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Bioenergetics Overview

The field of fish bipenergetics includes temporal scales that range from those of evolutionary time
1o cellular metabolism (Tytler and Calow 1985). It also includes spatial scales ranging from
nutrition and growth in controlied aguaculiure systems (Jobling 1994) to predator-prey sysiems in
the largest ecological context {Adams and Breck 1980). Among the sevetal reviews of the field,
those by J, R. Breit offer the most insightful combination of basic laboratory studies and their
application in the context most pertinent fo fisheries sclence (Brett and Groves 1878): We
recommend Breit's lead chapter (Brett 1995) in the new volume edited by Groot et al. (1995) for a
thorough review of the exiensive work conducted on energefics of Pacific salmonids and for a
insightful assessment of areas where knowledge of energetics should be improved. - -

The underpinnings of energetics have a firm theoretical base in the laws of thermodynamics
(Klelber 1975). Working from an energy budget requires that you satisfy the terms of a simple
equation; outputs must equal inputs and the budget must balance. As detailed in Chapter 2, the
terms of the energy budget for fishes are well known and each can be measured independentiy.
The model allows the user to specify the important external regulators: temperature and diet. For
fishes, the most easily measured component of the energy budgeting process is expressed as
growth. Growth integrates the array of environmental variables affecting an individual fish. Thus
the evidence provided in the observed growth rate is the rich and varied foundation of scientific
inquiry and the basis for better undarstanding.

The modeling approach presented in this manual derived from the extension of energetics
principles used in ecosystem-scale models of trophic Interactions developed during the
International Biological Programme (Kiichel et al. 1974). These models focused on biomass
dynamics. They often included formulations requiring an estimate of carnying capacity which was
used to characierize density-dependent constrainis for growth rates of a given frophic level. While
those kinds of models have utility in an ecosysiem context, they had three important shoricomings
when dpplied to fishes. First, units of biomass per area or volume did not allow for resolution of
cause and effect at he species or individual scale. After all, 1t is individual fish that feed, grow,
reproduce and die. Further, as a fish grows from first-feading larvae to reproductive adult; it may
ascend through three or four trophic levels, Second, biomass models did not allow an effective
interface with either the long history of population-based models In fisheries science or the models
of predator-prey interactions developed in the ecological sciences. Third, biomass models
required an estimate of environmental carrying capacity. The latter is difficult to do and, more
impertantly, likely to change as a consequence of the ecological effects due to fishery exploitation
and/or anthropogenlc effects on fish habitats. '

An alternative to biomass models is an energetics-based approach focused on the processes that
regulate growth by individual fish (Kitchell et al. 1977). This model assembled individuals in age-
or size-based populations, separated the agents of mortality (natural vs, fishing) and specified the
trophic ontogeny of predator-prey Interactions. it focused on using the kinds of data most
frequently collected by biologists - the habitat that is ocoupied {thermal history), size at age
{growth curves), stomach contents, size or age at sexual maturity, and size- or age-related
mortallty rates. The development of size- or age-based cohorts is elaborated in Chapter 3.
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Bioenergetics Overview

1.1 The Modeling Strategy

Starting the process with observed growth rate is different from that of many kinds of modelin
practices. [h this case, the strategy of model building is based on specifying rules that define the
fimit conditions, 1:e., the maximum and minimum possible rates of growth for members of 5
population. The physiolegical parameters used to represent the rules derive from-readity and oit.
measured processes such as temperature dependence, thermal tolerance, thermal preference
size dependence, assimilation efficiency, efc., that can be accurately measured in the Iaborator’y. :
Those physiological parameters are assembled as empirical rules that define the effect of
temperaturs, body size and food guality on maximum feeding rates. The minimum is similarly
defined by rules describing the effect of temperature and body size on metabolic rates when food
consumption is set to zero. These limits define the boundaries of the scope for growth. Observed
growth is somewhere between those limits and aliows the user fo estimate how that growth rate is
being regulated. ' - ,

The hierarchy of energy allocation Is an important component of this modeling approach.
Consumed.energy is first allocated to catabolic processes (maintenance and activity metabolism),
then to waste losses {feces, urine and specific dynamic action) and that left over is allocated to
somatic storage (body growth and gonad development). This hierarchy is analogous to practical
economics. The first costs paid are those for rent or mortgage {metabolism) that sustain the
organism. The second set of cosis (waste losses) are like taxes — they are proportional to income
{food consumption) and must be paid. The energy resource remaining.may then be allocated to
savings (growth) or invested in the next generation (gohad davelopment). In an ecological or
evolutionary context, it is easy to imagine selection for behaviors that maximize benefits (growth
rate or gonad development) and minimize costs. Like an account balance, a record of growth
raveals how well the organism has resolved the complexities of its environment.

In a thorough review of previous energetics work, Brott and Groves (1979) presented a
generalization about energy budgeis fot two classes of fishes. If the energy budget is stated in the
following ferms: _

Energy Consumed = Respiration + Waste + Growth,

and normalized to percentages when energy ccﬁnsumpticn =100, then fishes.growing at “typical”
rates would have energy budgets approximated as below.

