STRINGS.F90).

MODULE TABLE_UTILS - subroutines for generating self-
formating tables (see UTL_PTABLE.F90).

MODULE UNITSLIBRARY - subroutines for defining and
performing units conversions (see UTL_UNITSLIB.F90).

In general these procedure modules are coded with minimal or
no scoping units. Also whenever possible subroutine and
function arguments are declared with INTENT(IN) and
INTENT(OUT) declarations to preclude unintentional
reassignments.

Although global constants and Fortran parameters are supplied
to program procedures via modules (see question 7.2.3 below),
data exchanges between program procedures are performed via
formal subroutine/function parameters whenever possible. The
only notably exception to this coding policy are modules which
must be used to supply auxiliary parameters to an “external”
subroutine which is used as an argument to certain mathematical
software packages. Working areas used by BASS are not used for
data transfers between internal or external procedures.

To simplify the construction and maintenance of the formal
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parameter lists of many BASS subroutines and functions and to
help prevent the inadvertent transposition subroutine or function
formal parameters, BASS makes extensive use of derive type data
structures. Each derived type definition is specified within its
own module and all derive type definition modules are
maintained in the file BASS_TYPES.F90. A good example of
BASS’s use of derive type data structures is the derive type
variable used to store and transfer the ecological, physiological,
and morphometric data for a particular fish species. This derived
type is defined by following module

MODULE dt_fish_par
TYPE:: Ffish_par

CHARACTER (LEN=80) :: ageclass, class_var, &
genus_species, spawning_interval

INTEGER :: classes=0, spawnings=0

INTEGER, DIMENSION(:), POINTER :: &
class_model=>NULL(), spawn_dates=>NULL()

REAL :: ae_fish, ae_invert, ae_plant, &
dry2live_ab, dry2live_aa, dry2live_bb, &
dry2live_cc, gco2_d, la, longevity, &
mgo2_s, rbi, rq, rt2std, sda2in, tl_r0, yoy

REAL, DIMENSION(2) :: &
ga, id, Id, 11, Ip, nm, pa, pl, wl

REAL, DIMENSION(6) :: ge, mf, mi, sg, sm, so, st

REAL, DIMENSION(:), POINTER :: class_bnds=>NULL()

END TYPE fish_par
END MODULE dt_fish_par

Manycomponerg d this derival type are usenput parameters
thathave alead/ been discusgk For examplethe arrg ga(2)
stores the coefficiem and exponent ba speciesgill area
fundion (see MORPHOMETRIC_PARAMETERS page 39). Other
componentare £conday parametes tha are calculated from
the use’s input data For exampledry2live_d, dry2live aa,
dry2live_bb, and dry2livecc are constastthd are used to
cdculate a fish's live weigh from its dy weight (see
introdudionto Section 2.6 Modding Growh of Fish) Using a
declaration of tk form

TYPE(fish_pa&), DIMENSION(nsgcieg :: par

dl data defin@ by the aboe derived type can be pads®e a
BASSsubroutire by the simple callig statemen

CALL subi(...., par, ....)
without fear of da& misalignment.
7.2.3. Is the developer reasonably confident that all program
subroutines, functions, and procedures are using the same

global constants or parameters?

All globd constans ae defined \thin ther own individual



modules. These modules include
® MODULE BASS_CONSTANTS - constants used by BASS’s
computational subroutines (see BASS_CONSTANTS.F90).
MODULE CONSTANTS - constants used by utility subroutines
(Ssee UTL_CONSTANTS.F90).

MODULE NOVALUE - specifies values for integer, real, and
character variables that have been been initialized (see
BASS_CONSTANTS.F90).

MODULE SNGL_DBL_QUAD - specifies the precision of
floating point variables as either single, double, or quad
precision variables. This module also assigns certain
associate floating point constants (see
BASS_CONSTANTS.F90).

MODULE WORKING_DIMENSIONS - specifies ‘standard’ sizes
for character variable, input records, etc. (see
BASS_CONSTANTS.F90).

MODULE UNITS_PARAMETERS - specifies parameters used by
the units conversion subroutines (see UTL_UPARAMS.F90)

7.2.4. Do all strictly mathematical algorithms do what they are
suppose to? For example are root finding algorithms
functioning properly?

During execution BAss must employ root finding algorithms for
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 its
fraction lipid and linear relationships between its percent water,
lipid, and non-lipid organic matter. The second type of
calculation involves the linear transformation of unconditioned
dietary electivities into self consistent sets of dietary electivities.
These calculations are performed using the combined
bisection/Newton-Raphson algorithm outlined by Press et al.
(1992).

As mentioned earlier, the BAss software allows the user to
integrate BASS’s differential equations using either a simple
Euler method or a fifth-order Runge-Kutta method with adaptive
step sizing. These methods offer the user two distinctly different
options with respect to software performance and execution.
Although Euler methods cannot assess the accuracy of their
integration, such methods often allow for fast model execution.
Runge-Kutta methods, on the other hand, can monitor the
accuracy of their integration but at the cost of increased
execution time. This additional computational burden, however,
can often be significantly reduced by employing adaptive step
sizing. BASS’s Runge-Kutta integrator is patterned on the fifth-
order Cash-Karp Runge-Kutta algorithm outlined by Press et. al.
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(1992) and was tested using the following system of equations.
dy,/dx = 1.0
dy,/dx = x
dy,/dx = cos(x)
dy,/dx = cosh(x)
dy./dx = exp(x)
dyg/dx = 1.0/(1.0 + X)
dy,/dx = 1.0/(1.0 + x?)

dyg/dx = 1.0//1.0 + x?

dyg/dx = -100 (y, - sin(x))  y4(0) =1
du/dx =998 u + 1998 v u0) =1
dv/dx = -999 u-1999 v v(0) =0

The analytical solution to this system of equations is

Yi=X"%
Y, =05 (X2 - %5)
Y, = sin(x) - sin(x,)
y, = sinh(x) - sinh(x,)
Y5 = exp(X) — exp(x,)
Yo =In(1 +x) - In(1 + X))
y, = arctan(x) - arctan(x,)
Y, = asinh(x) — asinh(x,)
100

10101
= exp(-100 X) - ——— cos
Yo~ Too01 P( ) 10001

u =2 exp(-x) - exp(-1000 x)
v = —exp(-X) + exp(-1000 x)

. 10000
10001

)

sin(x)

On the interval [0<x<10], the above solutions range in value
from v=0.453999E-04 to y,=0.220255E+05. Besides their large
numerical range, the last three equations in this system are
numerically stiff (Press et al. 1992; Ascher and Petzold 1998).
When integrated on the interval [0<x<10], the ratio of the
numerical solutions and the corresponding analytical solutions
equaled unity with an absolute error of <107,

7.2.5. Are mathematical algorithmsimplemented correctly, i.e.,
arethe assumptions of the procedur e satisfied by the problem of
interest?

Because BASs is a differential equation model, a question of
paramount concern is how its integration between points of
discontinuity / nondifferentiability is controlled. BASS, like many
ecological models, utilizes threshold responses, absolute value
functions, maximum and minimum functions, and linear
interpolations between time series in its formulation and
implementation. Although most of BASS’s parameters are
updated continuously, a few parameters (e.g., dietary
compositions) which are computationally intensive to evaluate
and which change very slowly are updated only daily and are



therefore step functions of time. All of these features create
points of discontinuity or nondifferentiability. Although there is
nothing intrinsically wrong with using such formulations in
differential equation models, numerical integrations of such
models must proceed for one point of discontinuity /
nondifferentiability to another.

With these considerations inmind, BAsS’s computational kernels
(subroutines BASS_ODESOLVR and FGETS_ODESOLVR) are
designed to integrate BASS’s differential equations for a single
day of the desired simulation period. Immediately following the
call of these computational kernels, BASs calculates the dietary
composition of each fish that will be held constant for that day.
The progress of the subsequent numerical integration within the
day is then controlled by any conditions that results in a point
of nondifferentiability. The two most important conditions in
this regard occur when BASS must read an exposure file to
update the parameters for the linear interpolation of one or more
exposure variables or when one or more cohorts are eliminated
from the community. In the later case, BAsSS also recalculates the
dietary compositions of the remaining fish which again will
remain constant for the remainder of the day. Note that
recruitment of new cohorts into the simulated community does
not create a point of nondifferentiability for BASS since such
amendments to the community’s structure are performed before
calling the computational kernels BASS_ODESOLVR or
FGETS_ODESOLVR and therefore constitutes a simple
reinitialization problem.

7.2.6. Aresimul ated results consistent with known mathematical
constraint of the model? For example, if state variable are
suppose to be non-negative, arethey? Smilarly, if the model is
suppose to mass balance, does it?

BASS"s state variables, like those of most physical or biological
models, must be by definition non-negative. However, insuring
that the numerical integration of a differential equation model
remains constrained to its appropriate state space is not a trivial
issue. Consider, for example, the case when one wants to take a
simple Eulerian step for a non-negative state variable which has
a negative derivative. If the state variable is to remain non-
negative, then the largest allowable size for the integration step
can be calculated as follows

y(t+h) = y(t) + hy'(t
0 <y() + hy'(t)

y'®
If h isgreater than the numerical spacingof t (i.e, t + h#1t),

where y'(t) <0
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then an integration step is possible. If the converse is true,
however, the function y(t) is approximating a step function in
which case the desired integration can simply be restarted with
y(t) = 0. Thereareat least two typesof situationsthat can occur
during a BAsS simulations 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. Regardless of the integration method used (i.e., Euler
or Runge-Kutta), when the derivative for a fish’s body weight,
population density, or body burden is negative, BASS verifies
whether the current integration step will in fact yield non-
negative state values. If not, BASS either executes a simple Euler
step of the appropriate size or restarts the integration with the
appropriate state variables initialized to zero.

When used it its full community mode (i.e., the non-FGETS
option), BAss calculates and reports the mass balance between
the community’s total predicted predatory mortality and its total
predicted piscivorous consumption as a mass balance check on
its internal consistency and operation. For the example presented
herein this mass balance is -1.953E-02 [g(DW)/ha/yr]. Since this
community’s total piscivory is calculated to be 2.778E+04
[9(DW)/halyr], this mass balance check would have a relative
error of less than 10°®. See page 121.

7.2.7. Are simulation results consistent across machines or
compilers?

BAsS was originally developed on a DEC 3000 work station
using the DEC Fortran 90 compiler. It has also been ported to
the Windows operating system on the DELL OptiPlex using the
Lahey/Fujitsu Fortran 95 5.60 compiler. Although the results of
these two implementations to agree with one another up to single
precision accuracy, due to differences in compiler optimization,
model computations must be performed in double precision to
obtain this level of consistency.

7.2.8. Have test and reference/lbenchmark data sets been
documented and ar chived?

At least three different test project files are maintained to tract
changes in the operation of BASs associated with code
maintenance and updates. These files are used as benchmarks to
verify that code modifications that should not change BASS ‘s
computational results in point of fact do not change BASS’s
simulation output.



7.3. Questions Regarding QA of Model

Documentation and Applications

7.3.1.Is the nodd intended for absolué a comparative
prediction?

Although BASS can be used to analyze results from actual field
studies or predict the expected future condition specific real
communities, its principal intended use is to predict and compare
the outcomes of alterative management options that are
associated with pollution control, fisheries management, and/or
ecosystem restoration activities.

7.3.2.Does the User Guie provide the inform#on needed to
appropriate appy and us the nodel?

The BASS User’s Guide summarizes the model’s theoretical
foundations and assumptions, the model’s input command
structure, issues related to user file and project management, and
software installation. The User’s Guide also presents and
discusses the results of one of the three example applications
that are distributed with the BASS software.

7.3.3.What intenal checking can be mde b help insue that
the modd is behg used appropriately?
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Currently the only internal checking performed by BASs is to
verify that all parameters needed by the model for a particular
simulation have in fact been specified by the user. Although
BAsS will assign a few default parameters, most unassigned
parameters are fatal errors. Future versions of BASS will perform
bounds checking on many of its physiological and
morphological parameters.

7.3.4.Has the devebpea anticipatad computational prblem
areas hat will cause the nodd to “bomb”?

Several key mathematical calculations have been identified as
potential problemareas for a BASS’s simulation. In general, these
problem areas involve either the unsuccessfully resolution of a
root of a nonlinear equation or the unsuccessfully integration of
BASS’s basic state variables. Examples of the former include
situations when BAsS’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 dry weights. Examples of the latter include
situations when the current integration step is less than the
numerical spacing of the current time point or when BASS’s
integration error exceeds 10°°. When any of these situations are
encountered, BASS terminates execution and issues an
appropriate error message to the current *.MSG file.



8. Planned Future Features

Presently, ten major program developments are planned for
BASS. These include:

Development of a graphical user interface (GUI) for easy
construction of input files.

Improved plotting capabilities including the generation of
output files that users can input to their own graphic
software.

Development canonical fish and community databases (i.e.,
* FSH and *.CMM files) to facilitate easier application of
BASS.

Software to perform model sensitivity analyses.

Implementation of an option to read a simulated or
measured time series of dissolved oxygen concentrations
that are needed of calculate the fishes’ ventilation volumes.
See EQ.(2-12). Currently, BASS uses saturated dissolved
oxygen concentrations that are calculated as a function of
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water temperature.

Development of submodels for simulating the biomass
dynamics of benthos, periphyton, phytoplankton, and
zooplankton.

Development of submodels for simulating the physiological
tolerances of fish to water quality parameters other than
toxic chemicals.

Incorporation of quantitative structure activity relationships
(QSAR?’s) to predict metabolism of organic chemicals.

Development of migration algorithms for simulating the
movement of fish into and out of the simulated community
based on habitat parameters such as water depth, current
velocity, availability of prey, etc.