_Consurnption _=_ Respiration + Waste + Growth
For carnivores: 160 = 44 + 27 + 29
For herbivores: 100 = 37 + A3 4+ 20

These hudgets reveal two important features. First, as expected, herbivores exhibit lower growth

‘rates and higher wasie-loss rates per unit of energy consumed. That is the logical conseguence of

eating foods of lower énergy density and higher indigestible content. Second, both types of fishes
demonstrate high rates of growth efficiency compared to those known for mammals and blrds.
Although these budgets can serve as a first approximation, the 95% confidence intervals for each
component are substantial (e.g., plus or minus 20% of the mean). Of course, the energy budget
for an average fish in g typleal habitat may be very different from that of fishes in some unique -
ecological context. Fishes are known to exhiblt among the highest growth efficiencies recorded
(approaching 50%) and are known fo exhibit strikingly negative energy budgets, as in the case of
migrating salmon (Breit 1995). Nate, too, that the hierarchy of energy allocation operates In ali
cases, Growth efficiency is not a constant, and growth rates in fishes are highly variable.
Observed growth is the integrated answer to a complex guestion about prey resources and



Bioenergetics Overview

1.2

environmental conditions. Deducing the quantitative components of cause and effect is the
significant challenge. -

In most of its applications, model users will sesk an answer 1o questions about factors that
constrairegrowth (e.9., diet quality or environmental stressors) or use the measured growth to
astimate how much sffect a predator has had on its prey populations. Assembled as a population,

" the model allows answers to those questions at the larger scales of ecological and management

interest. This approach does not provide for feedback to future gengrations. Predator or prey
population dynamics are not represented. Those must be characterized as simulations using
specified assumptions about prey availability, moriality rates and environmental p‘tmditions;

We view the modsaling process as having two géneral components. First Is the “nuts-and-boits”
process of assembling the parameter tables and the input data. Much'of the former is available in’
the manual or formatted in ways that welcome slte-specific input. Second is the “aris-and-crafts”

" process of structuring analyses in ways that pose key guestipns and provide instructive answers.

in these cases, it is often valuable to use the model as a way to create boundary conditions such’
as those for maximum possiblg growth or for maintenance requirements. Using the model in this
way allows it to serve as a “deductive engine” in the more creiative and challenging process of
science (Walters 1986).

Previous Applications

This manual represents the third version of what appeared first as Hewett and Johnson {1989,
1992), which was sold (at cost) to more than 1,000 users and served as the basis for several
score of shoricourses and workshops taught since 1988. That version was labeled the *Wisconsin
mode!” {(Ney 1993). As evidenced by the diversity of parameter tables presented in Appendix A,
previous uses of this modeling approach are many and varied. They range from autecological
studies of highly active subtropical tunas (Boggs and Kitchell 1991) fo those of the sedentary,
slowly growing burbot {Rudstam et al. 1895). They include omnivorous minnows {Schindler et al.
1993) and hyper-predaceous sea lampreys (Kitchell 1990). They provide estimates of

zooplanktivory rates by small fishes in small lakes (Luecke et al. 1980, Post 1990) and rates of

piscivory by a guild of salmonids predators preying on an assemblage of forage species in Lake
Michigan (Stewart and Ibaira 1891). They include estimates of cannibalism (Rice and Cochran
1984} and quantitative-estimates linking three trophic levels (LaBar 1998}, in addition, the
framework has been modified to develop models for some invertebrates (Rudstam 1989,
Schneider 1992), - : :

As summarized in Chapter 2, this model has been evaluated through a rigorous sensitivity
analysls. Model results have also been compared 1o independently derived field data in several
cases; those by Rice and Cochran (1984}, Beauchamp et al. (1989) and Hansson et al. (1996) are
particularly instructive. The approach has been praised for its promise and criticized for ite
inadequacies; both are represented in the proceedings of a recent symposium (Brandt and

Hartman 1983, Hansen et al. 1983). We encourage the process of rigorous evaluation because

that represents the path to improvements. The model cannot be wrong because it is based on a
budget that riust be right. it will improve in proportion to our ability to estimate the physiological
parameters-that regulate growth and the errors or bias of data employed as inputs. :

This version of the model includes several new and important features. First, it is developed in the
Windows environment and provides for inputs through a spreadshest interface. Second, it
employs the principles of mass balance to allow calculations in alternative currencies. Accordingly,
It can be used 1o estimate the ecological significance of nutrient flux rates owing to fishes. In
addition, it can be Implemented to evaluate bicaccumulation of contaminants such as PCBs or
heavy metals. The basic frameworks described in Chapter 4 invite additional applications.
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Core Processes in Bioenergetics

A bicenergstics model is simply an energy balance equation in which energy consumed by a fish

is balanced by total metabolism, waste losses and growth. As with earlier computer versions of

the bioenergetics model {Hewett and Johnson 1987, 1992), Fish Bloenergetics 3.0 uses species-
specific physiological estimates of consumption or growth, respiration, egestion and excretion for
the energy mass balance equation. :

consumption = metabolism + wastes + growth .
= {respiration +active metabolism-+ specific dynamic action) +
' (egestion + excretion) + {(somatic growth + gonad production)
C = (R +A+ 8) + (F+ U) + (AB + G)
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Figure 1: Epergy budget for a 50g vellow perch (Perca flavescens) as a
function of water temperature.

Each of the physiological processes is described by a species-specific set of physiciogical
parameters. The total number of physlological parameters ranges from 12 to over 30 depending
on the form of the function chosen by the user to describe the physlological process of each
species. While some critics feel the models are overly complex (Ney 1990, 1993) and.prone to
errors in parameter estimation (Boisclalr and Leggett 1989), the mass balance approach forces
the energy budget o be balanced which acts 1o limit error propagation (Bariell et al. 1986).

This chapter define_s the individual parameters necessary to desctlbe the energy budget of a fish.
For sach of the major physiological processes (consumption, metabolism, egestion and excretion)
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several different forms of the underlying equations are given to provide maximum latitude in
describing the unique physiologies of different species. To date, parameter sets have been
determined for 26 species of fish and, where possible, modified 1o recognize imporant
ontogenetic shifts in physiology between larval, juvenile and adult fish. All calculations in the
model are-based on specific rates, e.g., grams of prey per gram of praedator per day, and are
calculategi on a dally time step. Mass of predator and prey are corrected for energy density (joulss
per gram). . .

The final section of this chapter provides a more detalled explanation of the derivation of the
individual parameters, including key citations describing how new species parameter lists ware
derived from laboratory studies and the published literature. ’

2.1 Cohsumption

Consymption is estimated asthe
proportion of maximum daily
ration for a fish at a particular
mass and temperature.
Specifically, maximum daily
consumption rate (g of prey per g’
bodly mass per day) is estimated
as an allometiic function of mass
from ad libitum feeding
experiments conducted at the
optimum temperature for the

- particuar fish species (Figure 2).

intercept of 't’hééilbni_'eﬁfﬁci-ﬁjas's

slope of the allometric mass' function
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Figure 2: Maximum and specific consumption as a function of mass for a
yeliow perch (Perca flavescens) at opfimum water temperature.

“This maximum specific feeding rate is then modified by a water temperature dependence function
and an additional proportionality constant (P-value) that accounts for ecological constraints on the
maximum feeding rate (Cmad. The P-value can range from 0 1o 1, with O representing no feeding,

and 1 indicating the fish Is feeding at its maximum rate (based on its size and water temperature).

2-2
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Thres forms of the temperature dependence function (f(T)) are available wlth Fish Bjoenergetics’
3.0 (Figure 3).

é .
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Figure 3: Temperature dependence of consumptlon as defined by the three
equations avaitable with Fish Bmanerget;cs a.0.

Equation 1: Exponential (Stewart et al. 1983)
F(T) =™

This simple exponential function is useful enly when ambient temperatures are at or below the
physiological optimum for the species. In this formulation, CQ is the water temperature dependent
coefficient of consumption. When determining Cyay, CA is the intercept of the mass dependence
function for & 1 gram fish at-0° C and CB Is the mass dependence coefficient, Consumption
equation 1 has been used for cold water salmonids such as the lake trout (Stewart et al. 1983).

Equation 2: Temperature dependence for warm-water species
(Kitchell et al. 1977) :

F(D=V*. 2 X0-VD

where:

= (CTM 1)/ (CTM - CTO)

X =(Z% - (1+(1+40/¥)"5)?) 7 400

Z=LN(CQ) - (CTM —CT0)

Y=IN(CQ) (CIM - CTO+2)
This water temperature depehdence function is most appropriate for warm water species. With
this equation, CA Is the intercept of the mass dependence function for a 1 gram fish at the

optimum water temperature (CTO, the laboratory temperature preferendum), CB is the cosfficient
of the mass dependence, CTM is the maximum water temperature above which consumption

2-3
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ceases (approximated by the upper incipient lethal temperature), and CQ approximates a Q, (me_
rate at which the function increases over relatively low water temperatures). Consumption
equation 2 has been used to model a variely of warm water species including yellow perch and

. walleye (K]tchell et al. 1977).

2.2

Equatlon 3: Temperature dependence for cool- and cold-water
species (Thornton and Lessem 1978)

FM=K

where:
) K, =(CKl-L/(+CK1-(L1-1))
1] = o!oHT-Con

Gl=(1/(CTC - CQ)} - In((0. 98 - CKl)) / (CKl -0. 02))
K, =(CK4-L2)/(1+ CK4-(L2-1))
1.0 = o(OHCTLTY

G2=(1/(CTL-CTM))-In({0.98 - (1—- CK4)) / (CK4 . 0.02))

The Thornion and Lessem algorithm }ﬁrovides a better fit for some cool- and cold-water species,

especially at lower water temperatures. It is essentially the product of two sigmoid curves = one fit

{o the increasing portion of the temperature depéndense function (KA) and the other to the
decreasing poriion (KB). CA is the intercept of the mass dependence function for a 1 gram fish at
the optimum water temperature and €B is the coefficient of the mass dependence. For the
increasing portion of the curve, CQ is the lower water temperature at which the femperature
dependence is a small fraction (CK1) of the maximum rate and CTO is the water temperature
corresponding o 0.98 of the maximum consumpfion rate. For the decreasing porttion of the curve,
CTM is the water temperature {= CTQ) at which dependence is still 0.98 of the maximum and

CTL is the temperature at which dependence is some reduced fraction (CK4) of the maximum
rate. Consumption equation'3 has been used to model a variety of species including chinook and
coho salmon (Stewart and lbarra 199‘])

Respiration

Respiration {the amount of energy used by the fish for routine metabolism) is dependent on fish
siza, water temperature and activity. These losses are estimated by first calcutating resting _
metabolism as a functlon of mass, and then increasing this valua with a temperaiure dependent
function (Figure 4) and a factor representing actwlty

‘The total metabolic rate of the fish is estimated by adding the costs of resplratlon to the costs of -

digestion (specific dynamic action) of the fish. Specific dynamic action (SDA} is calculated as a
constant proportion of assimilated energy (consumptton minus egestion). Typical values of SDA
lie between 0.15 and 0,2, °




Section 1, Chapter 2, Page 5: The equation box states that respiration is calculated in grams. Since
the mass balance within the software is calculated in energy units (cal ot J), you must apply the oxycalonﬁc
coefficient {3240 cal/g oxygen or 13560 J/g oxygen) to convert oxygen cansumed to energy consumed in
resp!rahon

R =RA - W™ . £(T)- ACTIVITY| -
S =

0.8

on rate

0.6

equation 2

0.4

0.2

Respirat

"5 10 15 20 25
Temperature (C)

Figure 4; Temperature dependence of metabollsm as defined by the wo
equatmns avallable with Frsh Bioenergetrcs 3.0
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Section 1, Chapter 2, Page 6: In Equation 1 for respiration, the activity multiplier calculations can be -
clarified by making & change to the eguation set and making a change to the explanation that follows. Within . |
| equation set one, you can assume that swimming speed is constant, or you can assume it's a function of mass |
) or mass and temperature. If swimming speed is constant, then simply use that speed (cm- ) 1o represent the |

VEL parameter; otherwise, simply use elther the second or third form of the VEL. equation. Currently Equation
i reads:; . : : ‘

p(T) = 200
ACTIVITY = gl M0V

where;

VEL= RX1'- W™ when T > RTL, or
VEL = ACT W™ - ABT) yhen T £ RTL.