Development of subroutines to simulate sublethal, residue-
based effects.
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APPENDICES

APPENDIX A. Equilibrium complexation model for metals

As reviewed by Mason and Jenkins (1995), metals can be
classified into three different categories based on their
complexation behavior and preference for different ligands.
These groups are generally designated as class A, class B, and
borderline metals. Of these, however, class B and borderline
metal s are the most important from an ecotoxicol ogical point of
view. Class B metals which include Au, Ag, Cu, Hg, and Pb
preferentialy bind to marcromolecules such as proteins and
nuclectides that are rich in sulfhydryl groups and heterocyclic
nitrogen. Borderline metals which include As, Cd, Co, Cr, Ni,
Sn, and Zn bind not only to same sites as do class B metals but
asotothosesitespreferred by class A metals(i.e., carboxylates,
carbonyls, alcohols, phosphates, and phosphodiesters). Although
factors determining the preference of borderline metals for a
particular binding site are complex, the fact that the transport
and storage of these metalsin fish and other biotaisregulated by
metallothioneinsviasulfhydryl complexation reactionscertainly
suggests that the total availability of sulfhydryl groups within
organisms plays a key role in their internal distribution and
accumulation. To formulate complexation reactions for class B
and borderline metals, one can assume that protein sulfhydryl
groups are the only significant ligand for these metals, i.e.,

RH +M"<RWM + H" (A-1)
The stability constant for thisreaction is
RM] [H* RSM [H*
Kp - [RSMI[H] _ RSM [H] A2

[RH] [MT  RH [M7]

where[H *] is the hydrogen ion concentration (molar); [M *] is
the concentration of free metal (molar); [RSH] is the
concentration of reactive sulfhydryls (molar); [RSM] is the
concentration of sulfur bound metal (molar); RSV arethemoles
of metal bound to sulfhydryls, and RSH are the moles of free
non-disassociated sulfhydryl. Metal complexation must be
constrained by mass balances for both the metal and sulfhydryl
binding sites. For the metal itself the following mass balance
must hold

™ =M + LM + RSM

- M1, W - MK, P w - KO RTIM
[H7]
M| PW - PWK,, + L;’ R]SH (A-3)
e

M?] = ™

Kb RSH

W (P, + P, K,,) +
[H]

whereTM are the total moke d metd; LM are the moles of
metalthat is patitioned into lipids, and Wis the fish’s volume
in liters which is gproximatey equivalent to its kogram live
weight. The mass balaecfoar the fish' s sulfhydry content that
mug is sdisfied is

TS=RSH + RS + Y RV,
i

(A-4)

K
= RH|1 + al + RSV,
( [H*]) z':

whereTS denotes the total mole o sulfhydryl ligands RS are
the moles of disassociatéd sulfhydryls and
K, =[RS][H]/[RSH] is tre sulfhydryls disassoctaon

constant In addition to the reaction specified in Eq. (A-1),

mixtures of metak inteact by compeing for the same hiding
site, i.e.,

RM, + M, = RSM, + M/’ (A-5)

The stablity constant fo this reaction is

) [RSV]] M,] ) Kb

Kb. 1
[Rsm] M1 Kb,

] (A-6)

From this expresson it then follows

RSM, [M/] Kb, = RS, [M,] Kb,

Xi:RSMj [M,'] Kb, = zinSMi [M;] Kb,

RSV, Z [M;] Kb, = [M]"] Kb, ZRSMi
i i (A-7)
ﬂ E [Mi*] Kbi - ERSMi
[M;] Kb, i

RH $ (M7 kb = Y Rm,
[HTT i

If Eq.(A-3) is subsituted in this equdion, one then obtains
RSH Kby T™;

[H] T P,W+PWK,, + Kb RSH/[H]

ZRSIVIi:

(A-8)

CRH Y Kb, T™,
T [HTW(P, + P K,) + Kb RH




This equation in turn can be substituted into Eq.(A-4) to obtain

K, )
[H7]
RSH T Kb, T™,
.
" [HTW(P, + P K,) + Kb RH

TS = RH [1 +
(A-9)

For most metals, however,
[HTW(P, + P, Kowi) « Kb, RSH (A-10)

Therefore, the sulfhydryl balance equation is approximately
equal to

TS=RH|1+ 2| + Y™ A-11
[l Em e
Thus,
TS - ) ™,
RH=— 1 (A-12)
1+ KJ/H1

If the metal’s aqueous and organic phase concentrations (i.e., C,
and C,) are expressed on a molar basis, then

RM = C, P,W (A-13)

M = C, (A-14)

When Egs. (A-12), (A-13), and (A-14) are substituted into
Eq.(A-2), one then obtains

P,C,W ([H'] + K,
C, (TS - ZTMi)

(A-15)
P.C, Kb (TS - zi:TMi)
C.  W(HT+K)
which can then be substituted into the equation
Ca - - PC
P, + P K, + Oc 2 (A-16)

a

to calculated the fish’s aqueous phase concentrations.

To use the above complexation model one must specify both the
metal’s stability constant (see Eq.(A-2)) and the concentration of
sulfhydryl binding sites (mol SH/g(bw)) within the fish.
Although numerous studies have investigated the sulfhydryl
content of selected fish tissues, it appears that no study has
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attempted to quantify the total sulfhydryl content of fish. Despite
this situation, however, a reasonable approximation of this
parameter can still be made since data does exists for the major
tissues (i.e., muscle, liver, kidney, gill, and intestine) typically
associated with metal bioaccumulation.

Itano and Sasaki (1983) reported the sulfhydryl content of
Japanese sea bass (Lateolabrax japonicus) muscle to be 11.5
umol(SH)/ g(sacroplasmic protein) and 70.5 umol(SH) /
g(myofibrillar protein). Using the authors reported values of
0.0578 g(sarcoplasmic protein) / g(muscle) and 0.120
g(myofibrillar protein) / g(muscle) the total sulfhydryl content of
Japanese sea bass muscle would be estimated to be 9.12
umol(SH) / g(muscle) or 45.6 pmol(SH) / g(dry muscle).
Opstevedt etal. (1984) reported the suldhydryl content of Pacific
mackerel (Pneumataphorus japanicus) and Alaska pollock
(Theragra chalcogramma) muscle to be 6.6 and 6.2 mmol(SH)
/ 16 g(muscle N), respectively. Using conversion factors
reported by these authors, these values are equivalent to 48.7 and
56.7 umol/g(dry muscle). Chung et al. (2000) determined the
sulfhydryl content of mackerel (Scomber australasicus) muscle
to be 88.2 umol(SH) / g(protein). Using the conversion factor
0.83 g(protein) / g(dry muscle) (Opstevedt et al. 1984) this value
is equivalent to 73.2 pumol(SH) / g(dry muscle). Although few
other studies have investigated the sulfhydryl content of whole
fish muscle, several studies have reported on the sulfhydryl
content of the actomyosin and myosin components of fish
myofibrillar proteins (Connell and Howgate 1959; Buttkus 1967,
1971; Takashi 1973; Itoh et al.1979; Sompongse et al. 1996;
Benjakul et al. 1997; Lin and Park 1998). Because the results of
these studies agree well with the actomyosin analysis reported by
Itano and Sasaki (1983), it would appear that the results of Itano
and Sasaki (1983), Opstevedt et al. (1984), and Chung et al.
(2000) can be applied to fish in general. Consequently, the
sulfhydryl content of fish muscle can be assumed to be on the
order of 45-70 pmol(SH) / g(dry muscle)

Although the sulfhydryl content of liver, kidney, gills, and
intestine has not been measured directly, the sulfhydryl content
of these tissues can be estimated from their metallothionein
concentrations. Metallothioneins (MT) are sulfur-rich proteins
which are responsible for the transport and storage of heavy and
trace metals and which are also usually considered to be the
principle source of sulfhydryl binding sites in these tissues
(Hamilton and Mehrle 1986; Roesijadi 1992). Numerous
researchers have investigated the occurrence of MTs in the liver,
kidney, and gills of fish, and most have shown that tissue
concentrations of MTs generally vary with metal exposures.
Under moderate exposures typical hepatic MT concentrations in
fish are on the order of 0.03 - 0.30 umol(MT) / g(liver) (Brown
and Parsons 1978; Roch et al. 1982; Klaverkamp and Ducan
1987; Dutton et al. 1993). Using data from Takeda and Shimizu



(1982) who report the sulfhydryl content of skipjack tuna
(Katsuwonus pelamis) MTs to be approximately 25 mol(SH) /
mol(MT) and assuming a dry to wet weight ratio equal 0.2, these
MT concentrations would be equivalent to 3.75 - 37.5 pmol(SH)
/ g(dry liver). These values suggest that the hepatic sulfhydryl
content of fish which would include both their baseline MT and
cytoplasmic components that can be converted into MT, might
be on the order of 40 umol(SH) / g(dry liver). This value,
however, is probably too conservative. Consider, for example,
the observation that the ratios of mercury concentrations in liver
to those in muscle often vary from 1.5 to 6 or more (Lockhart et
al. 1972; Shultz et al. 1976; Sprenger et al. 1988). If liver and
muscle are equilibrating with the same internal aqueous phase,
then either the MT sulfhydryls are more available than are the
sacroplasmic and myofibrillar sulfhydryls or the inducible
concentrations of hepatic MT are much higher than 40 umol(SH)
/ g(dry liver). Of these two possibilities the latter appears more
likely.

Although gill, kidney, and intestine MTs have not been studied
in the same detail that hepatic MTs have been, it appears that
MT and hence sulfhydryl concentrations in gills and kidney are
lower and not as inducible as hepatic concentrations
(Klaverkamp and Ducan 1987; Hamilton et al. 1987a,b).
Klaverkamp and Ducan (1987) estimated the concentrations of
gill MT in white suckers (Catostomus commersoni) to be 33
ug(MT) / g(gill) which is equilvalent to 3.3 nmol(MT) / g(gill)
or 0.0825 pmol(SH) / g(gill). This value agrees well the
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estimated concentrations of unidentified binding sites (0.03 -
0.06 pmol / g(gill)) for copper on the gills of rainbow trout
(Oncorhynchus mykiss) and brook trout (Salvelinus fontinalis)
(MacRae et al. 1999) but is somewhat high for the concentration
of unidentified binding sites (0.013 - 0.03 pmol / g(gill)) for
copper, cadmium, and silver on the gills of rainbow trout and
fathead minnows (Pimephales promelas) (Playle et al. 1993;
Janes and Playle 1995).

Based on these considerations and the acknowledgment that
many other important organic compounds contain sulfhydryl
groups, e.g., enzymes such as those involved in fatty acid
synthesis, glutathione, etc., it seems reasonable to assume that
the sulfhydryl content of fish is approximately 70 umol(SH) /
g(Dw). Because Davis and Boyd (1978) reported the mean sulfur
content of 17 fish species to be 206 pmol(S) / g(bw), this
assumption implies that almost 1/3 of a fish’s sulfur pool exists
as sulfhydryl groups.

The above complexation model was implemented within BASS
using 70 umol(SH) / g(bw) to calculate the total sulfhydryl
content of fish and assuming that the mean dissociation constant
for organic sulfhydryls is pKa=9.25 (i.e., the SPARC estimated
pKa for cysteine). Using literature values for the stability
constants of methylmercury, however, BASS overpredicted the
bioammulation of methylmercury in fish by at least an order of
magnitude. Consequently, a much simpler distribution
coefficient algorithm was adapted.



APPENDI X B. Nondimensionalization of chemical exchange equationsfor fish gills.

Using the transformations

C-C,
° e, D
w a
X
X=3 (B-2)
_yD
vy (B-3)

the PDE and boundary conditions
3 (1 2 x2) & dc

2y P &
dC
— =0 -
ax |, (B-5)
oC 2zD 1 9C
D= =zk [C(hy) -C, s#—/} —= i
axt‘h m[ (hy) - C, ) )ﬁy ™ thy) (B-6)
can be nondimensionalized into
3, = y2 0O _ %O
{1 - X)) = wg— -
- ( ) N ¥ (B-7)
@ w0 8
dXx o (B' )
00 . »2hzV N, 00
—| =-N4|O6@1)Y) - =—= | @—| dY -
XL, . Sh[ wy 0 /, XL, . ) (B-9)

The boundary condition (B-9) that describes exchange across the
secondary lamella, however, can be simplified by noting that the
solution of Eq.(B-7) is separable, i.e., ©(X,Y) = &)(X) (Y)and
that g, = h z V is the ventilation volume of an individual
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interlamellar channel. Using these observations, one can then
write

do

M 3%

= uNg,
X=1

Y] (B-10)

% 24, ,ng, dd
B ¥ w [ (0 0

d
p X=1

which can then be differentiated with respect to Y to obtain

d¥ dd d¥ 29 do
S s | B 2w My 2 B-11
dy dX|y_, S‘“[ T ) M) dXly_, (B8-1D
2
1 _dydo| _ R o) d¥ 20, do (B-12)
P(Y) dY dX|y_, P(Y) dY g, dX|,

Because P(Y) =exp(- 7:12Y) where - 2512 is the constant of
separdion for Eq.(B-7), the precedinequaion is equivalent to

7240 g i) ¢ 2 02

p

-7 %-,:NS.I

X=1

(B-13)

X=1
which can be manipuladeto yield

db B 25 12 Ng,
dX % 12 * (2q,/9) Ng,

T
x=1

J d(2) (B-14)

Although ths boundary conditiorsidepadenton the eigenvalue
1, the eigenvalue expamsi for the solution of Eq.(B-7}istill
straightforward (Walte 1973; Fultm 1977). No¢ thd as the
fish’s perfusion ra¢ increases this boundary condition
converge to

do

X =~ Ng, ®(2) (B-15)

X=1

which is the boundary condition previoysisal by Barbe et al.
(1991).



APPENDI X C. Derivation of the consistency condition for feeding electivities.

To derive a self consistency condition on a fish’s electivitiesand ~ Adding Z f, = 1 to each side of the above equation one
relative prey availabilities such that its calculate dietary  obtains the desired result, i.e.,
frequencies will sum to unity, consider the following

e f
7di7fi E#*Efizl
& = di N fi (C-l) i
e f B
€ (dl + fi) = di - fi (C-Z) E Tel * fi =1 (C-G)
1re Z L =1
di = 1 e f (C-3) 1-e,

Summing Eq. (C-2) over all i then yields
Yo +f)=2d-Xf-=0 (C-9)

When Eq.(C-3) is substituted into this expression, one then
obtains

1 .
e |Cit | -0
ZI f i

1-¢
2¢, f,
=0 C-5
> e (C-5)
g f
=0
E 1-e
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APPENDI X D. Example project file constructed using include files as discussed in Section 4.4.

file: evergldl.prj
date: sept. 19, 2000

notes: project file (*.prj) for BASS version 2.1. constructed to simulate
methylmercury bioaccumulation in a "typical” deep-water fish community
of the Florida Everglades, USA.

specify control parameters

SIMULATION_CONTROL

HEADER methylmercury bioaccumulation in a "ponded” everglades community

MONTH_TO april

LENGTH_OF_SIMULATION 10[year]

TEMPERATURE temp[celsius]=25.0+10.0*sin(0.172142e-01*t[days]+6.02497)

WATER_LEVEL depth[meter]=Ffile(nonfish.dat)

BIOTA benthos[g/m"2]=Ffile(nonfish.dat); &
periphyton[g/m~2]=File(nonfish.dat); &
zooplankton[mg/1]=Ffile(nonfish.dat)

ANNUAL_OUTPUTS 10

/ SUMMARY_PLOTS pop(length); cfish(length)

NN NNNNN

N

other available plots include:

/ SUMMARY_PLOTS afish(age); afish(length); afish(weight); &
cfish(age); cfish(length); cfish(weight); &
baf(age); baf(length); baf(weight); &
bmf(age); bmf(length); bmf(weight); &
pop(age); pop(length); pop(weight); &
age(length); age(weight); tl(age); tl(weight); &
wt(age); wt(length)

! specify chemical properties and exposures for methylmercury
#include “"mercury.chm”

1 specify fish community; full community simulation

#include “evergldl.cmm”

/ END



APPENDI X D. (cont.) Includefile MERCURY.CHM for methylmercury properties and exposur es.

file: mercury.chm
date: sept. 19, 2000
notes: chemical properties and exposure file (*.chm) for BASS version 2.1. constructed

to simulate methylmercury bioaccumulation in a “typical” deep-water fish community
in the Florida Everglades, USA.

#include "methyl_hg.prp*

refs:

- Loftus, W.F., J.C. Trexler, and R.D. Jones. 1998. Mercury transfer through an
everglades aquatic food web. final report contrat SP-329. Florida Department
of Environmental Protection.

- Stober, J., D. Scheidt, R. Jones, K. Thornton, L. Gandy, J. Trexler, and
S. Rathbun. 1998. South Florida ecosystem assessment. EPA-904-R-002

- Watras, C. and N. Bloom. 1992. Mercury and methylmercury in individual
zooplankton: implications for bioaccumulation. Limnol. Oceanogr. 37:1313-1318.

based on Loftus et al. (1998) total mercury concentrations are

cwater[ng/I1] =1.13 for total mercury
= 0.15*1.13 for methymercury
cphytn[ng/g(fw)] = 76.11
57.85(n=4) utricularia
90.44(n=5) diatoms
76.58(n=3) chlorophyta
cinsct[ng/g(fw)] = 212.17
258.04(n=9) dolomedes
148.95(n=6) hydracarina

304.29(n=12) tetragonids

136.23(n=15) unid spiders
czplnk[ngZg(fw)] = 54.60
46.35(n=10)
62.90(n=12)
53.39(n=14)
83.91
38.03(n=18)
38.89(n=9)
8.92(n=5)
50.05(n=12)
14.21(n=9)

cladocera
copepoda
ostracoda

cbnths[ng/g(fw)]
chironomids
gastropoda-littoridinops
gastropoda-melanoides
gastropoda-physella
gastropoda-planorbella
14.76(n=2) gastropoda-planorbella
19.26(n=13) gastropoda-pomacea
126.55(n=20) hemiptera-belostoma
95.98(n=22) hemiptera-pelocoris
44._.85(n=23) hyalella

91.58(n=25) odonata-libellulidae
186.31(n=41) palaemonetes

18.90(n=8) pelycepoda-villosa
64.33(n=24) procambarus

assume

g(dw)/g(fw)

mehg/total hg
mehg/total hg
mehg/total hg =
mehg/total hg

2 (Watras and Bloom 1992)

5 in water (Stober et al. 1998)

20 in phytoplankton (Watras and Bloom 1992)
60 in zooplankton (Watras and Bloom 1992)
90 in fish (Watras and Bloom 1992)

=

0.
0.
0.
0.
0.