Change this equation set io i'ead as follows (the only change is the.first line after "where:"):

£(T) = efﬂQ'T?' )
ACTIVITY = RICVEL)

where:

VEL = swimming speed, when swimming speed is constant, or . i
VEL= RE1' W™ when T > RTL, or
VEL = ACT W3 g B0 when T £ RTL. . - :

Paragraphs four and five provide an explanation of the application of swimming speed to the ACTIVITY part of
the respiration equation. Paragraph four currently reads: . ) '

In Fish Bioenergetics 3.0, if swimming speed is a constant then RTM, RTL, HK4 and BACT are setto 0, RK1
and ACT are setfo 1, and RTO Is set to the desired velocity {cm: s7).

Change this paragraph to read as foliows:
in Fish Bioenergetics 3.0, if swimming speed is a constant then RTM, RTL, RK4 and BACT are set to 0, RK1

and ACT are set to 1, VEL equals swimiming speed (cm- 571), and RTO equals the cosfficient of swimming
speed (5 - cm™). ' : :
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- Equation 2 Temperature dependent with activity multlpher
(Kitchell et al. 1977)

'\f—(T) - Vx . G(X'U"V))
ACTIVITY = ACT

_where:

V =(RTM —T)/(RTM —RTO)

X = (Z7 -1+ (1401 ¥)*)*) 1 400

Z = IN(RQ) - (RTM — RTO)

Y = LN(RQ) - (RTM — RTO +2)
With this formulation, the temperaiure dependence of respiration is adjusied by an activity
multiplier (ACT). RTO ({° C) is the optimum temperature for respiration (whare respiration is
highest), RTM (" C) is the maximum (lsthal) water temperature, and RQ (° C™) approximates the
Qo (the rate at which the function increases ovet relatively 1ow water temperatures). For
computing Roa. RAis the number of grams of oxygen (g-g” d™) consumed by & 1 gram fish at
RTO and BB is the slope of the allometric mass function jor standard metabolism. Activity (ACT)
is a constant times resting metabolism, the "Winberg multipiier’ (Winberg 1956). Several recent
studies have shown that activity may be a large and variable component of the total energy budget

dnd Is Influenced by a number of environmental and physiological faciors (Boisclair and Leggeit
1989, Boisclair and Sirois 1993, Lucas et al. 1993, Madon and Culver 1993).

2.3 Waste Losses (Egestion and Excretion)

Egestion (fecal waste, F) and excretion (nitrogenous waste, U) can be computed as a constant
proportion of consumption, or as functions of water temperaiure and consumption. Waste losses
are computed as grams of waste per gram of fishper day.

Equatlon Set 1; Proportlona[ to consumptlon (Kltchell et al
1977)

Egestlon: F=FA-C
Excretion: - U=UA-(C~F)

Egestion is a constant proportion (FA) of consumption. Excretion Is a constant proportion (UA) of
assimilated energy (consumption minus egestion). This formulation suffices for most spacies.

Equation Set 2: Dependent on mass, temperature and ra’uon
(Elliott 1976)

Egestion: F=FA.T™.fen ¢

Excreion: U =UA-T® ve(UG'P)-'('C—_F)

2-7
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j

This squation incorporates both water femperature and feeding rate. It is most appropriate when
the diet is either all invertebrate or all fish. FA is the infercept of the proportion of consumed
energy egested versus water temperature and ration and FB is the coefficient of water
temperature”dependence of egestion. FG is the coefficlent for feeding level dependence (P-value)
of egestion. UA, UB, and UG can'be similarly defined for excretion.

" Equation Set 3: Similar to equation 2 with correction for

2.4

2.5

2-8

indigestible prey (Stewart et al. 1983)
- Egestion: F=PF-C
Excretion: U =UA-T% . W69 tC —F)
where: S : | _
PF = ((PE~01)/09)- (1~ PFF)+ PFF
PE = FA-T™ .¢™7 ‘
PFF = 2_( PREY[n.] - DIET[5]) forn = 1 to number of prey

This equation allows the user to incorporate corrections for the indigestible component of the prey
It is most useful when the diet shifts between highly digestible prey (e.g, fish) to less digestible
prey (e.g. large crustaceans). FA, FBhand FG and UA, UB, and UG are as defined for eguation 2.
PREY[n] {indigestible proportion of n™ prey)and DIET[n] (proportlon of n" prey in diet) are Input

by the user.

Reproduction

Produciion of reproduciive tissue occurs duting normal growth and loss occurs during spawning. If
a‘bioenergetic run includes a spawning date for mature fish, a user-definad proportion of fish
mass is lost on that day. While separate runs can be conducted for male and female fish to
account for gender differences in-.gonad mass, the usual practlce is to estimate the aVerage
gonad proportion for both sexes combined X

Predator 'Energy Dénsify

- Predator energy density (joules per gram wet mass) can be elther Input from a .PYC data file or

as a function of body mass:
ED = 0,+BW

where: ‘ !
ED  predator energy density (joules-g”’ wet mass)
o intercept of the allometric mass function (J-g™)
B slope of the allometric mass function
W fish mass (g)
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2.6

Predator energy density can be defined using two size ranges (a1, b1 and a2, b2). The model
swilches from equation set 1 to equation set 2 at the mass cutoff. To run only one equation, set
the mass culoff to either a value higher than the largest fish to use ohly a1 and b1, or fo 0 to use
only a2 and b2.

Adapting existing models to new species

To model a new species, you will need to develop a sst of physiological parameters for that
species. Several different approaches can be taken o detive the necessary parameters: deriving
them from published reports, estimating them from specifically designed field or laboratory -
studias, or borrowing parameters from closely related species. Most species parameters sets
have been derived from a number of previously published repotts, because few studies provide
estimates of all the physiological parameters. Field and laboratory studies are vety cost and labor
intensive and require carefully regulated experimental conditions {Hartman and Brandt 1993;
Lantry and Stewart 1993; Madon and Culver 1983). Species borrowing has met with some
criticism (Ney 1990, 1993) however-using parameters from closely related species or those with
similar morphologies and life hlstory attributes should provide a reasonable apprommatnon until
unigue parameters can be derived, irrespective of which approach is used, it is important to
evaluate each of the physiological processes across as wide a range of temperatures and body
sizes as possible, As such, caution must be apphed when modeling extremes in temperature or
body size, as the spacific functions describing the physiology may not be adequately described in
that region. For instance, using adult fish parameters 1o model larvae and young-ofsihe-yesar fish
can produce significant biases because of the allometric mass relationships used. Generally for
fish larger than 10 grams, adult parameiers work well. For fish smaller than 1 gram, parameter
modifications are necessary (Post 1980; Madon and Culver 1883; Johhson 1995). For fish
between 1 and 10 grams, results are mixed. :

When deveipplng parameter sets for adults of new species, some general rules of thumb include:

1. Assume temperaiure dependent consumplion {(eguation 2), setting CB around -0.3, CQ
near 2.3 and CA typically between 0,15 and 0.35. CTO and CTM can be approximated by
preferred and upper lethal temperatures, respactively.

2, Assume temperature dependent respiration (equation 2), setting RB near -0.2, and RQ
around 2.1. RTQ can be approximated by the upper lethal temperaiure with RTM set
about-3” C higher. SDA is typlcally near 0.175.

3. Assuine egestion and excretion are proportional to consump‘uon (equahon 1), with FA
near 0. 15 and UA near 0.1

For any new mﬁdel it :s a gomd ldea o conduct error analyses. The parameters which have the
greatest Influence on modet predictions Include allometric parameters for the dependenice of
censumption and respiratien on-body mass (Kitchell et al 1977; Stewart et al 1983; Bartell et al
1086) and are therefma the prominent candidates for future research. '
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Scaling from Individuals to Populations

3.1

3.0

Chapler 2 described the functions used to characierize the physiology of an individual fish. These
energetic models can be used to estimate the rates of predation of individual fish and how these
rates vary with changes in diet, thermal regimes, growth rates, etc. However, we are often more
interested in estimating the impact of fishes af the population level, Here we briefly describe how
to scale up from an individuals predation rate to that of the population.

Cohort as a Population

Throughout this text, we define a cohort as a group-of similar sized (aged) fish of the same
species experiencing identical environmental conditions (femperature, diet, growth and
reproductive losses). For instance, a single cohori of perch may be 500 individuals growing from
60 1o 85 g in Lake Perca during one year. All of these perch consume exclusively zooplankion,
reside in water temperatures ranging from 4 °C during the winter o 20 °C in July and August and
do not spawn. While there certainly will be individual variability in diet, distribution, growth and thus
conhsumption within this group of perch, the physiological parameters and environmental
conditions used in the model will represent the average individual, Therefore the estimated

- amotnt of food consumed for these 500 perch is simply 500 times that consumed by an

individual, assurning no mortality occurs. A second cohort may represent a different age group of
perch, or fish growing at a faster or slower rate {i.e. discrete stocks where diet or thermal history
may be different). By combining multiple cohorts into a simulation Fish Bioenergetics 3.0 permits
the user fo model entire populations of fish at one fime (i.e. account for sizefage structure, stock
siruciure, etc.) so that patterns in consumption or growth can be compared between cohoris or
combined to provide a single prediction for the entire population of fish.

Population Mortality -

Once the analysis is extended beyond a single fish to a cohort, mortality may become an
important regulatoer of population level processes. Mortality can come from a variety of sources
{starvation, predator-Induced, fishing, etc.) and sach may act for a different period of ime at
varying intensity. For instance, our ysllow perch cohort may experience a natural rate of mortality
of 20% per anhum, with an additional 30% fishing mortality between June 1 and October 1. These

- two sources of monality act together to reduce our initial population from 500 individuals on

January 1 to 280 by December 31 (Figure 1).
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Figure 1. Fopulation mortality by mortality type in one year.

Within Fish Bioenergetics 3.0, mortality is modeled for each cohort uéing & simple expanential
decay model

.

Ny= Noe™!

whera Ny and N, represent the number of fish at time zero and time 1, respeciively, and m is the
iotal daily instantaneous rate of mortality that occurred within the population. When multiple
sources of mortality act together on a cohort, each type of mortalily Is applied 10 the cohort each
day, and the number surviving the combined mortality is projected forward to the following day.
Remember that while the daily instantaneous rates of mortality are additive (M + Mesting + s
fhe actual probabllities of miortality are not. For instance, if the natural raie of moriality (n) is 30%
per year, and the rate of fishing mortality (m} is 20% per year, the combined total mortality is 45%
per year (n+m-nm). This expression simply states that a fish can die from natural mortality or
fishing mortality, but the same fish can not dis from both types of mortality.

Within Fish Bioenergetics 3.0, the order of daily events for a fishis: eat, grow, spawn and dle.
Spawning and mortality anly occur if required by the user input, The importance of this chronology
will be trivial for most hioenergetic runs, however, the user should realize that daily consumption
values will be calculated before the fish dies. The reduction in consumption associated with the
inclusion of mortality in the Lake Perca yeliow perch cohort is shown in

Figure 2. -

It Is important to reafize that Fish Bicenergetics 3.0 is not a population-model because we do not
explicitly consider recruitment, However, by accounting for mortality rates, the net predatory
impact effect of a group of fish can be estimated.
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Extended T 0pics: Analyses of Nutrient
'Regeneration and Contaminant
Accumulation

The utility of reconstructing energy budgets of fishes 1o estimate predation rates in aguatic
systems has been extended to allow estimation of flow rates-of other materlals that are
transferred through interactions of fishes and their prey. The impetus for this development detived
from the recognition that fishes play pivotal roles in transfers of limiting nutrients between
ecosystem compartments (Kiichell et al. 1978), and because contaminant accumulation in fish
fissue that has potentially important toxicity implications for humans and wildlife that consume
them (Cordie et al. 1982; Fein et al. 1984; Mac 1988). As with estimating the rates of energy
transfer between food webh components, estimating nitrogen and phosphorus regeneration rates
and contaminant accumulation rates in fish tissues has proven difficult. As discussed in Chapiers
1 and 2, using measured growth rates as a constraint on energy budgets, we can calculate
pradation rates with relafively minimal errors. We capitalize on this strength of bioenergetic
models to estimate flow of other materials through fishes. ,