N = tm e tm e i e i i im e im im m Gm e e e e fe e de de dm de G dm dm im tm tm tm tm i i i it i im i G e e e e e e e e e e
\

EXPOSURE cwater[ng/1]=0.
cphytn[ppb]=(0-
czplnk[ppb]=(0.
cbnths[ppb]=(0-

end mercury.chm

444; cinsct[ppb]=212.17/0.2; &
2*16.74/0.2)/(1.13*0.15)*cwater[ng/1]; &
6*54.60/0.2)/(1-13*0.15)*cwater[ng/1]; &
6*83.91/0.2)/(1.13*0.15)*cwater[ng/I1]
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APPENDI X D. (cont.) Includefile METHYL _HG.PRP for methylmercury properties.

File: methyl_hg.prp
date: sept. 19, 2000

specify chemical properties for methylmercury

refs:

- Arnold, A.P. and A.J. Canty. 1983. Methylmercury(l11) sulfhydryl interactions.

Potentiometric determinations of the formation constants for complexation of

methylmercury(11) by sulfhydryl containing amino acids and related molecules

including gltathione. Can.J.Chem. 61:1428-1434.

Benoit, J.M., R.P. Mason, and C.C. Gilmore. 1999a. Estimation of mercury-sulfid

speciation in sediment pore waters using octanol-water partitioning and implications

for availability to methylating bacteria. Environ. Toxicol. Chem. 18:2138-2141.

- Benoit, J.M., C.C. Gilmore, R.P. Mason, and A. Heyes. 1999b. Sulfide controls on

mercury speciation and bioavailability to methylating bacteria in sediment pore

waters. Environ. Sci. Technol. 33:951-957.

Major, M_A., D.H. Rosenblatt, and K.A. Bostian. 1991. The octanol/water

partition coeffiecent of methylmercury chloride and methylmercury hydroxide

in pure water and salt solutions. Environ.Toxicol .Chem. 10:5-8.

- Simpson, R.B. 1961. Association constants of methylmercury with sulfhydryl and
other bases. J.Am.Chem.Soc. 83:4711-4717.

notes: Simpson (1961) reports that for cysteine log(kb)=log(k2)=7.1 and for
glutathione log(kb)=log(k2)=6.9. results of Arnold and Canty (1983),
however, estimate log(kb)=log(beta_110)-pka=16.46-8.22=8.24_ therefore
assume log(kb)=(7.1+8.24)/2=7.67

CHEMICAL methylmercury

LOG_KB1 6.00 ! assumed

LOG_KB2 5.00 ! assumed

LOG_P -0.4 ! kow = 0.4 at physiological pH; see Major et al (1991)

MOLAR_VOLUME 51 ! calculated using liquid referenced molar volume of dimethylmercury
MOLAR_WEIGHT 215.6

MELTING_POINT 25

NN N N N N N = m m im dm im tm b e tm e tm b e i G e tm e e tm e i tem e e e e

end methyl_hg.prp
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APPENDI X D. (cont.) Includefile EVERGLD1.CMM for community structure parameters.

file: evergldl.cmm
date: sept. 19, 2000

notes: community file (*.cmm) for BASS version 2.1. constructed to simulate methylmercury
bioaccumulation in a "typical” deep-water fish community in the Florida Everglades,
USA.

specify fish community

#include "lIgmouth.fsh*
/ ECOLOGICAL_PARAMETERS &
diet(0<I[mm]<20)={zooplankton=100}; &
diet(20<1[mm]<100)={zooplankton=35, benthos=35, bluegill=0, redear=0, gambusia=0}; &
diet(100<1[mm]<200)={benthos=50, bass=0, bluegill=0, redear=0, gambusia=0}; &
diet(200<1[mm]<600)={benthos=25, bass=0, bullhead=0, bluegill=0, redear=0}
/ INITIAL_CONDITIONS &
age[day]={ 320., 685., 1050., 1415., 1780., 2145., 2510., 2875.}; &
wt[g]={ 127., 294., 501., 740., 1008., 1302., 1618., 1957.}; &
pop[fish/ha]l={ 12.56, 6.70, 4.49, 3.35, 2.66, 2.19, 1.86, 1.62} 1 20.00[kg/ha]

#include "gar.fsh”
/ ECOLOGICAL_PARAMETERS &
diet(0<l[mm]<20)={zooplankton=100}; &
diet(20<1[mm]<100)={zooplankton=25,benthos=25, bass=0, bluegill=0, redear=0, gambusia=0}; &
diet(100<1[mm]<1000)={benthos=25, bass=0, bluegill=0, redear=0, gambusia=0}
/ INITIAL_CONDITIONS &
age[day]={ 350., 715., 1080., 1445., 1810.}; &
wt[g]={ 269., 511., 747., 980., 1210.}; &
pop[fish/ha]={ 5.90, 3.65, 2.74, 2.24, 1.91} 1 10.00[kg/ha]

#include "bullhead.fsh”
/ ECOLOGICAL_PARAMETERS &
diet(0<I[mm]<50)={benthos=100}; &
diet(50<1[mm]<500)={benthos=0, bullhead=0, redear=0}
/ INITIAL_CONDITIONS &
age[day]={ 350., 715., 1080., 1445., 1810.}; &
wt[g]={ 81., 219., 418., 674., 986.}; &
pop[fish/ha]={ 33.53, 15.90, 9.80, 6.85, 5.15} ! 20.00[kg/ha]

#include “"bluegill.fsh”
/ ECOLOGICAL_PARAMETERS &
diet(00<I[mm]<50)={zooplankton=100}; &
diet(50<1[mm]<150)={zooplankton=0, gambusia=0, benthos=20}
/ INITIAL_CONDITIONS &
age[day]={ 350., 715., 1080., 1445., 1810.}; &
wt[g]={ 25., 55., 95., 143., 198.}; &
pop[fish/ha]={ 1187.79, 643.79, 429.04, 316.59, 248.26} 1 200.00[kg/ha]

#include “redear.fsh*

/ ECOLOGICAL_PARAMETERS &
diet(00<I[mm]<50)={zooplankton=100}; &
diet(50<I[mm]<60)={zooplankton=90, benthos=10}; &
diet(60<1[mm]<70)={zooplankton=60, benthos=40}; &
diet(70<1[mm]<80)={zooplankton=30, benthos=70}; &
diet(80<1[mm]<150)={zooplankton=20, benthos=80}

/ INITIAL_CONDITIONS &
age[day]={ 320., 685., 1050., 1415., 1780.}; &
wt[g]={ 39., 91., 151., 218., 291.}; &
pop[fish/ha]={ 375.86, 199.22, 135.84, 103.17, 83.23} ! 100.00[kg/ha]

#include "gambusia.fsh”
/ ECOLOGICAL_PARAMETERS &
diet(0<l[mm]<10)={zooplankton=100}; &
diet(10<I[mm]<40)={zooplankton=0, gambusia=0}
/ INITIAL_CONDITIONS &
age[day]={ 20., 170., 200., 230.}; &
wt[g]={0.043, 0.260, 0.315, 0.374}; &
pop[fish/ha]={39159.31, 10158.52, 8794.47, 7743.90} ! 10.00[kg/ha]

! end evergldl.cmm
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APPENDI X D. (cont.) Includefile LGMOUTH.FSH for basic largemouth bass parameters.

file: Igmouth.fsh
date: sept. 19, 2000

notes: fish file (*.fsh) for BASS version 2.1

refs:

- Barber, M.C., L.A. Suarez, and R.R. Lassiter. 1991. Modelling bioaccumulation of organic
pollutants in fish with an application to PCBs in Lake Ontario salmonids.
Can.J.Fish.Aquat.Sci. 48:318-337.

- Beamish, F.W.H. 1970. Oxygen consumption of largemouth bass, Micropterus salmoides, in
relation to swimming speed and temperature. Can.J.Zool. 48:1221-1228.

Beamish, F.W.H. 1974. Apparent specific dynamic action of largemouth bass, Micropterus
salmoides. J.Fish_Res.Bd.Can. 31:1763-1769.

Carlander, K.D. 1977. Handbook of Freshwater Fishery Biology, vol 2. lowa State University
Press. Ames, IA.

- Glass, N.R. 1969. Discussion of the calculation of power function with special reference to
respiratory metabolism in fish. J.Fish.Res.Bd Can. 26:2643-2650.

Lewis, W.M., R. Heidinger, W. Kirk, W. Chapman, and D. Johnson. 1974. Food intake of the
largemouth bass. Trans.Am.Fish.Soc. 103:277-280.

Lowe, T.P., T.W. May, W.G. Brumbaugh, and D.A. Kane. 1985. National Contaminant
Biomonitoring Program: concentrations of seven elements in freshwater fish, 1979-1981.
Arch.Environ.Contam.Toxicol. 14:363-388.

Niimi, A.J. and F.W.H. Beamish. 1974. Bioenergetics and growth of largemouth bass
(Micropterus salmoides) in relation to body weight and temperature. Can.J.Zool. 52:447-456.
Pandian, T.J. and F.J. Vernberg. 1987. Animal Energetis - v. 2. Bivalvia through Reptilia.
Academic Press.

- Price, J.W. 1931. Growth and gill development in the small-mouthed black bass, Micropterus
dolomieu, Lacepede. Ohio State University, Franz Theodore Stone Laboratory 4:1-46.
Schmitt, C.J., and W.G. Brumbaugh. 1990. National Contaminant Biomonitoring Program:
Concentrations of arsenic, cadmium, lead, mercury, selenium, and zinc in U.S. freshwater
fish, 1976-1984. Arch._Environ.Contam.Toxicol. 19:731-747.

Schmitt, C.J., J.L. Zajicek, and P.H. Peterman. 1990. National Contaminant Biomonitoring
Program: Residues of organochlorine chemicals in U.S. freshwater fish, 1976-1984. Arch.
Environ.Contam.Toxicol. 19:748-781.

Tandler, A. and F.W.H. Beamish. 1981. Apparent specific dynamic action (SDA), fish weight,
and level of caloric intake in largemouth bass, Micropterus salmoides Lacepede.
Aquaculture 23:231-242.

Timmons, T.J. and W.L. Shelton. 1980. Differential growth of largemouth bass in West Point
Reservoir, Alabama-Georgia. Trans.Am.Fish.Soc. 109:176-186.

COMMON_NAME  bass
SPECIES Micropterus salmoides
AGE_CLASS_DURATION year
SPAWNING_PERIOD may-june
ECOLOGICAL_PARAMETERS &
Ip[cm]=0.6+0.27*L[cm]; & ! estimated from Timmons and Shelton (1980) for Lepomis
wl[g]=0.0117*L[cm]"3.08; & ! Carlander (1977) 0.00543 adjusted such that 2.0kg = 50cm
tl_rO[mm]= 150; & ! Carlander (1977)
yoy[g]=25.0; &
mls[year]=8; &
nm[1/day]=0.9*1.0*0.0814*W[g]"(--675) ! see sg[] and assume exogenous mortality/total mortality = .9 and b=1
/ COMPOSITIONAL_PARAMETERS &
pa[-1=0.80-1.57*pI[-]; & ! Lowe et al. (1985), Schmitt and Brumbaugh (1990), Schmitt et al. (1990)
pl[-]1=0.000121*W[g]~0.845 ! Lowe et al. (1985), Schmitt and Brumbaugh (1990), Schmitt et al. (1990)
/ MORPHOMETRIC_PARAMETERS &
ga[cm"2]=7.32*W[g]"0.820; & ! Price (1931)
Id[lamellae/mm_per_side]=31.28*W[g]"(--072); & ! Price (1931)
11[cm]=0.0188*W[g]"0.294 ! assumed (see Barber et al. 1991)
/ FEEDING_OPTIONS linear(1<a[yr]<10)
/ PHYSIOLOGICAL_PARAMETERS &
ae_fish[-]=0.89; & ! assumed (see Pandian and Verberg 1987)
ae_invert[-]=0.66; & ! assumed (see Pandian and Verberg 1987)
ae_plant[-]=0.44; & ! assumed (see Pandian and Verberg 1987)
rq[-]=1.0; & ! assumed (see Barber et al. 1991)
rt:std[-]=2.0; & ! BASS default
sda:in[-]=0.127; & ! Beamish (1974), Tandler and Beamish (1981)
sg[g/g/day](25)=0.0814*W[g]"(--675); & ! Carlander (1977) assuming wt(yoy)=25 and wt(8)=2000
so[mg(02)/hr]=0.1187*EXP(0.0428*t[celsius])*W[g]"0.766 ! Glass (1969), Beamish (1970), Niimi and Beamish (1974)

NN NN N

end Igmouth.fsh
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APPENDI X D. (cont.) Includefile GAR.FSH for basic Florida gar parameters.

file: gar.fsh
date: sept. 19, 2000

notes: fish file (*.fsh) for BASS version 2.1

refs:

- Barber, M.C., L.A. Suarez, and R.R. Lassiter. 1991. Modelling bioaccumulation of organic
pollutants in fish with an application to PCBs in Lake Ontario salmonids.
Can.J.Fish.Aquat.Sci. 48:318-337.

- Brim et al. 1993. Mercury concentrations in largemouth bass and other fishes of the

Loxahatchee National Wildlife Refuge. U.S. Fish and Wildlife Service publ.no. PCFO-EC 93-02.

Carlander, K.D. 1969. Handbook of Freshwater Fishery Biology, vol 1. lowa State University

Press. Ames, IA.

Glass, N.R. 1969. Discussion of the calculation of power function with special reference to

respiratory metabolism in fish. J.Fish.Res.Bd Can. 26:2643-2650.

- Landolt, J.C. and L.G. Hill. 1975. Observations on the gross structure and dimensions of the

gills of three species of gars (Lepisosteidae). Coepia 1975(3):470-475.

Pandian, T.J. and F.J. Vernberg. 1987. Animal Energetis - v. 2. Bivalvia through Reptilia.

Academic Press.

Rahn, H., K.B. Rahn, B.J. Howell, C. Gans, and S.M. Tenney. 1971. Air breathing of the

garfish (Lepisosteus osseus). Respir.Physiol. 11:285-307.

- Smatresk, N.J. and J.N. Cameron. 1982. Respiration and acid-base physiology of the spotted

gar, a bimodel breather Il. responces to temperature change and hypercapnia. J.Exp.Biol. 96:281-293.

Winger, P.V. and J.K. Andreasen. 1985. Contaminant residues in fish and sediments from

lakes in the Atchafalaya River Basin (Louisiana). Arch._Environ.Contam.Toxicol. 14:579-586.

COMMON_NAME gar

SPECIES Lepisosteus platyrhincus

AGE_CLASS_DURATION year

SPAWNING_PERIOD april-may

ECOLOGICAL_PARAMETERS &

Ip[cm]=0.15*L[cm]; & ! assumed

wl[g]=0.00171*L[cm]~3.30; & ! Carlander (1969) for L. osseus 0.00065 adjusted such that 2.3 kg=720 cm
tl_rO[mm]= 330; & ! Carlander (1969)

yoy[g]=25.0; &

mls[year]=5; &

nm[1/day]=1.0*0.882*W[g]"(-1-048) ! see sg[], assume exogenous mortality/total mortality = 1 and b=1.0
/ COMPOSITIONAL_PARAMETERS &

pa[-] = 0.82-1.25*pI[-]; & ! assumed (see Barber et al. 1991)

pl[-]1=0.06 ! Winger and Andreasen (1985)

MORPHOMETRIC_PARAMETERS &

ga[cm™2]=3.94*W[g]"0.738; & ! Landolt and Hill(1975)

Id[lamellae/mm_per_side]=38.8*W[g]"(-.0603); & ! Landolt and Hill (1975)

11[cm]=0.0188*W[g]"0.294 ! assumed (see Barber et al. 1991)

FEEDING_OPTIONS linear(1<a[yr]<10)

PHYSIOLOGICAL_PARAMETERS &

ae_fish[-]=0.89; & ! assumed (see Pandian and Verberg 1987)

ae_invert[-]=0.66; & ! assumed (see Pandian and Verberg 1987)

ae_plant[-]=0.44; & ! assumed (see Pandian and Verberg 1987)

rq[-]=0.9; & ! Rahn et al. (1971) and Smatresk and Cameron (1982)

rt:std[-]=2.0; & ! BASS default

sda:in[-]=0.17; & ! assumed (see Barber et al. 1991)

sg[g/g/day](25)=.882*W[g]"(-1.048); & ! Carlander (1969) and Hunt (1952) assuming wt(yoy)=25 and wt(5)=1219
so[ml(02)/kg/minute]=.43*exp(In(.70/.43)/10*(t[celsius]-22)) ! Smatresk and Cameron (1982) for L. oculatus

NN NN N

N

NN

end gar.fsh
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APPENDI X D. (cont.) Includefile BULLHEAD.FSH for basic bullhead parameters.

file: bullhead.fsh
date: sept. 19, 2000

notes: fish file (*.fsh) for BASS version 2.1

refs:

- Barber, M.C., L.A. Suarez, and R.R. Lassiter. 1991. Modelling bioaccumulation of organic

pollutants in fish with an application to PCBs in Lake Ontario salmonids.

Can.J.Fish.Aquat.Sci. 48:318-337.

Campbell, R.D. and B.A. Branson. 1978. Ecology and population dynamics of the black

bullhead, Ictalurus melas (Rafinesque), in central Kentucky. Tulane Studies in Zoology

and Botany 20:99-136.

Carlander, K.D. 1969. Handbook of Freshwater Fishery Biology, vol 1. lowa State University

Press. Ames, IA.

- Glass, N.R. 1969. Discussion of the calculation of power function with special reference to

respiratory metabolism in fish. J.Fish.Res.Bd.Can. 26:2643-2650.

Lowe, T.P., T.W. May, W.G. Brumbaugh, and D.A. Kane. 1985. National Contaminant

Biomonitoring Program: concentrations of seven elements in freshwater fish, 1979-1981.

Arch.Environ._Contam.Toxicol . 14:363-388.

Pandian, T.J. and F.J. Vernberg. 1987. Animal Energetis - v. 2. Bivalvia through Reptilia.

Academic Press.

- Saunders, R.L. 1962. The irrigation of the gills in fishes 11. Efficiency of oxygen uptake in

relation to respiratory flow, activity and concentrations of oxygen and carbon dioxide.

Can.J.Zool. 40:817-862.

Schmitt, C.J., and W.G. Brumbaugh. 1990. National Contaminant Biomonitoring Program:

Concentrations of arsenic, cadmium, lead, mercury, selenium, and zinc in U.S. freshwater

fish, 1976-1984. Arch._Environ.Contam.Toxicol. 19:731-747.

- Schmitt, C.J., J.L. Zajicek, and P.H. Peterman. 1990. National Contaminant Biomonitoring
Program: Residues of organochlorine chemicals in U.S. freshwater fish, 1976-1984.
Arch.Environ.Contam.Toxicol. 19:748-781.

COMMON_NAME  bullhead ! yellow bullhead

SPECIES Ameiurus natalis

AGE_CLASS_DURATION year

SPAWNING_PERIOD march-april

ECOLOGICAL_PARAMETERS &

Ip[cm]=0.25*L[cm]; & ! assumed

wl[g]=0.0304*L[cm]”~2.82; & ! Carlander (1969) adjusted such that 1kg = 40cm

tl_rO[mm] = 150; & ! Carlander (1969)

yoy[g]=10.0; & ! assumed

mls[year]=5; &

nm[1/day]=0.90*0.0382*W[g]"(--537) ! see sg[] and assume exogenous mortality/total mortality = 0.9 and b=1
COMPOSITIONAL_PARAMETERS &

pa[-]1=0.80-0.94*pI[-]; & ! Lowe et al. (1985), Schmitt and Brumbaugh (1990), Schmitt et al. (1990)
pI[-]1=0.08 ! Lowe et al. (1985), Schmitt and Brumbaugh (1990), Schmitt et al. (1990)

/ MORPHOMETRIC_PARAMETERS &

ga[cm"2]=4.98*W[g]"0-728; & ! Saunders (1962) for brown bullhead

id[cm]=9.26e-4*W[g]~0.200; & ! Brockway et al. for channel catfish
Id[lamellae/mm_per_side]=15.9*W[g]~(-0.00917); & ! Saunders (1962) for brown bullhead
11[cm]=8.96e-3*W[g]~0.270 ! Brockway et al. for channel catfish

FEEDING_OPTIONS linear(1<a[yr]<5)

PHYSIOLOGICAL_PARAMETERS &

ae_fish[-]=0.89; & ! assumed (see Pandian and Verberg 1987)

ae_invert[-]=0.66; & ! assumed (see Pandian and Verberg 1987)

ae_plant[-]=0.44; & ! assumed (see Pandian and Verberg 1987)

rq[-]=1.0; & ! assumed (see Barber et al. 1991)

rt:std[-]=2.0; & ! BASS default

sda:in[-]=0.17; & ! assumed (see Barber et al. 1991)

sg[g/g/day](25)=0.0382*W[g]"(--537); & ! Carlander (1969) assuming wt(yoy)=10 and wt(5)=1000.0
so[mg(02)/hr]=0.0012*EXP(0.1838*t[celsius])*W[g]"1.02 ! Campbell and Branson (1978) Glass (1969)

N NN N NN

NN

end bullhead.fsh
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APPENDI X D. (cont.) Includefile BLUEGILL.FSH for basic bluegill parameters.

file: bluegill.fsh
date: sept. 19, 2000

notes: fish file (*.fsh) for BASS version 2.1

refs:

- Barber, M.C., L.A. Suarez, and R.R. Lassiter. 1991. Modelling bioaccumulation of organic

pollutants in fish with an application to PCBs in Lake Ontario salmonids.

Can.J.Fish.Aquat.Sci. 48:318-337.

Carlander, K.D. 1977. Handbook of Freshwater Fishery Biology, vol 2. lowa State University

Press. Ames, IA.

Lowe, T.P., T.W. May, W.G. Brumbaugh, and D.A. Kane. 1985. National Contaminant

Biomonitoring Program: concentrations of seven elements in freshwater fish, 1979-1981.

Arch.Environ.Contam.Toxicol. 14:363-388.

- O"Hara, J. The influence of weight and temperature on the metabolic rate of sunfish. Ecology

49:159-161.

Osenberg, C.W. M.H. Olson, and G.G. Mittelbach. 1994. Stage structure in fishes: Resource

productivity and competition gradients. In: D.J. Stouder, K.L. Fresh, R.J. Feller (eds);

M. Duke (ass-.ed.). Theory and application in fish feeding ecology. University of South

Carolina Press. p 151-170.

- Pandian, T.J. and F.J. Vernberg. 1987. Animal Energetis - v. 2. Bivalvia through Reptilia.

Academic Press.

Pierce, R.J. and T.E. Wissing. 1974. Energy cost of food utilization in the bluegill (Lepomis

macrochirus). Trans.Am.Fish.Soc. ??:38-44.

Price, J.W. 1931. Growth and gill development in the small-mouthed black bass, Micropterus

dolomieu, Lacepede. Ohio State University, Franz Theodore Stone Laboratory 4:1-46.

- Schmitt, C.J., and W.G. Brumbaugh. 1990. National Contaminant Biomonitoring Program:

Concentrations of arsenic, cadmium, lead, mercury, selenium, and zinc in U.S. freshwater

fish, 1976-1984. Arch._Environ.Contam.Toxicol. 19:731-747.

Schmitt, C.J., J.L. Zajicek, and P.H. Peterman. 1990. National Contaminant Biomonitoring

Program: Residues of organochlorine chemicals in U.S. freshwater fish, 1976-1984.

Arch.Environ.Contam.Toxicol. 19:748-781.

- Wohlschlag, D.E. and R.O. Juliano. Seasonal changes in bluegill metabolism. Limnog.
Oceanog. 4:195-209.

COMMON_NAME  bluegill
SPECIES Lepomis macrochirus
AGE_CLASS_DURATION year
SPAWNING_PERIOD april-june
ECOLOGICAL_PARAMETERS &
Ip[cm]=0.15*L[cm]; & ! assumed
wl[g]=0.0209*L[cm]”~3.06; & ! Carlander (1977) adjusted such that 200g = 20cm
tl_rO[mm]= 80; & ! Carlander (1977)
yoy[g]=5.0; & ! assumed
mls[year]=5; &
nm[1/day]=0.1*0.75*0.0208*W[g]~(--615) ! see sg[] and assume exogenous mortality/total mortality = 0.1
/ COMPOSITIONAL_PARAMETERS &
pa[-]1=0.781-0.94*plI[-]; & ! Lowe et al. (1985), Schmitt and Brumbaugh (1990), Schmitt et al. (1990)
pI[-]1=0.0597 ! Lowe et al. (1985), Schmitt and Brumbaugh (1990), Schmitt et al. (1990)
/ MORPHOMETRIC_PARAMETERS &
ga[cm~2]=7.32*W[g]"0-820; & ! Price (1931)
id[cm]=1.15e-3*W[g]"0.172; & ! Brockway et al.
11[cm]=6.55e-3*W[g]"0.259 ! Brockway et al.
/ FEEDING_OPTIONS linear(1<a[yr]<5)
/ PHYSIOLOGICAL_PARAMETERS &
ae_fish[-]=0.89; & ! assumed (see Pandian and Verberg 1987)
ae_invert[-]=0.66; & ! assumed (see Pandian and Verberg 1987)
ae_plant[-]=0.44; & ! assumed (see Pandian and Verberg 1987)
rq[-]1=1.0; & ! assumed (see Barber et al. 1991)
rt:std[-]=2.0; & ! BASS default
sda:in[-]=0.127; & ! Pierce and Wissing (1974)
sg[g/g/day](25)=0.0208*W[g]"(--615);& ! Carlander (1977) assuming wt(yoy)=5 and wt(5)=200
so[mg(02)/hr]=0.0243*EXP(0.1409*t[celsius])*W[g]"0.849 ! o"Hara (1968), Wohlschlag and Juliano (1959)

NN N NN

end bluegill.fsh
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APPENDI X D. (cont.) Includefile REDEAR.FSH for basic redear sunfish (shell cracker) parameters.

file: redear.fsh
date: sept. 19, 2000

notes: fish file (*.fsh) for BASS version 2.1

refs:

- Barber, M.C., L.A. Suarez, and R.R. Lassiter. 1991. Modelling bioaccumulation of organic
pollutants in fish with an application to PCBs in Lake Ontario salmonids.
Can.J.Fish.Aquat.Sci. 48:318-337.

Carlander, K.D. 1977. Handbook of Freshwater Fishery Biology, vol 2. lowa State University
Press. Ames, IA.

Evans, D.0O. 1984. Temperature independence of the annual cycle of standard metabolism in
the pumpkinseed. Trans.Amer.Fish.Soc. 113:494-512.

Lowe, T.P., T.W. May, W.G. Brumbaugh, and D.A. Kane. 1985. National Contaminant
Biomonitoring Program: concentrations of seven elements in freshwater fish, 1979-1981.
Arch.Environ.Contam.Toxicol. 14:363-388.

O"Hara, J. The influence of weight and temperature on the metabolic rate of sunfish. Ecology
49:159-161.

Osenberg, C.W. M.H. Olson, and G.G. Mittelbach. 1994. Stage structure in fishes: Resource
productivity and competition gradients. In: D.J. Stouder, K.L. Fresh, R.J. Feller (eds);
M. Duke (ass-ed.). Theory and application in fish feeding ecology. University of South
Carolina Press. p 151-170.

Pandian, T.J. and F.J. Vernberg. 1987. Animal Energetis - v. 2. Bivalvia through Reptilia.
Academic Press.

Pierce, R.J. and T.E. Wissing. 1974. Energy cost of food utilization in the bluegill (Lepomis
macrochirus). Trans.Am.Fish.Soc. ??:38-44.

- Price, J.W. 1931. Growth and gill development in the small-mouthed black bass, Micropterus
dolomieu, Lacepede. Ohio State University, Franz Theodore Stone Laboratory 4:1-46.
Schmitt, C.J., and W.G. Brumbaugh. 1990. National Contaminant Biomonitoring Program:
Concentrations of arsenic, cadmium, lead, mercury, selenium, and zinc in U.S. freshwater
fish, 1976-1984. Arch._Environ.Contam.Toxicol. 19:731-747.

Schmitt, C.J., J.L. Zajicek, and P.H. Peterman. 1990. National Contaminant Biomonitoring
Program: Residues of organochlorine chemicals in U.S. freshwater fish, 1976-1984.
Arch.Environ.Contam.Toxicol. 19:748-781.

Wilbur, R.L. 1969. The redear sunfish in Florida. Florida Game and Fresh Water Fish
Commission. Fishery Bull no. 5.

COMMON_NAME redear ! shellcraker
SPECIES Lepomis microlophus
AGE_CLASS_DURATION year
SPAWNING_PERIOD may-june
ECOLOGICAL_PARAMETERS &
wl[g]=0.0148*L[cm]"3.08; & ! Carlander (1977) adjusted such that 300g = 25cm
tl_rO[mm]= 140; & ! Wilbur (1969)
yoy[g]=5.0; & ! assumed
mls[year]=5; &
nm[1/day]=0.3*0.75*0.0528*W[g]"(--761) ! see sg[] and assume exogenous mortality/total mortality = 0.1
/ COMPOSITIONAL_PARAMETERS &
pa[-]1=0.781-0.941*pI[-]; & ! Lowe et al. (1985), Schmitt and Brumbaugh (1990), Schmitt et al. (1990)
pI[-]1=0.0597 ! Lowe et al. (1985), Schmitt and Brumbaugh (1990), Schmitt et al. (1990)
/ MORPHOMETRIC_PARAMETERS &
ga[cm"2]=7.32*W[g]"0.820; & ! Price (1931)
id[cm]=1.15e-3*W[g]"0.172; & ! Brockway et al.
I11[cm]=6.55e-3*W[g]"0.259 ! Brockway et al.
/ FEEDING_OPTIONS linear(1<a[yr]<5)
/ PHYSIOLOGICAL_PARAMETERS &
ae_fish[-]=0.89; & ! assumed (see Pandian and Verberg 1987)
ae_invert[-]=0.66; & ! assumed (see Pandian and Verberg 1987)
ae_plant[-]=0.44; & ! assumed (see Pandian and Verberg 1987)
rq[-]=1.0; & ! assumed (see Barber et al. 1991)
rt:std[-]=2.0; & ! BASS default
sda:in[-]=0.127; & ! Pierce and Wissing (1974)
sg[g/g/day](25)=0.0528*W[g]"(--761);& ! Carlander (1972) assuming wt(yoy)=5 and wt(5)=300
so[mg(02)/hr]=0.0474*EXP(0.0438*t[celsius])*W[g]"0.744 ! Evans (1984), o"Hara (1968)

NN N NN

end redear.fsh
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APPENDI X D. (cont.) Include file GAMBUSIA.FSH for basic Gambusia parameters.

file: gambusil.fsh
date: sept. 19, 2000

notes: fish file (*.fsh) for BASS version 2.1

refs:

- Barber, M.C., L.A. Suarez, and R.R. Lassiter. 1991. Modelling bioaccumulation of organic
pollutants in fish with an application to PCBs in Lake Ontario salmonids.
Can.J.Fish.Aquat.Sci. 48:318-337.

- Haake, P.W. and J.M. Dean. 1983. Age and growth of four Everglades fishes using otolith

techniques. Everglades National Park. Tech. Rep. SFRC-83/03. pp 68.

Kushlan, J.A., S.A. Voorhees, W.F. Loftus, and P.C. Frohring. 1986. Length, mass, and

calorific relationships of Everglades animals. Fla. Sci. 49:65-79.