By coupling mass balance models to hioenergetic models, we can estimate the rates at which
materials are transfetred into and through fishes. The mass balance models that are coupled with
energetic models fall into two distinct types depending on the behavior of the material of interest
in fish tissue. Some maierlals, for example nitrogen {N) and phesphorus(P), are maintained at
relztively constant conecentrations in fish tssue through homeostatic mechanisms. In these
instances, the concentration of the matstial in fish tlssue is usually known, and we are interestad
in the rates at which the material is transferred into fishes and the rate at which i is efiminated.
The best example of this is evaluating the role that fish play in lake nutrient (N and P) cycles by
regenerating these primary production-limiting nutrients through excretion (Kiaft 1982; Carpenter .
etal. 1992; Schindler et al. 1893). By linking the elemental composition of fishes and their prey
(e.0. Davis and Boyd 1975; Penczak 1980) 1o bioenergstics models, we can estimate nutrient
regeneration rates by fishes.

The other general class of materiais which we are oflen interasted are those that are
bicaccumuiated (i.e. not maintained at homeostatic concentrations), Whether a material is

. bicaccumulated Is largely a function of its lipophilicity that determines the efficiency with which it
is eliminated from tissue. Examples include the bicaccumulation of heavy metals (e.g. mercury)
and organic contaminants such as polychlorinated biphenyls (PCBs). In these instances, we are -
generally more concerned with predicting the concentration of the material in fish tissue and how
different environmental conditions (e.g. varying femperatures, changes in diet or changes In
growth rate) alter concentrations.

In this chapter we briefly descnbe the functions that are linked to the bioenergetics models
described in Chapter 2, to estimate nutrient regeneraiion and contaminant bioaccumulation by
fishes.
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4.1 Nutrient Regeneration

Kraft (1 992} adapted the original Hewett and Johnson (1987} bioenergetios model to a maas
balance model of nutrient allocation in fishes (Nakashima and Leggett 1980) to estimate nutrient
regeneration rates by fishes. The strength of Kraft's (1992) approach is that it couples estimates
of predation raies by fishes, to the elemental composltron (Le. N and P) of f|shes and thelr prey,
io estimate nutrient regeneration rates, _

Nakashima and Leggett (1980) described a mass balance model of phosphorus (P) allocation in
fishes according to:

Cp=Gp+ Fp+ Up : equation 4.1
where

Cp =mass of P consumed ()

G, =mass of P allocated o growth (g)
Fp =mass of P lost in feces (g)

U, =mass of P lost in urine (g)

P In urine (Uy) is lost in solubls form that is readily available for uptake by aquatic primary
producers {Brabrand 1980; Lall 1991). Therefore, excreted P is generally of interest to those
estimating the role of fishes in P cycles of aquatic systems In this regard eguation 4.1 is more
useful when wnﬁen as:

Uy Cp- Gy eguation 4.2
plp=Up-ip _

Excreted P can be estimated as the difference between the P gained through consumption, and
that lost in feces and allocated to growth. Fecal losses can be accounted for as a direct
proportion of consumption (Nakashima and Leggett 1980a) by determining a gross assimilation
efficiency (AE,) for a given prey type. Nakashima and Leggstt (1980a) repotied that P
assimilation eﬂrcrency was about 0.72, for most types of animal prey. Lall (1992) reports greater
variation in P assimitation eﬂlcrencres of fishes fed a variety of aguaculiure feeds.

By accounting for fecal Iosses of P with an assrmrlatron eﬁrcrency coefficient (AE,), Equation 4.2
simpiifies to: ,

Up=(AE,*Cp) -Gy  equation4.3,

The mass of P consumed (Cy) is calculated as the product of the mass of prey consumed and the
concentration of P in prey tlssue .

Co=C * [Plorey _ squation 4,4

In Chapter 2 we discussed how bicenergetics can be used to calculate mass consumption (C)-
The nuitrient rege‘nerat:on model uses this value of C determined from the energetics component
of the model, in equation 4.4, The P concentration of prey is expressed as a percent of wet mass
determined for individual prey types. Appendix D lists P concentrations ([Plorey) for several typical
prey of ﬂshes

The amount of P allocated to growth (Gp) {s the product of the increase in mass due to growih,
and the P concentration in fish tissue. Phosphorus concentrations ara about 0.5% of wet mass In
adult fishes, Davis and Boyd (1975) and Penczak ot al. (1985) give species-specific P (and N)
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concentrations for many fish specles. Appendix D summarizes the N and P concentrations in
several fish species.

To estimate N regeneration by fishes, the nutrient mass balance can be coupled to the energetlcs
model, &s was done for estimating P regeneration. To do this the user heeds data to describe N
concentrations in the predator and prey, and the assimilation efficiency of N (AEy): N
concentrations are relatively well known for a large number of prey taxa {Appendix C). Brett and
Groves (1878) estimated that the N assimilation efficiency was about 0.8 for carnivorols fishes.
This value of AEy will probably be lower for herbivorous fishes, However, the model is easily
modified to incorperate other values of AEy. '

" Fish Bioenergetics 3.0 couples both the P and the N mass balance to the energetics submodel in
a way that the N:P ratio of excreted and egested nuirients can be estimated. Chapter 6 of Saction
2 describes in detail how to estimate nutrient regeneration from fishes.