Meffe, G.K. and F.F. Snelson, jr. 1993. Lipid dynamics during reproduction in two

livebearing fishes, Gambusia holbrooki and Poecilia latipinna. Can.J.Fish.Aquat.Sci .

50:2185-2191.

Murphy, P.G. and J.V. Murphy. 1971. Correlations between respiration and direct uptake of

DDT in the mosquito fish Gambusia affinis. Bull.Environ.Contam.Toxicol. 6:581-588.

Pandian, T.J. and F.J. Vernberg. 1987. Animal Energetis - v. 2. Bivalvia through Reptilia.

Academic Press.

COMMON_NAME gambusia ! mosquitofish
SPECIES Gambusia affinis
AGE_CLASS_DURATION month
SPAWNING_PERIOD march-october
COMPOSITIONAL_PARAMETERS &
pa[-] = 0.82-1.25*pI[-]; & ! assumed (see Barber et al. 1991)
pl[-] = 0.125 ! Meffe and Snelson(1993)
/ ECOLOGICAL_PARAMETERS &
Ip[mm]= 0.2*L[mm]; & ! assumed
log(wl[g])=-4.786+3.032*log(L[mm]); & ! std len Kushlan et al. (1986)
tl_rO[mm] = 35; & ! Carlander (1969)
yoy[g]=0.025; & ! assumed
mls[day] = 240; &
nm[1/day] = 0.1*0.75*0.0027*W[g]"(-0.-693) ! see Haake and Dean below
/ MORPHOMETRIC_PARAMETERS &
ga[cm™2] = 2.606*W[g]"0.883; & ! Murphy and Murphy (1971)
Id[lamellae/mm_per_side] = 28.1*W[g]™(-0.0731); & ! interspecific geometric mean
I1[cm] = 0.0188*W[g]"0.294 ! assumed (Barber et al. 1991)
FEEDING_OPTIONS linear(O<a[year]<1l)
PHYSIOLOGICAL_PARAMETERS &
ae_fish[-]=0.89; & ! assumed (see Pandian and Verberg 1987)
ae_invert[-]=0.66; & ! assumed (see Pandian and Verberg 1987)
ae_plant[-]=0.44; & ! assumed (see Pandian and Verberg 1987)
rq[-]1=1.0; & ! assumed (see Barber et al. 1991)
rt:std[-]=2.0; & ! BASS default
sda:in[-]=0.17; & ! assumed (see Barber et al. 1991)
sg[g/g/day](25)=0.0027*W[g]"(--693);& ! Haake and Dean (1983) assuming wt(yoy)=0.025 wt(8)=0.4
so[mg(02)/hr] = 0.0223*EXP(0.0552*t[celsius])*W[g]"0.-695 ! Murphy and Murphy (1971)

NN N NN

NN

end gambusia.fsh
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APPENDI X D. (cont.) Includefilefor nonfish prey and water level.

file: nonfish.dat
date: Tue Apr 11 13:49:08 2000

notes: BASS 2.1 demonstration file showing the use and structure of
a BASS exposure file. this file is equivalent to the following
BASS commands

/BI0TA benthos[g/m"2]=5.0 ;&
periphyton[g/m~2]=0.0 ; &
zooplankton[mg/1]=0.2

/WATER_LEVEL depth[meter]=2.0

/001 time[day]

/002 benthos[g/m"2]
/003 periphyton[g/m"2]
/004 zooplankton[mg/1]
/005 depth[meter]
/start_data

1 5.0 0.0
5000 5.0 0.0

o o
NN
NN
o o
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APPENDI X E. Example output file (filename.msg) that summarizes user input data, input dataerrors,
and run timewarningsand errors.
file : evergldl.msg

input file : evergldl.prj (Tue Dec 05 15:58:40 2000)
program file: C:\BASS\BASS_V21_EXE (Thu Jan 11 11:28:48 2001)

GETINPT: summary of user commands in compressed format

molar_volume 51

molar_weight 215.6

melting_point 25

exposure cwater[ng/11=0.444; cinsct[ppb]=212.17/0.2; cphytn[ppb]=(0.2*16.74/0.2)/(1.13*0.15)*cwater[ng/1];
czplnk[ppb]=(0.6*54.60/0.2)/(1.13*0.15)*cwater[ng/1]; cbnths[ppb]=(0.6*83.91/0.2)/(1-13*0.15)*cwater[ng/1]

/ common_name bass

/ species micropterus salmoides

/ age_class_duration year
/

/

/ simulation_control

/ header methylmercury bioaccumulation in a “ponded” everglades community
/ month_t0 april

/ length_of_simulation 10[year]

/ temperature temp[celsius]=25.0+10.0*sin(0.172142e-01*t[days]+6.02497)

/ water_level depth[meter]=Ffile(nonfish.dat)

/ biota benthos[g/m"2]=File(nonfish.dat); periphyton[g/m"2]=File(nonfish.dat); zooplankton[mg/l1]=File(nonfish.dat)
/ annual_outputs 10

/ summary_plots pop(length); cfish(length)

/ chemical methylmercury

/ log_kbl 6.00

/ log_kb2 5.00

/ log_p -0.4

/

/

/

/

spawning_period may-june
ecological_parameters Ip[cm]=0.6+0.27*1[cm]; wl[g]=0.0117*1[cm]”~3.08; tl_rO[mm]= 150; yoy[g]=25.0; mls[year]=8;
nm[1/day]=0.9*1.0*0.0814*w[g]"(--675)

/ compositional_parameters pa[-]=0.80-1.57*plI[-]; pl[-]1=0-000121*w[g]~0.845

/ morphometric_parameters ga[cm"2]=7.32*w[g]"0.820; Id[lamellae/mm_per_side]=31.28*w[g]"(--072);
11[cm]=0.0188*w[g]"0.294

/ feeding_options linear(1<a[yr]<10)

/ physiological_parameters ae_fish[-]=0.89; ae_invert[-]=0.66; ae_plant[-]=0.44; rqg[-]=1.0; rt:std[-]=2.0;
sda:in[-]=0.127; sg[g/g/day](25)=0.0814*w[g]"(--675); so[mg(02)/hr]=0.1187*exp(0.0428*t[celsius])*w[g]"0.766

/ ecological_parameters diet(0<l[mm]<20)={zooplankton=100}; diet(20<I[mm]<100)={zooplankton=35, benthos=35,
bluegill=0, redear=0, gambusia=0}; diet(100<I[mm]<200)={benthos=50, bass=0, bluegill=0, redear=0, gambusia=0};
diet(200<1[mm]<600)={benthos=25, bass=0, bullhead=0, bluegill=0, redear=0}

/ initial_conditions age[day]={ 320., 685., 1050., 1415., 1780., 2145., 2510., 2875.}; wt[g]l={ 127., 294., 501.,
740., 1008., 1302., 1618., 1957.}; pop[fish/ha]={ 12.56, 6.70, 4.49, 3.35, 2.66, 2.19, 1.86, 1.62}

/ common_name gar

/ species lepisosteus platyrhincus

/ age_class_duration year

/ spawning_period april-may

/ ecological_parameters Ip[cm]=0.15*1[cm]; wl[g]=0.00171*1[cm]~3.30; tl_rO[mm]= 330; yoy[g]=25.0; mls[year]=5;
nm[1/day]=1.0*0.882*w[g]~(-1-048)

/ compositional_parameters pa[-] = 0.82-1.25*plI[-]; plI[-]=0.06

/ morphometric_parameters ga[cm”2]=3.94*w[g]”~0.738; Id[lamellae/mm_per_side]=38.8*w[g]"(--0603);
11[cm]=0.0188*w[g]"0.294

/ feeding_options linear(1<a[yr]<10)

/ physiological_parameters ae_fish[-]=0.89; ae_invert[-]=0.66; ae_plant[-]=0.44; rq[-]=0.9; rt:std[-]=2.0;
sda:in[-]=0.17; sg[g/g/day](25)=.882*w[g]"(-1-048); so[ml(02)/kg/minute]=.43*exp(In(.70/.43)/10*(t[celsius]-22))

/ ecological_parameters diet(0<l[mm]<20)={zooplankton=100}; diet(20<I[mm]<100)={zooplankton=25,benthos=25, bass=0,
blueg =0, redear=0, gambusia=0}; diet(100<I[mm]<1000)={benthos=25, bass=0, bluegill=0, redear=0, gambusia=0}

/ initial_conditions age[day]={ 350., 715., 1080., 1445., 1810.}; wt[g]={ 269., 511., 747., 980., 1210.};
pop[fish/ha]={ 5.90, 3.65, 2.74, 2.24, 1.91}

/ common_name bullhead

/ species ameiurus natalis

/ age_class_duration year

/ spawning_period march-april

/ ecological_parameters Ip[cm]=0.25*1[cm]; wl[g]=0.0304*1[cm]~2.82; tl_rO[mm] = 150; yoy[g]=10.0; mls[year]=5;
nm[1/day]=0.90*0.0382*w[g]"(--537)

/ compositional_parameters pa[-]=0.80-0.94*pl[-]; pl[-]=0.08

/ morphometric_parameters ga[cm”2]=4.98*w[g]"0.728; id[cm]=9.26e-4*w[g]"0.200;
Id[lamellae/mm_per_side]=15.9*w[g]"(-0-00917); I1[cm]=8.96e-3*w[g]"0.270

/ feeding_options linear(1<a[yr]<5)

/ physiological_parameters ae_fish[-]=0.89; ae_invert[-]=0.66; ae_plant[-]=0.44; rq[-]=1.0; rt:std[-]=2.0;
sda:in[-]=0.17; sg[g/g/day](25)=0.0382*w[g]"(--537); so[mg(02)/hr]=0.0012*exp(0.1838*t[celsius])*w[g]"1.02

/ ecological_parameters diet(0<lI[mm]<50)={benthos=100}; diet(50<I[mm]<500)={benthos=0, bullhead=0, redear=0}

/ initial_conditions age[day]={ 350., 715., 1080., 1445., 1810.}; wt[g]={ 81., 219., 418., 674., 986.};
pop[fish/ha]={ 33.53, 15.90, 9.80, 6.85, 5.15}

/ common_name bluegill
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species lepomis macrochirus

age_class_duration year

spawning_period april-june

ecological_parameters Ip[cm]=0.15*1[cm]; wl[g]=0.0209*1[cm]"3.06; tl_rO[mm]= 80; yoy[g]=5-0; mls[year]=5;
nm[1/day]=0.1*0.75*0.0208*w[g]"(--615)
/ compositional_parameters pa[-]=0.781-0.94*pl[-]; pl[-]=0.0597
/ morphometric_parameters ga[cm”2]=7.32*w[g]”~0.820; id[cm]=1.15e-3*w[g]"0-172; 1l[cm]=6.55e-3*w[g]"0.259
/ feeding_options linear(1<a[yr]<5)
/ physiological_parameters ae_fish[-]=0.89; ae_invert[-]=0.66; ae_plant[-]=0.44; rqg[-]=1.0; rt:std[-]=2.0;
sda:in[-]=0.127; sg[g/g/day](25)=0.0208*w[g]"(--615);s0[mg(02)/hr]=0.0243*exp(0.1409*t[celsius])*w[g]"0.849
/ ecological_parameters diet(00<I[mm]<50)={zooplankton=100}; diet(50<I[mm]<150)={zooplankton=0, gambusia=0,
benthos=20}
/ initial_conditions age[day]={ 350., 715., 1080., 1445., 1810.}; wt[g]={ 25., 55., 95., 143., 198.}; pop[fish/ha]l={
1187.79, 643.79, 429.04, 316.59, 248.26}
/ common_name redear
/ species lepomis microlophus
/ age_class_duration year
/
/

/
/
/
/

spawning_period may-june
ecological_parameters wl[g]=0.0148*1[cm]~3.08; tl_rO[mm]= 140; yoy[g]=5-0; mls[year]=5;
nm[1/day]=0.3*0.75*0.0528*w[g]"(-.761)

/ compositional_parameters pa[-]=0.781-0.941*pl[-]; pl[-]=0.0597

/ morphometric_parameters ga[cm"2]=7.32*w[g]"0.820; id[cm]=1.15e-3*w[g]"0.172; 11[cm]=6.55e-3*w[g]"0.259

/ feeding_options linear(1<a[yr]<5)

/ physiological_parameters ae_fish[-]=0.89; ae_invert[-]=0.66; ae_plant[-]=0.44; rq[-]=1.0; rt:std[-]=2.0;
sda:in[-]=0.127; sg[g/g/day](25)=0.0528*w[g]"(--761);so[mg(02)/hr]=0.0474*exp(0.0438*t[celsius])*w[g]"0.744

/ ecological_parameters diet(00<I[mm]<50)={zooplankton=100}; diet(50<I[mm]<60)={zooplankton=90, benthos=10};
diet(60<I[mm]<70)={zooplankton=60, benthos=40}; diet(70<I[mm]<80)={zooplankton=30, benthos=70};
diet(80<I[mm]<150)={zooplankton=20, benthos=80}

/ initial_conditions age[day]={ 320., 685., 1050., 1415., 1780.}; wt[g]={ 39., 91., 151., 218., 291.};
pop[fish/ha]={ 375.86, 199.22, 135.84, 103.17, 83.23}

/ common_name gambusia

/ species gambusia affinis

/ age_class_duration month

/ spawning_period march-october

/ compositional_parameters pa[-] = 0.82-1.25*pl[-]; plI[-] = 0.125

/ ecological_parameters Ip[mm]= 0.2*1[mm]; log(wl[g])=-4.786+3.032*1log(1[mm]); tl_rO[mm] = 35; yoy[g]=0.025;
mls[day] = 240; nm[1/day] = 0.1*0.75*0.0027*w[g]"(-0.693)

/ morphometric_parameters gaf[cm™2] = 2.606*w[g]"0.883; Id[lamellae/mm_per_side] = 28.1*w[g]~(-0.0731); ll[cm] =
0.0188*w[g]"0.294

/ feeding_options linear(O<a[year]<1l)

/ physiological_parameters ae_fish[-]=0.89; ae_invert[-]=0.66; ae_plant[-]=0.44; rqg[-]=1.0; rt:std[-]=2.0;
sda:in[-]=0.17; sg[g/g/day](25)=0.0027*w[g]"(--693);so[mg(02)/hr] = 0.0223*exp(0.0552*t[celsius])*w[g]"0.695

/ ecological_parameters diet(0<l[mm]<10)={zooplankton=100}; diet(10<lI[mm]<40)={zooplankton=0, gambusia=0}

/ initial_conditions age[day]={ 20., 170., 200., 230.}; wt[g]={0.043, 0.260, 0.315, 0.374}; pop[fish/ha]={39159.31,
10158.52, 8794.47, 7743.90}

/ end
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decoding and initializing exposure files as required
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ckecking user supplied control commands

CHKCTRL WARNING: insect standing stock not specified
CHKCTRL WARNING: phytoplankton standing stock not specified
CHKCTRL: no errors detected
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methylmercury bioaccumulation in a “ponded” everglades community

start time[day]------.ocoo ... april 1

end time[day]------ .. -..... ... 3652.

integration steps per day 8

ambient water temperature....... temp[celsius] = 25.0+10.0*sin(6.02+1.721E-02*t[day])

water level ... ... _ ... _...... depth[meter] = C:\BASS\projects\examplel\nonfish.dat,column5
benthos standing stock.......... bnths[g(DW)/m~2] = C:\BASS\projects\examplel\nonfish.dat,column2
insect standing stock........... insct[g(DW)/m"2] = not_specified

periphyton standing stock....... phytn[g(DW)/m~2] = C:\BASS\projects\examplel\nonfish.dat,column3
phytoplankton standing stock.... ppInk[g(DW)/1] = not_specified

zooplankton standing stock...... zpInk[g(DW)/1] = C:\BASS\projects\examplel\nonfish.dat,column4
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ckecking user supplied chemical commands
CHKCHEM WARNING: methylmercury - dietary exposure via phytoplankton not specified
CHKCHEM: no errors detected
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methylmercury

chemical........ methylmercury
log_ac.......... -0.451
log_kbl......... 6.00
log_kb2......... 5.00

log p-cceceaan.. -0.400
melting_point. .. 25.0

molar_volume. ... 51.0

molar_weight. ... 216.
biotransformation rate in
biotransformation rate in
biotransformation rate in bullhead...
biotransformation rate in bluegill...
biotransformation rate in redear...
biotransformation rate in gambusia...
LC50 for bass....... LC50[molar]=0.
LC50 for gar-....... LC50[molar]=0.
LC50 for bullhead... LC50[molar]=0.
LC50 for bluegil . LC50[molar]=0.
LC50 for redear . LC50[molar]=0.
LC50 for gambusia... LC50[molar]=0.

benthos dietary exposure
insect dietary exposure
periphytic dietary exposure

phytoplankton dietary exposure....

zooplankton dietary exposure

sedimentary exposure
aqueous exposure

bt[1/d]=0.
bt[1/d]=0.
bt[1/d]=0.
bt[1/d]=0.
bt[1/d]=0.
bt[1/d]=0.

135E-02*Kow™-0.
135E-02*Kow™-0.
135E-02*Kow™-0.
135E-02*Kow™-0.
135E-02*Kow™-0.
135E-02*Kow™-0.

cbnths[ppm]
cinsct[ppm]
cphytn[ppm]
cppInk[ppm]
czplnk[ppm]
csdmnt[ppm]
cwater[ppm]

bioaccumulation in a "ponded" everglades community

871
871
871
871
871
871

1.485E+06*cwater[ppm]
1.06
9.876E+04*cwater [ppm]
not_specified
9.664E+05*cwater [ppm]
not_specified
4_440E-07
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ckecking user supplied fish commands

CHKFISH
CHKFISH
CHKFISH
CHKFISH
CHKFISH
CHKFISH

CHKFISH:

WARNING:
WARNING:
WARNING:
WARNING:
WARNING:
WARNING:

bass - default reproductive biomass investment assigned

gar - default reproductive biomass investment assigned
bullhead - default reproductive biomass investment assigned
bluegill - default reproductive biomass investment assigned
redear - default reproductive biomass investment assigned
gambusia - default reproductive biomass investment assigned

no errors detected
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methylmercury bioaccumulation in a “ponded” everglades community

common name... bass

ecological, morphological, and physiological parameters:

assimilation efficiency (fish)...... ae[-] = 0.890

assimilation efficiency (inverts)... ae[-] = 0.660

assimilation efficiency (plant)..... ae[-] = 0.440

gill area. ... . .. ... . ...... ga[cm~2] = 7.320*W[g]"0.820

gastric evacuation.................. ge[g(DW)/day] = not_specified
interlamellar distance...... ... .. ... id[cm] = 0.002*W[g]"0.086

lamellar density.. . ... . ... . ....... Id[lamellae/mm] = 31.280*W[g]~-0.072
lamellar length.. .. Il[cm] = 0.019*W[g]"0.294

length of prey............ .. Ip[cm] = 0.600+0.270*L[cm]

maximum Filtering
maximum ingestion

. mf[L/day] = not_specified
mi [g(DW)/day] = not_specified

maximum longevity. ... .. ... ... ....... mls[day] = 2922.

non-predatory mortality............. nm[1/yr] = 26.8*W[g]"-0.-675

fraction aqueous. .. ... ... .. ... pa[-] = 0.800-1.570*pI[-]

fraction lipid. ... . ... . ... . .... pl[-] = 0.000*W[g]"0.845

reproductive biomass investment..... rbi[-] = 0.150

respiratory quotient................ rq[-] = 1.000

routine:standard VO_2 rt:std[-] = 2.000

SDA:ingestion ratio....... .. sda:zin[-] = 0.127

specific growth rate...... .. sg[1/day] = 0.014*W[g]"-0.675*exp(0.069*t[celsius])
satiation meal size....... .. sm[g(DW)] = not_specified

standard VO_2.. . so[mg 02/hr] = 0.119*W[g]~0.766*exp(0.043*t[celsius])
time to satiation......... .. st[minutes] = not_specified

weight:length. .. .. ... .. ... ... ...... wl[g(FW)] = 0.012*L[cm]"3.080

length at first reproduction........ tl_rO[cm] = 15.0

weight of recruits..._ .. ... ... ...... yoy[g(FW)] = 25.0

spawning interval ... ... __.._._....... may-june => day(s) = 62,

selected feeding models as a function of age or size:
Alyear]< 10.0 linear

dietary composition as a function of age or size (entries between 1 and 100 represent relative frequencies
whereas entries between -1 and 1 represent electivities. a -1 entry signifies that the item is not utilized):

age/size bass gar bullhead bluegill redear gambusia benthos insects periphyton phytoplankton zooplankton
L[cm]< 2.0 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 100.00
L[cm]< 10.0 -1.00 -1.00 -1.00 0.00 0.00 0.00 35.00 -1.00 -1.00 -1.00 35.00
L[cm]< 20.0 0.00 -1.00 -1.00 0.00 0.00 0.00 50.00 -1.00 -1.00 -1.00 -1.00
L[cm]< 60.0 0.00 -1.00 0.00 0.00 0.00 -1.00 25.00 -1.00 -1.00 -1.00 -1.00

initial conditions:

age age body weight population density methylmercury

class [days] [a(FW)] [#/ha] [ug/g(FW)]
1 320. 127.0 12.6 0.000
2 685. 294.0 6.7 0.000
3 1050. 501.0 4.5 0.000
4 1415. 740.0 3.3 0.000
5 1780. 1008.0 2.7 0.000
6 2145. 1302.0 2.2 0.000
7 2510. 1618.0 1.9 0.000
8 2875. 1957.0 1.6 0.000

initial standing stock ... 20.01 [kg(FwW)/ha]

ecotoxicological parameters:

mean lethal activiy...... la[-] = 1.066E-03
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methylmercury bioaccumulation in a “ponded” everglades community

common name... gar

ecological, morphological, and physiological parameters:
assimilation efficiency (fish)...... ae[-] = 0.890
assimilation efficiency (inverts)... ae[-] = 0.660
assimilation efficiency (plant)..... ae[-] = 0.440
gill area. ... . .. ... . ...... ga[cm™2] = 3.940*W[g]"0.738
gastric evacuation.................. ge[g(DW)/day] = not_specified
interlamellar distance...... ... .. ... id[cm] = 0.002*W[g]"0.072
lamellar density.. . ... . ... . ....... Id[lamellae/mm] = 38.800*W[g]~-0.060
lamellar length.. I11[cm] = 0.019*W[g]"0.294
length of prey............ .. Ip[cm] = 0.000+0.150*L[cm]
maximum Filtering . mf[L/day] = not_specified
maximum ingestion mi [g(DW)/day] = not_specified
maximum longevity. ... .. ... ... ....... mls[day] = 1826.
non-predatory mortality............. nm[1/yr] = 322_*W[g]"™-1.048

fraction aqueous. .. ... ... .. ...

pa[-] = 0.820-1.250*plI[-]

fraction lipid. ... . ... . ... . .... pl[-] = 0.060*W[g]~0.000

reproductive biomass investment..... rbi[-] = 0.150

respiratory quotient................ rq[-] = 0-900

routine:standard VO_2 rt:std[-] = 2.000

SDA:ingestion ratio....... .. sda:zin[-] = 0.170

specific growth rate...... . sg[1/day] = 0.156*W[g]~-1.048*exp(0.069*t[celsius])

- sm[g(DW)] = not_specified

satiation meal size...... -

standard VO_2.. . so[mg 02/hr] = 0.013*W[g]~1.000*exp(0.049*t[celsius])
time to satiation........ .. st[minutes] = not_specified

weight:length. .. .. ... .. ... ... ...... wl[g(FW)] = 0.002*L[cm]"3.300

length at first reproduction........ tl_rO[cm] = 33.0

weight of recr
spawning inter

uits.......

val

yoy[g(FW)] = 25.0
april-may => day(s) = 31,

selected feeding models as a function of age or size:

A[year]< 10.0

dietary composition as a function of age or size

linear

(entries between 1 and 100 represent relative frequencies

whereas entries between -1 and 1 represent electivities. a -1 entry signifies that the item is not utilized):

age/size bass gar bullhead bluegill redear gambusia benthos insects periphyton phytoplankton zooplankton
L[cm]< 2.0 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 100.00
L[cm]< 10.0 0.00 -1.00 -1.00 0.00 0.00 0.00 25.00 -1.00 -1.00 -1.00 25.00
L[cm]< 100.0 0.00 -1.00 -1.00 0.00 0.00 0.00 25.00 -1.00 -1.00 -1.00 -1.00

initial conditions:

age age body weight population density methylmercury
class [days] [IGID]| [#/ha] [ugZg(FW)]

1 350. 269.0 5.9 0.000

2 715. 511.0 3.7 0.000

3 1080. 747.0 2.7 0.000

4 1445. 980.0 2.2 0.000

5 1810. 1210.0 1.9 0.000

initial standing stock ...
ecotoxicological parameters:

mean lethal activiy

10.01 [kg(FW)/ha]

1.066E-03
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methylmercury bioaccumulation in a “ponded” everglades community

common name. .. bullhead

ecological, morphological, and physiological parameters:
assimilation efficiency (fish)...... ae[-] = 0.890
assimilation efficiency (inverts)... ae[-] = 0.660
assimilation efficiency (plant)..... ae[-] = 0.440
gill area. ... . .. ... . ...... ga[cm™2] = 4.980*W[g]"0.728
gastric evacuation.................. ge[g(DW)/day] = not_specified

interlamellar distance..............
lamellar density.. . ... . ... . .......
lamellar length..
length of prey............
maximum Filtering

id[cm] = 0.001*W[g]~0.200
Id[lamellae/mm] = 15.900*W[g]~-0.009
1l[cm] = 0.009*W[g]~0.270
Ip[cm] = 0.000+0.250*L[cm]

. mf[L/day] = not_specified

maximum ingestion mi [g(DW)/day] = not_specified
maximum longevity. ... .. ... ... ....... mls[day] = 1826.
non-predatory mortality............. nm[1/yr] = 12_.6*W[g]"-0.537

fraction aqueous. .. ... ... .. ...
fraction lipid. ... . ... . ... . ....
reproductive biomass investment.....
respiratory quotient................

pa[-] = 0.800-0.940*pl[-]
pI[-] = 0.080*W[g]"0.000
rbi[-] = 0.150
rq[-] = 1.000

routine:standard VO_2 rt:std[-] = 2.000

SDA:ingestion ratio....... .. sda:zin[-] = 0.170

specific growth rate...... .. sg[1/day] = 0.007*W[g]"-0.537*exp(0.069*t[celsius])
satiation meal size....... .. sm[g(DW)] = not_specified

standard VO_2.. . so[mg 02/hr] = 0.001*W[g]~1.020*exp(0.184*t[celsius])
time to satiation......... . st[minutes] = not_specified

weight:length. .. .. ... .. ... ... ......
length at first reproduction........
weight of recruits..._ .. ... ... ......
spawning interval

wl[g(FW)] = 0.030*L[cm]"2.820
tl_rO[cm] = 15.0

yoy[g(FW)] = 10.0

march-april => day(s) = 1,

selected feeding models as a function of age or size:

A[year]< 5.0 linear

dietary composition as a function of age or size (entries between 1 and 100 represent relative frequencies
whereas entries between -1 and 1 represent electivities. a -1 entry signifies that the item is not utilized):

age/size bass gar bullhead bluegill redear gambusia benthos insects periphyton phytoplankton zooplankton
L[cm]< 5.0 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 100.00 -1.00 -1.00 -1.00 -1.00
L[cm]< 50.0 -1.00 -1.00 0.00 -1.00 0.00 -1.00 0.00 -1.00 -1.00 -1.00 -1.00

initial conditions:

age age body weight population density methylmercury
class [days] [a(FW)] [#/ha] [ugZg(FW)]

1 350. 81.0 33.5 0.000

2 715. 219.0 15.9 Ralalaialaiated

3 1080. 418.0 9.8 0.000

4 1445. 674.0 6.8 0.000

5 1810. 986.0 5.2 0.000

initial standing stock ... 19.99 [kg(FW)/ha]
ecotoxicological parameters:
mean lethal activiy...... 1.066E-03

la[-] =
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methylmercury bioaccumulation in a “ponded” everglades community

common name... bluegill

ecological, morphological, and physiological parameters:

assimilation efficiency (fish)...... ae[-] = 0.890

assimilation efficiency (inverts)... ae[-] = 0.660

assimilation efficiency (plant)..... ae[-] = 0.440

gill area. ... . .. ... . ...... ga[cm~2] = 7.320*W[g]"0.820
gastric evacuation.................. ge[g(DW)/day] = not_specified
interlamellar distance...... ... .. ... id[cm] = 0.001*W[g]"0.172
lamellar density.. . ... . ... . ....... Id[lamellae/mm] = not_specified
lamellar length.. .. Il[cm] = 0.007*W[g]"0-259
length of prey............ .. Ip[cm] = 0.000+0.150*L[cm]

maximum Filtering
maximum ingestion

. mf[L/day] = not_specified
mi [g(DW)/day] = not_specified

maximum longevity. ... .. ... ... ....... mls[day] = 1826.

non-predatory mortality............. nm[1/yr] = 0.570*W[g]~-0.615

fraction aqueous. .. ... ... .. ... pa[-] = 0.781-0.940*pl[-]

fraction lipid. ... . ... . ... . .... pl[-] = 0.060*W[g]~0.000

reproductive biomass investment..... rbi[-] = 0.150

respiratory quotient................ rq[-] = 1.000

routine:standard VO_2 rt:std[-] = 2.000

SDA:ingestion ratio....... .. sda:zin[-] = 0.127

specific growth rate...... .. sg[1/day] = 0.004*W[g]"-0.615*exp(0.069*t[celsius])
satiation meal size....... .. sm[g(DW)] = not_specified

standard VO_2.. . so[mg 02/hr] = 0.024*W[g]"0.849*exp(0.141*t[celsius])
time to satiation......... .. st[minutes] = not_specified

weight:length. .. .. ... .. ... ... ...... wl[g(FW)] = 0.021*L[cm]"3.060

length at first reproduction........ tl_rO[cm] = 8.000

weight of recruits..._ .. ... ... ...... yoy[g(FW)] = 5.000

spawning interval ... ... __.._._....... april-june => day(s) = 47,

selected feeding models as a function of age or size:
A[year]< 5.0 linear

dietary composition as a function of age or size (entries between 1 and 100 represent relative frequencies
whereas entries between -1 and 1 represent electivities. a -1 entry signifies that the item is not utilized):

age/size bass gar bullhead bluegill redear gambusia benthos insects periphyton phytoplankton zooplankton
L[cm]< 5.0 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 100.00
L[cm]< 15.0 -1.00 -1.00 -1.00 -1.00 -1.00 0.00 20.00 -1.00 -1.00 -1.00 0.00

initial conditions:

age age body weight population density methylmercury

class [days] [a(FW)] [#/ha] [ug/g(FW)]
1 350. 25.0 1187.8 0.000
2 715. 55.0 643.8 0.000
3 1080. 95.0 429.0 0.000
4 1445. 143.0 316.6 0.000
5 1810. 198.0 248.3 0.000
initial standing stock ... 200.29 [kg(FW)/ha]

ecotoxicological parameters:

mean lethal activiy...... la[-] = 1.066E-03
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methylmercury bioaccumulation in a “ponded” everglades community

common name... redear

ecological, morphological, and physiological parameters:

assimilation efficiency (fish)...... ae[-] = 0.890

assimilation efficiency (inverts)... ae[-] = 0.660

assimilation efficiency (plant)..... ae[-] = 0.440

gill area. ... . .. ... . ...... ga[cm~2] = 7.320*W[g]"0.820
gastric evacuation.................. ge[g(DW)/day] = not_specified
interlamellar distance...... ... .. ... id[cm] = 0.001*W[g]"0.172
lamellar density.. . ... . ... . ....... Id[lamellae/mm] = not_specified
lamellar length.. .. Il[cm] = 0.007*W[g]"0-259
length of prey............ .. Ip[cm] = not_specified

maximum Filtering
maximum ingestion

. mf[L/day] = not_specified
mi [g(DW)/day] = not_specified

maximum longevity. ... .. ... ... ....... mls[day] = 1826.