Exarmple of how nutrient vegeneration Is estimated using Fish Bioenergetics 3.0. The -
figure shows a 100 g yellow perch growing to 150 ¢ In 365 days. The perch consumed

- 100% invertebrate prey with a tissue N:P ratio of 10 and an energy density of 3200 J/g until
day 200. At day 201 the perch began to consume increasing proportions of fish prey with
an N:P ratio of 5 and an energy density of 4800 J/g. As a result, after day 200 the growth
rate increases, and the N:P ratio of nutrients excreted decrease. The proporiion of fish in
the perch diet is represented by the shaded region of the graph. -
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Figure 1, The effects of a diet shift 1o fish on predator growth and N:P ratfo in
excretion. - .
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|
4.2 Contaminant Accumulation

Fishes accumulate compounds by bloconcentration across their gilis and through
bicaccumulation from ingested food. Although some studies suggest that uptake of contammants
across the gllls can be substantial (Post et al. 1296), the bulk of accumuiation usually occurs

- through extraction from ingested food {Rowan and Rasmussen 1982; Rasmussen et al. 1900:
Thomann anhd Connolly 1984; Thomann 1988; Rodgers 1984). Our modeling approach assumes
that uptake from water through the gills is negligible compared to that taken up through dietary
exposure.

Estimating the accumulation of compounds that are not maintained at homeostatic concentrations
in fishes can be modeled by mass balance models of uptake and elimination, to the bloenergetics
models. Examples of bicaccumulated compounds include methyl-mercury (MeHg), and orgamc
contaminants such as polychlorinated biphenyls (PCBs).

We present threé'atternaﬁve methods 1o model contaminant accumulation in fishes, All three ars
relatively simple compared to other models that have been developed to account for loss and '
uptake processes in a more mechanistic fashion {e.g. Barber et al. 1991). The methods we
present assume that contaminant uptake from water is insignificant, and that fishes incorporate
contaminants into tissue entirely due to uptake from ingested food. The first model we present
assumes that elimination of contaminants from body tissue is constant and that contaminant
uptake can be modeled simply as a consiant fraction of the amount of contaminants constimed
by a fish, This first model is the most parsimonious.approach to estimating contaminant
accumulation as it employs only one paramster to integrate across all possible uptake and loss
processes of contaminants. We recommend using model 1 for simulating accumuiation of highly
lipophilic organic contaminanis such as PCBs, when the parameters for the more complex
models are not known. The second accumulation model accounts for contaminant elimination
explicitly and assumes that elimination rates are dependent on body size of fish (i.e. mass-
specific eiimination rates are Inversely proportional to body size). The third contaminant model
accounts for changes in elimination rates due to both body size and environmental temperature.
Models 2 and 3 scale elimination rate with mass-specific meiabolic rates. We suggest using
models 2 and 3 to model accumulation of contaminants that are relatively labile (e.g. mercury)
and whose elimination kinetics are better established.

Model 1 - simple net trophic transfer efficiency with no elimination

Change in a predator’s contaminant concantration ([X]pres)can be calculated as:

UXpren /At = G * [Xorey " TEx - equation 4.5

where C is the mass of prey consumed per unit time, [Xlyey is the mean concentration of —
contaminant-X in the pray, and TEy is the transfer efficiency of the contaminant from prey to S
predator. This transfer efficiency represents the net assimilation efficiency after accounting for all B
sources of elimination and transformation (Jackson and Schindler 1886).

Jackson and Schindler (1898} estimated that TExfor total PCB transfer from prey fishes fo Lake
Michigan lake trout, chinook salmon and coho salmon were 0.55, 0.60 and 0.50 respectively. This
means that, for example, 55% of the PCBs ingested by a lake trout are assimilated from prey
tissue and incorporated into the predator tissue,
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Example of using Fish Bioenergetics 3.0 io estimate the effect of growth rates on
contaminant accumulation by fishes. In this example, we show the PCB concentration for
a coho salion simulated under 3 growth-raie scenarios. A 500 g coho was grown to either
700 g {1}, 1000-g (m), or 1500 g (h), by consuming prey with a PCE concentration of 1 ppm.
The lines represent the PCB concentration of the coho for these three growth conditions.
We see that higher growth rates lead to decreased PCB concentrations.

6 T . ,

'PCB concentration

0 100 200 300 400
| Day

Figure 2. PCB concenirations In coho saljmon as a function of growth rate,

Model 2 - gross assimilation efficiency with aliometric scaling of
clearance rate
The second contaminant accumulation model accounts for loss of contaminants In feces .
and metabolic clearance from tissue. In this model, loss of contaminants in feces is modeled as a

constant proportion of that consumed, and clearance rate Is scaled allometrically. The change in
contaminant concentration per unit fime Is calculated as: -~ C

X preg fdt = C * X]prey * Xae - Clearance eguation 4.6

where: Xa; is the gross assimilation efficiency of contaminant-X from prey1
and : . : '
Clearance = Mass® * Xyay * Ko . equation 4.7

where { accounts for the effect of allometry on contaminant elimination.

! {i.e. 1~ Xqs is the proportion of consumed X lost in feces); Xa, is likely to vary with prey type and with
contaminant type. Rodgers (1994} successfully modeled MeHg accumulation in yellow perch and lake
trout with Xae = 0.8. . )

4-5
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The two parameters to describe clearance are not well described in the literature. Rodgers (1994) .
used { = -0.58, and Ky = 0,028 ¢ .g?gfd to describe methyl mercury elimination in yeliow perch and
lake frout. These parameter values can be used as starting points for general exploratory studies.