non-predatory mortality............. nm[1/yr] = 4.34*W[g]"-0.761

fraction aqueous. .. ... ... .. ... pa[-] = 0.781-0.941*pl[-]

fraction lipid. ... . ... . ... . .... pl[-] = 0.060*W[g]~0.000

reproductive biomass investment..... rbi[-] = 0.150

respiratory quotient................ rq[-] = 1.000

routine:standard VO_2 rt:std[-] = 2.000

SDA:ingestion ratio....... .. sda:zin[-] = 0.127

specific growth rate...... .. sg[1/day] = 0.009*W[g]"-0.761*exp(0.069*t[celsius])
satiation meal size....... .. sm[g(DW)] = not_specified

standard VO_2.. . so[mg 02/hr] = 0.047*W[g]"0.744*exp(0.044*t[celsius])
time to satiation......... .. st[minutes] = not_specified

weight:length. .. .. ... .. ... ... ...... wl[g(FW)] = 0.015*L[cm]"3.080

length at first reproduction........ tl_rO[cm] = 14.0

weight of recruits..._ .. ... ... ...... yoy[g(FW)] = 5.000

spawning interval ... ... __.._._....... may-june => day(s) = 62,

selected feeding models as a function of age or size:
A[year]< 5.0 linear

dietary composition as a function of age or size (entries between 1 and 100 represent relative frequencies
whereas entries between -1 and 1 represent electivities. a -1 entry signifies that the item is not utilized):

age/size bass gar bullhead bluegill redear gambusia benthos insects periphyton phytoplankton zooplankton
L[cm]< 5.0 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 100.00
L[cm]< 6.0 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 10.00 -1.00 -1.00 -1.00 90.00
L[cm]< 7.0 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 40.00 -1.00 -1.00 -1.00 60.00
L[cm]< 8.0 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 70.00 -1.00 -1.00 -1.00 30.00
L[cm]< 15.0 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 80.00 -1.00 -1.00 -1.00 20.00

initial conditions:

age age body weight population density methylmercury

class [days] [IGD]| [#/ha] [ugZg(FW)]
1 320. 39.0 375.9 0.000
2 685. 91.0 199.2 0.000
3 1050. 151.0 135.8 0.000
4 1415. 218.0 103.2 0.000
5 1780. 291.0 83.2 0.000
initial standing stock ... 100.01 [kg(FW)/ha]

ecotoxicological parameters:

mean lethal activiy...... la[-] = 1.066E-03
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methylmercury bioaccumulation in a “ponded” everglades community

common name... gambusia

ecological, morphological, and physiological parameters:

assimilation efficiency (fish)...... ae[-] = 0.890

assimilation efficiency (inverts)... ae[-] = 0.660

assimilation efficiency (plant)..... ae[-] = 0.440

gill area. ... . .. ... . ...... ga[cm™2] = 2.606*W[g]"0-883

gastric evacuation.................. ge[g(DW)/day] = not_specified
interlamellar distance...... ... .. ... id[cm] = 0.002*W[g]"0.087

lamellar density.. . ... . ... . ....... Id[lamellae/mm] = 28.100*W[g]~-0.073
lamellar length.. .. Il[cm] = 0.019*W[g]"0.294

length of prey............ .. Ip[cm] = 0.000+0.200*L[cm]

maximum Filtering
maximum ingestion

. mf[L/day] = not_specified
mi [g(DW)/day] = not_specified

maximum longevity. ... .. ... ... ....... mls[day] = 240.

non-predatory mortality............. nm[1/yr] = 0.740E-01*W[g]"-0.693

fraction aqueous. .. ... ... .. ... pa[-] = 0.820-1.250*pI[-]

fraction lipid. ... . ... . ... . .... pl[-] = 0.125*W[g]~0.000

reproductive biomass investment..... rbi[-] = 0.150

respiratory quotient................ rq[-] = 1.000

routine:standard VO_2 rt:std[-] = 2.000

SDA:ingestion ratio....... .. sda:zin[-] = 0.170

specific growth rate...... .. sg[1/day] = 0.000*W[g]"-0.693*exp(0.069*t[celsius])
satiation meal size....... .. sm[g(DW)] = not_specified

standard VO_2.. . so[mg 02/hr] = 0.022*W[g]~0.695*exp(0.055*t[celsius])
time to satiation......... .. st[minutes] = not_specified

weight:length. .. .. ... .. ... ... ...... wl[g(FW)] = 0.018*L[cm]"3.032

length at first reproduction........ tl_rO[cm] = 3.500

weight of recruits..._ .. ... ... ...... yoy[g(FW)] = 0.025

spawning interval ... ... __.._._....... march-october => day(s) = 15, 45, 75, 105, 135, 165, 195, 345,

selected feeding models as a function of age or size:
Alyear]< 1.0 linear

dietary composition as a function of age or size (entries between 1 and 100 represent relative frequencies
whereas entries between -1 and 1 represent electivities. a -1 entry signifies that the item is not utilized):

age/size bass gar bullhead bluegill redear gambusia benthos insects periphyton phytoplankton zooplankton

L[cm]< 1.0 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 100.00
L[cm]< 4.0 -1.00 -1.00 -1.00 -1.00 -1.00 0.00 -1.00 -1.00 -1.00 -1.00 0.00

initial conditions:

age age body weight population density methylmercury

class [days] [a(FW)] [#/ha] [ug/g(FW)]
1 20. 0.0 39159.3 0.000
2 170. 0.3 10158.5 0.000
3 200. 0.3 8794.5 0.000
4 230. 0.4 7743.9 0.000
initial standing stock ... 9.99 [kg(FW)/ha]

ecotoxicological parameters:

mean lethal activiy...... la[-] = 1.066E-03
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summary of special conditions during the simulation:
euler step taken at t= 4.50
euler step taken at t= 4.62
euler step taken at t= 4.63
euler step taken at t= 4.63
euler step taken at t= 4.63
dn/dt for species 6 cohort 1 approximates a step function for t= 4.63
euler step taken at t= 7.50
euler step taken at t= 7.91
euler step taken at t= 7.98
euler step taken at t= 7.99
euler step taken at t= 7.99
euler step taken at t= 7.99
dn/dt for species 6 cohort 2 approximates a step function for t= 7.99
euler step taken at t= 9.50
euler step taken at t= 10.0
dn/dt for species 6 cohort 3 approximates a step function for t= 10.0
species 6 cohort 4 dies on day= 12.0 due to exceeding maximum longevity
species 2 cohort 5 dies on day= 18.0 due to exceeding maximum longevity
species 3 cohort 5 dies on day= 18.0 due to exceeding maximum longevity
species 4 cohort 5 dies on day= 18.0 due to exceeding maximum longevity
species 1 cohort 8 dies on day= 48.0 due to exceeding maximum longevity
species 5 cohort 5 dies on day= 48.0 due to exceeding maximum longevity
euler step taken at t= 350.
euler step taken at t= 350.
euler step taken at t= 350.
euler step taken at t= 350.
euler step taken at t= 350.
dn/dt for species 5 cohort 6 approximates a step function for t= 350.
species 2 cohort 4 dies on day= 383. due to exceeding maximum longevity
species 3 cohort 4 dies on day= 383. due to exceeding maximum longevity
species 4 cohort 4 dies on day= 383. due to exceeding maximum longevity
species 1 cohort 7 dies on day= 413. due to exceeding maximum longevity
species 5 cohort 4 dies on day= 413. due to exceeding maximum longevity
species 2 cohort 3 dies on day= 748. due to exceeding maximum longevity
species 3 cohort 3 dies on day= 748. due to exceeding maximum longevity
species 4 cohort 3 dies on day= 748. due to exceeding maximum longevity
species 1 cohort 6 dies on day= 778. due to exceeding maximum longevity
species 5 cohort 3 dies on day= 778. due to exceeding maximum longevity
species 2 cohort 2 dies on day= 0.111E+04 due to exceeding maximum longevity
species 3 cohort 2 dies on day= 0.111E+04 due to exceeding maximum longevity
species 4 cohort 2 dies on day= 0.111E+04 due to exceeding maximum longevity
species 1 cohort 5 dies on day= 0.114E+04 due to exceeding maximum longevity
species 5 cohort 2 dies on day= 0.114E+04 due to exceeding maximum longevity
species 2 cohort 1 dies on day= 0.148E+04 due to exceeding maximum longevity
species 3 cohort 1 dies on day= 0.148E+04 due to exceeding maximum longevity
species 4 cohort 1 dies on day= 0.148E+04 due to exceeding maximum longevity
species 1 cohort 4 dies on day= 0.151E+04 due to exceeding maximum longevity
species 5 cohort 1 dies on day= 0.151E+04 due to exceeding maximum longevity
euler step taken at t= 0.156E+04
euler step taken at t= 0.156E+04
euler step taken at t= 0.156E+04
euler step taken at t= 0.156E+04
euler step taken at t= 0.156E+04
dn/dt for species 4 cohort 2 approximates a step function for t= 0.156E+04
species 3 cohort 1 dies on day= 0.183E+04 due to exceeding maximum longevity
species 2 cohort 1 dies on day= 0.186E+04 due to exceeding maximum longevity
species 1 cohort 3 dies on day= 0.187E+04 due to exceeding maximum longevity
species 3 cohort 1 dies on day= 0.219E+04 due to exceeding maximum longevity
species 2 cohort 1 dies on day= 0.222E+04 due to exceeding maximum longevity
species 1 cohort 2 dies on day= 0.224E+04 due to exceeding maximum longevity
species 4 cohort 1 dies on day= 0.224E+04 due to exceeding maximum longevity
species 5 cohort 1 dies on day= 0.226E+04 due to exceeding maximum longevity
euler step taken at t= 0.226E+04
euler step taken at t= 0.226E+04
euler step taken at t= 0.226E+04
euler step taken at t= 0.226E+04
dn/dt for species 4 cohort 2 approximates a step function for t= 0.226E+04
species 3 cohort 1 dies on day= 0.256E+04 due to exceeding maximum longevity
species 2 cohort 1 dies on day= 0.259E+04 due to exceeding maximum longevity
species 1 cohort 1 dies on day= 0.260E+04 due to exceeding maximum longevity
species 5 cohort 1 dies on day= 0.262E+04 due to exceeding maximum longevity
species 3 cohort 1 dies on day= 0.292E+04 due to exceeding maximum longevity
species 2 cohort 1 dies on day= 0.295E+04 due to exceeding maximum longevity

BASS_ODESOLVR:
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BASS_ODESOLVR:
BASS_ODESOLVR:
BASS_ODESOLVR:
BASS_ODESOLVR:
BASS_ODESOLVR:
BASS_ODESOLVR:
BASS_ODESOLVR:
BASS_ODESOLVR:

species
species
species
species
species
species
species
species

cohort
cohort
cohort
cohort
cohort
cohort
cohort
cohort

RPRRRRRRR

dies
dies
dies
dies
dies
dies
dies
dies

day=
day=
day=
day=
day=
day=
day=
day=

OO0 oO0OO0O0OO0Oo0Oo

297E+04

.299E+04
-299E+04
.329E+04
-332E+04

334E+04
335E+04

.335E+04

due
due
due
due
due
due
due
due

to
to
to
to
to
to
to
to

exceeding
exceeding
exceeding
exceeding
exceeding
exceeding
exceeding
exceeding
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maximum
maximum
maximum
maximum
maximum
maximum
maximum
maximum

longevity
longevity
longevity
longevity
longevity
longevity
longevity
longevity



total
bass_odesol vr
bass_dydt
dwdt f | x

dbdt f I x
bass_f oodwebl
bass_f oodweb0
ee_adj
dry2live

R-K integrator
| oad/ unl oad
bass_restart

cpu
cpu
cpu
cpu
cpu
cpu
cpu
cpu
cpu
cpu
cpu
cpu

nean h

511.
503.
473.
126.
108.
116.
57.4
28.9
46. 3
490.
70.4
1.80
0.491

(n= 7445)
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APPENDI X F. Example output file (filename.bss) that tabulates annual bioenergetic and contaminant
fluxes.

page 1
file : evergldl. bss
input file : evergldl.prj (Tue Dec 05 15:58:40 2000)
program file: C:\BASS\BASS V21.EXE (Thu Jan 11 11:28:48 2001)
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methylmercury bioaccumulation in a “ponded” everglades community

*** SUMMARY FOR YEAR 10 ***

bioenergetics of a representative individual bass:

residence mean mean mean weight
time body weight body weight growth rate gain/loss ingestion assimilation metabolism
cohort [days] [a(FW] [a(OW)] [1/7day]  [g(OW)/yr] [g(®W)/yr] [g(@W)/yr] [g(ODW)/yr]
1 303. 86.9 18.2 5.541E-03 22.1 145. 111. 88.4
2 365. 208. 45.4 2.696E-03 39.4 314. 259. 220.
3 365. 355. 80.8 1.814E-03 49.6 464 . 384. 334.
4 365. 501. 118. 1.418E-03 58.0 597. 495. 437.
5 365. 639. 156. 1.194E-03 65.2 715. 593. 528.
6 365. 768. 194. 1.051E-03 71.5 819. 680. 608.
7 365. 885. 229. 9.519E-04 77.0 910. 756. 679.
8 365. 992. 263. 8.798E-04 81.8 990. 823. 741.
9 64.0 1.088E+03 294. 8.769E-04 16.5 205. 170. 154.
exchange of methylmercury by a representative individual bass:
residence mean metabolically egested metabolically
time body conc. mean mean gill uptake ingested generated & excreted degraded
cohort [days] [ugZ7g(FW)] log(BAF) log(BMF) [ug/yr]l [ug/yr]l [ug/yr]l [ug/yr]l [ug/yr]l
1 303. 0.499 6.05 0.326 13.0 158. 0.00 78.3 0.00
2 365. 0.758 6.23 0.415 33.7 423. 0.00 295. 0.00
3 365. 0.837 6.28 0.429 51.9 634. 0.00 494 . 0.00
4 365. 0.883 6.30 0.432 68.2 824. 0.00 676. 0.00
5 365. 0.918 6.32 0.431 82.7 995. 0.00 841. 0.00
6 365. 0.940 6.33 0.429 95.5 1.136E+03 0.00 983. 0.00
7 365. 0.962 6.34 0.426 107. 1.268E+03 0.00 1.113E+03 0.00
8 365. 0.983 6.35 0.424 117. 1.387E+03 0.00 1.231E+03 0.00
9 64.0 1.03 6.37 0.420 24.7 299. 0.00 270. 0.00
mean body conc. weighted by cohort biomasses = 0.817
mean body conc. weighted by cohort densities = 0.671
log mean BAF weighted by cohort biomasses = 6.26
log mean BAF weighted by cohort densities = 6.18
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methylmercury bioaccumulation in a “ponded” everglades community

*** SUMMARY FOR YEAR 10 ***

total aqueous phase chemical activity in a representative individual bass:

as a fraction of
cohort lethal narcotic activity

© O~NOOUAWNLERE
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-307E-04
.424E-03
-586E-03
.686E-03
.764E-03
.819E-03
-872E-03
.922E-03
-028E-03
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methylmercury bioaccumulation in a “ponded” everglades community page

*** SUMMARY FOR YEAR 10 ***

bioenergetics of a representative individual gar:

residence mean mean mean weight
time body weight body weight growth rate gain/loss ingestion assimilation metabolism
cohort [days] [a(FW] [a(OW)] [1/7day]  [g(OW)/yr] [g(®W)/yr] [g(@W)/yr] [g(ODW)/yr]
1 334. 190. 48.4 7.322E-03 67.2 188. 155. 88.0
2 365. 409. 104. 2.026E-03 69.2 317. 263. 194.
3 365. 599. 153. 1.292E-03 67.9 417. 347. 279.
4 365. 758. 193. 9.932E-04 67.0 501. 417. 350.
5 365. 890. 227. 8.319E-04 66.5 572. 476. 409.
6 33.0 985. 251. 6.485E-04 5.36 54.8 45.4 40.0

exchange of methylmercury by a representative individual gar:

residence mean metabolically egested metabolically
time body conc. mean mean gill uptake ingested generated & excreted degraded
cohort [days] [ug/g(FW)] log(BAF) log(BMF) [ug/yr] [ug/yr] [ug/yr] [ug/yr] [ug/yr]
1 334. 0.517 6.07 0.174 11.1 254. 0.00 76.9 0.00
2 365. 0.680 6.18 0.288 28.8 433. 0.00 243. 0.00
3 365. 0.742 6.22 0.319 43.3 579. 0.00 395. 0.00
4 365. 0.781 6.25 0.338 55.2 703. 0.00 530. 0.00
5 365. 0.804 6.26 0.349 65.2 806. 0.00 644. 0.00
6 33.0 0.838 6.28 0.346 6.19 81.1 0.00 64.0 0.00
mean body conc. weighted by cohort biomasses = 0.694
mean body conc. weighted by cohort densities = 0.615
log mean BAF weighted by cohort biomasses = 6.19
log mean BAF weighted by cohort densities = 6.14

total aqueous phase chemical activity in a representative individual gar:

as a fraction of
cohort lethal narcotic activity

.945E-04
309E-03
429E-03
.503E-03
.548E-03
.614E-03

oA WNBE
P RRRRLRO
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methylmercury bioaccumulation in a “ponded” everglades community

*** SUMMARY FOR YEAR 10 ***

bioenergetics of a representative individual bullhead:

residence mean mean mean weight
time body weight body weight growth rate gain/loss ingestion assimilation metabolism
cohort [days] [a(FW] [a(OW)] [1/7day]  [g(OW)/yr] [g(®W)/yr] [g(@W)/yr] [g(ODW)/yr]
1 364. 56.4 15.5 6.277E-03 24.3 210. 139. 114.
2 365. 172. 47.3 2.923E-03 43.8 679. 466. 422.
3 365. 330. 90.8 1.986E-03 60.4 1.331E+03 927. 866.
4 365. 516. 142. 1.538E-03 75.1 2.047E+03 1.479E+03 1.404E+03
5 365. 720. 198. 1.275E-03 88.0 2.865E+03  2.092E+03  2.004E+03
6 3.00 774. 213. 7.992E-04 0.509 9.65 7.06 6.55

exchange of methylmercury by a representative individual bullhead:

residence mean metabolically egested metabolically
time body conc. mean mean gill uptake ingested generated & excreted degraded
cohort [days] [ug/g(FW)] log(BAF) log(BMF) [ug/yr] [ug/yr] [ug/yr] [ug/yr] [ug/yr]
1 364. 0.429 5.98 0.373 17.3 139. 0.00 109. 0.00
2 365. 0.520 6.07 0.432 66.6 473. 0.00 447 . 0.00
3 365. 0.548 6.09 0.421 139. 956. 0.00 951. 0.00
4 365. 0.584 6.12 0.411 226. 1.573E+03 0.00 1.609E+03 0.00
5 365. 0.609 6.14 0.412 324. 2.306E+03 0.00 2.394E+03 0.00
6 3.00 0.635 6.16 0.404 0.871 8.80 0.00 7.23 0.00
mean body conc. weighted by cohort biomasses = 0.539
mean body conc. weighted by cohort densities = 0.467
log mean BAF weighted by cohort biomasses = 6.08
log mean BAF weighted by cohort densities = 6.02

total aqueous phase chemical activity in a representative individual bullhead:

as a fraction of

cohort lethal narcotic activity
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.380E-04
.017E-03
.071E-03
.141E-03
.191E-03
.242E-03
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methylmercury bioaccumulation in a “ponded” everglades community

*** SUMMARY FOR YEAR 10 ***

bioenergetics of a representative individual bluegill:

page

residence mean mean mean weight
time body weight body weight growth rate gain/loss ingestion assimilation metabolism
cohort [days] [a(FW] [a(OW)] [1/7day]  [g(OW)/yr] [g(®W)/yr] [g(@W)/yr] [g(ODW)/yr]
1 318. 16.4 4.50 5.023E-03 5.42 150. 98.9 93.5
2 365. 16.4 4.52 -2.006E-04 -0.285 196. 129. 130.
3 365. 23.1 6.36 2.252E-04 0.694 290. 191. 191.
4 365. 32.2 8.87 1.823E-03 5.54 366. 242. 236.
5 365. 50.8 14.0 1.475E-03 7.14 527. 348. 341.
6 49.0 60.4 16.6 3.520E-04 0.277 75.6 49.9 49.7

exchange of methylmercury by a representative individual bluegill:

residence mean metabolically egested metabolically
time body conc. mean mean gill uptake ingested generated & excreted degraded
cohort [days] [ug/g(FW)] log(BAF) log(BMF) [ug/yr] [ug/yr] [ug/yr] [ug/yr] [ug/yr]
1 318. 0.452 6.01 0.494 15.7 79.0 0.00 82.3 0.00
2 365. 0.486 6.04 0.517 22.2 106. 0.00 129. 0.00
3 365. 0.512 6.06 0.520 33.0 176. 0.00 208. 0.00
4 365. 0.519 6.07 0.520 40.5 226. 0.00 255. 0.00
5 365. 0.528 6.08 0.524 58.3 327. 0.00 371. 0.00
6 49.0 0.526 6.07 0.526 7.93 44 .2 0.00 50.1 0.00
mean body conc. weighted by cohort biomasses = 0.495
mean body conc. weighted by cohort densities = 0.482
log mean BAF weighted by cohort biomasses = 6.05
log mean BAF weighted by cohort densities = 6.04

total aqueous phase chemical activity in a representative individual bluegill:

as a fraction of

cohort lethal narcotic activity
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.893E-04
.553E-04
.007E-03
.020E-03
.038E-03
.034E-03
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methylmercury bioaccumulation in a “ponded” everglades community

*** SUMMARY FOR YEAR 10 ***

bioenergetics of a representative individual redear:

residence mean mean mean weight
time body weight body weight growth rate gain/loss ingestion assimilation metabolism
cohort [days] [a(FW] [a(OW)] [1/7day]  [g(OW)/yr] [g(®W)/yr] [g(@W)/yr] [g(ODW)/yr]
1 303. 26.4 7.27 6.921E-03 9.83 37.0 24.4 14.6
2 365. 68.0 18.7 2.645E-03 15.9 79.7 52.6 36.7
3 365. 117. 32.2 1.668E-03 18.3 111. 73.2 54.9
4 365. 165. 45.5 1.261E-03 20.0 137. 90.7 70.8
5 365. 211. 58.1 1.039E-03 21.2 160. 106. 84.6
6 64.0 243. 66.9 9.883E-04 4.24 34.1 22.5 18.2

exchange of methylmercury by a representative individual redear:

residence mean metabolically egested metabolically
time body conc. mean mean gill uptake ingested generated & excreted degraded
cohort [days] [ug/g(FW)] log(BAF) log(BMF) [ug/yr] [ug/yr] [ug/yr] [ug/yr] [ug/yr]
1 303. 0.320 5.86 0.279 1.95 22.6 0.00 8.37 0.00
2 365. 0.409 5.96 0.385 5.34 48.9 0.00 27.8 0.00
3 365. 0.435 5.99 0.411 8.21 68.0 0.00 44.8 0.00
4 365. 0.450 6.01 0.426 10.7 84.3 0.00 60.0 0.00
5 365. 0.460 6.02 0.435 12.9 98.4 0.00 73.7 0.00
6 64.0 0.473 6.03 0.447 2.85 20.9 0.00 16.6 0.00
mean body conc. weighted by cohort biomasses = 0.416
mean body conc. weighted by cohort densities = 0.370
log mean BAF weighted by cohort biomasses = 5.97
log mean BAF weighted by cohort densities = 5.92

total aqueous phase chemical activity in a representative individual redear:

as a fraction of

cohort lethal narcotic activity
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.298E
.051E
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.045E
-296E
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-04
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-04
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methylmercury bioaccumulation in a “ponded” everglades community page 8

*** SUMMARY FOR YEAR 10 ***

all cohorts of gambusia have been exterminated
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methylmercury bioaccumulation in a “ponded” everglades community page
*** SUMMARY FOR YEAR 10 ***
community level fluxes for bass:
prey endogenous mean mean
consumption predatory mortality exogenous mortality productivity standing stock population
cohort [g(OW)/has/yr] [g(DW)/ha/yr] / [#/ha/yr] [g(OW)/has/yr] 7/ [#/ha/yr] [g(DW)/ha/yr] [g(ODW)/ha] 7/ [g(FW)/ha] [#/ha]
1 6.853E+03 118. / 10.1 848. / 63.3 1.141E+03 600. / 2_879E+03 38.4
2 5.058E+03 17.8 / 0.514 510. / 12.4 656. 683. / 3.141E+03 15.9
3 3.542E+03 1.70 / 2_583E-02 304. / 3.92 387. 592. / 2.605E+03 7.50
4 2.698E+03 0.00 / 0.00 210. / 1.81 266. 519. / 2.195E+03 4.44
5 2.177E+03 0.00 / 0.00 159. / 1.03 201. 464 . / 1.898E+03 2.99
6 1.747E+03 0.00 / 0.00 122. / 0.638 154. 404. / 1.604E+03 2.10
7 1.483E+03 0.00 / 0.00 101. / 0.442 127. 366. / 1.415E+03 1.61
8 1.271E+03 0.00 / 0.00 84.2 / 0.323 106. 331. / 1.251E+03 1.26
9 240. 0.00 / 0.00 14.4 / 4_894E-02 19.2 60.2 / 223. 0.205
total 2.507E+04 138. / 10.7 2.353E+03 / 83.9 3.056E+03 4_.019E+03 / 1.721E+04 74.3
community level fluxes for gar:
prey endogenous mean mean
consumption predatory mortality exogenous mortality productivity standing stock population
cohort [g(OW)/has/yr] [g(DW)/ha/yr] / [#/ha/yr] [g(OW)/has/yr] 7/ [#/ha/yr] [g(DW)/ha/yr] [g(DW)/ha] 7/ [g(FW)/ha] [#/ha]
1 4_259E+03 0.00 / 0.00 1.303E+03 / 58.3 1.703E+03 778. / 3_050E+03 20.0
2 2.466E+03 0.00 / 0.00 470. / 4.9 556. 767. / 3.007E+03 7.62
3 1.836E+03 0.00 / 0.00 261. / 1.76 304. 651. / 2.553E+03 4.32
4 1.454E+03 0.00 / 0.00 171. / 0.898 197. 547. / 2.145E+03 2.85
5 1.188E+03 0.00 / 0.00 122. / 0.542 140. 463. / 1.814E+03 2.05
6 81.4 0.00 / 0.00 7.93 / 3.160E-02 7.96 33.7 / 132. 0.134
total 1.128E+04 0.00 / 0.00 2.335E+03 / 66.4 2.907E+03 3.239E+03 / 1.270E+04 36.9
community level fluxes for bullhead:
prey endogenous mean mean
consumption predatory mortality exogenous mortality productivity standing stock population
cohort [g(DW)/ha/yr] [g(DW)/hasyr] 7/ [#/ha/yr] [g(OW)/ha/yr] 7/ [#/ha/yr] [g(OW)/ha/yr] [g(DW)/ha] 7/ [g(FW)/ha] [#/ha]
1 4_863E+03 90.2 / 11.4 409. / 50.6 541. 249. / 905. 23.1
2 4_261E+03 1.69 / 5.952E-02 207. / 5.00 262. 254. / 924. 5.79
3 4_131E+03 0.00 / 0.00 143. / 1.68 180. 253. / 919. 2.89
4 3.876E+03 0.00 / 0.00 109. / 0.802 137. 248. / 900. 1.78
5 3.631E+03 0.00 / 0.00 86.5 / 0.449 108. 234. / 852. 1.20
6 11.6 0.00 / 0.00 0.741 / 3.489E-03 0.611 2.10 / 7.64 9.866E-03
total 2.077E+04 91.9 / 11.5 955 / 58.6 1.228E+03 1.241E+03 / 4.508E+03 34.8
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methylmercury bioaccumulation in a “ponded” everglades community page
*** SUMMARY FOR YEAR 10 ***
community level fluxes for bluegill:
prey endogenous mean mean
consumption predatory mortality exogenous mortality productivity standing stock population
cohort [g(OW)/has/yr] [g(DW)/ha/yr] / [#/ha/yr] [g(OW)/has/yr] 7/ [#/ha/yr] [g(DW)/ha/yr] [g(ODW)/ha] 7/ [g(FW)/ha] [#/ha]

1 7.052E+05 6.218E+03 / 2.086E+03 1.708E+03 / 458. 2.478E+04 1.655E+04 / 6.015E+04  3.883E+03

2 5.618E+05 4_.009E+03 / 977. 1.192E+03 / 281. -2.684E+03 1.201E+04 / 4.365E+04 2.609E+03

3 4_029E+05 3.111E+03 / 499. 673. / 107. 447 8.228E+03 / 2.991E+04  1.283E+03

4 3.538E+05 2.343E+03 / 282. 547. / 63.6 5.235E+03 8.066E+03 / 2.932E+04 924.

5 2.734E+05 1.722E+03 / 133. 353. / 25.9 3.564E+03 6.897E+03 / 2.507E+04 500.

6 2.693E+04 221. / 13.3 36.5 / 2.20 101. 797. / 2.895E+03 48.0
total 2.324E+06 1.762E+04 / 3.990E+03 4_508E+03 / 938 3.144E+04 5.255E+04 / 1.910E+05  9.246E+03
community level fluxes for redear:

prey endogenous mean mean
consumption predatory mortality exogenous mortality productivity standing stock population
cohort [g(DW)/ha/yr] [g(DW)/hasyr] 7/ [#/ha/yr] [g(ODW)/ha/yr] 7/ [#/ha/yr] [g(OW)/ha/yr] [g(DW)/ha] 7/ [g(FW)/ha] [#/ha]

1 6.110E+04 6.717E+03 / 1.600E+03 3.268E+03 / 676. 1.734E+04 8.406E+03 / 3.055E+04 1.331E+03

2 3.648E+04 2.231E+03 / 147. 1.461E+03 / 85.0 7.399E+03 8.198E+03 / 2.979E+04 453.

3 2.917E+04 606. / 20.4 968. / 30.8 4_844E+03 8.341E+03 / 3.031E+04 261.

4 2.707E+04 241. / 5.54 791. / 17.6 3.946E+03 8.879E+03 / 3.227E+04 196.

5 1.701E+04 118. / 2.08 452. / 7.84 2.256E+03 6.119E+03 / 2.223E+04 105.

6 349. 15.0 / 0.224 7.97 / 0.119 43.3 120. / 437. 1.80
total 1.712E+05 9.929E+03 / 1.776E+03 6.949E+03 / 817. 3.583E+04 4_006E+04 / 1.456E+05 2.347E+03
all cohorts of gambusia have been exterminated
community consumption [g(DW)/ha/yr] of benthos......... 1.566E+06 (0.61 of total consumption)
community consumption [g(DW)/ha/yr] of insects... - 0.00 (0.00 of total consumption)
community consumption [g(DW)/ha/yr] of periphyton...... 0.00 (0.00 of total consumption)
community consumption [g(DW)/ha/yr] of phytoplankton... 0.00 (0.00 of total consumption)
community consumption [g(DW)/ha/yr] of zooplankton..... 9_.588E+05 (0.38 of total consumption)
community consumption [g(DW)/ha/yr] of fish. . ... _...... 2.778E+04 (0.01 of total consumption)
community mass balances
piscivory - predatory mortality [g(DW)/ha/yr].......... -1.953E-02
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APPENDIX G. Example output file (filename.plx) that plotsthe variablesrequested by the user.
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population dynamics of bass
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