Model 3 - gross assimilation efficiency with elimination rate
dependent on body size and femperature

Model 2 can be elaborated to account for the increase in elimination rate with increases in
environmental temperatura. This is'accomplished by using the same function as described in
Modsl 2 (equations 4.6, 4.7), but by making the value of K temperature dependant (Norstrom et
al. 1975; Redgers 1894} according to: - :

KaT) = # * 27T 10 ' _ equation 4.8
where Tis the environmental ternperature
T, is the base temperature of the temperature-dependence function

The T is going to vary with the thermal preference of the fish 1o be simulated, Extensive déta do
not exist regarding these parameters but Rodgers (1994) suggested a T, value of 10° C for lake
trout and 15 ° C for yellow perch. '

Fish Bioenergetics 5.0 can be used to model contaminant bioaccumulation in fishes with data
that describe the standard inputs to the biocenergstics models (Chapter 2) and estimates of
contaminant concentrations in prey. Chapter 7 describes how to use Fish Bioshergetics 3.0 1o
model contaminant accumulation In fishes. The largest unknowns involved in modaling
contaminant accurmulation rates are ih estimating the elimination rates. The models we have
presented here will be improved upon as bstter empirical data on elimination rates are described
in the Kterature. Many of the parameters listed in this chapter should be viewed as preliminary -
and not as well known as the energetic parameters. Future research could be focused on better
describing the functions to describe the temperature and allometric scaling of contaminant
alimination, and of gross assimilation efficiencies of N, P and contaminants.
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Before You Begin

1.1 General Conventions

Object or Formaan Description
» , Perform the action tlescribed by the foliowmg {ext.

Menu/lilem ' Menu describes a main menu option, such as File or Edit, found at
the top of the Fish Bloenergetics main window, and tem describes an
opticn, such as New or Open, listed in the pop-down menu.

Predator - ) The fish for which you are simulating bioenergetics. When you create
a new cohort/document you seiect a predator species.

Cohort file/document  Document is & synonym for file, which re;ﬁrese'nts a simulated cohort.
The three terms are often interchanged. In Fish Bioenergetics 3.0 you
can create two different file types, cohort and summary.

1.2 New Features in Version 3.0

s Unlimited number of cohorts

‘Unlimited combinations of cohorts

Uniimited number of prey.

Additional predator species

Nutrient regeneration analysis

Contaminant accumulation analysis. ;

First Impression built-in graphlng program

Formuta One built-in spreadsheet
" Online help
~ Runs in Windows 3.1, Windows '95 and Windows NT



Getting Started

2.1 System Requirements
: Fish Bioenergefics 3.0 will run under Windows 3.1, Windows 95 and Windows NT.
Hardware Requirements

Intel compatible PC running Windows 3.1, Windows ‘85, or Wmdows NT

Minimum of 3 megabytes of hard disk space

Fish Bicenergetics 3.0 software media - note that the installation software is operatmg
system specific. For example, if you're running Windows 3.1, be sure to run the
installation program for Windows 3.1. On the installation CD you’'ll find subdirectories
for the different versions of Windows.

2.2 Installing Software

Windows 3.1: For Fish Bioenergetics 3.01o run in Windows 3.1, you must first
install the 32-bit emulator called “Win32s”. Because Fish Bioenergetics 3.0 was
written 1o run under a 32-bit operating system, such as Windows '95 or Windows NT,
it requires interpretation o run under a 16-bit operating system, such as Windows 3.1.
Some users who've installed other 32-bit programs in their Windows 3.1 environment
may already have Win32s installed. if you're not sure whether or not fo install Win32s,

install it anyway. M /

Win32s

* Insert the Cgl/nto the CD drive (or disk 1 into drive A if installing from floppies)
and type d:\win32s\setup within the Program Manager File/Run menu option.
Altermatively, you can double click the setup.exe file on disk 1 from the Windows File
Maniager if you are installing from floppies.

Follow the prompts that Win32s provides, and Win32s will add 32-bit interpretation to
Windows 3.1. If Win32s prompts you to replace files that are already on your
computer with older Win32s files, be sure to indicate NO. Once you've completed
Win32s installation and rebooted Windows, you can proceed with Fish Bioenergetics
3.0 installation.

Fish Bioenergetics 3.0 for Windows 3.1

* insert the CD into the CD drive (or disk 1 into drive A if installing from floppies)
and enter a:\win31\setup within the Program Manager File/Run menu option.
Alternatively, you can double click the setup.exe file on disk 1 from the Windows File
Manager if you are installing from floppies.

Foliow the prompts that the setup program provides, and Fish Bioenergetics 3.0 will
install the program files on your hard disk, sample files in a subdirectory named
Samples, and some system files in the Windows/System subdirectory. Finally, tha
setup program will create a Bioenergetics program group in the Windows Program
Manager.
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»  Windows *95 or NT: * Insert the CD into the CD drive (or disk 1 into drive Ak
installing from floppies). Select Add/Remove Programs from the Windows control
panels and press the Install button. Be sure to select the setup.exe flle located in the
d\wings subdirectory. Altematively, you can double click the setup.exe file on disk 1
from within the Windows Explorer if you are installing from flopples.

Follow the prompts that the setup program provides, and Fish Bioenergetics 3.0 will
install the program files on your hard disk, sample files in a subdirectory named
Samples, and some system files in the Windows/System subdirectory. Finally, the
setup program will create a Biosnergetics entry in the Programs menu under your

Start butfon.
Fish Bioenergetics 3.0 Instalied Files

File Name .  Description ' Insialled Location
regsvrd2.exe  software that registers Fish Bioenergetics  temporarily in the program -

: . with the Windows operating system directory
data.bem species physiological parameters program direciory
bioen.exe program executable - program directory
perch.* a number of perch sample files samples subdireciory
vefi32.00% Formula One built-in spreadsheet Windows\system directory
vefl32.00x First Impression built-in graphing Windows\system directory
mevertd0.dt Windows system file Windows\system directory
mfc40.dll Windows system file Windows\system directory
olepro32.dil  Windows system file Windows\systermn directory

2. 3 Software Overview

Fish Bioenergetics 3.0 allows you to combine your field data with known physiclogical fish
parameters to create simulations depicting the consumption and growth characteristics of
your fish. To run a simulation, you need user input data that you've estimated (temperature,
diet, pray energy density, etc.); user input parameters, such as the date range of your
simulation and the start and final mass of your predator; and Fish Bloenergetics 3.0 10
calculate daily consumption and growth.

2-2
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- Walleye.pyc
f  walleye.dle K

| Flrst Day: 1
Final Day. 365

Start Weight: 60
Final Weight 80

Walleye.tem B

g

Output .

{over 40 available variables)

Daw of year
Gametic productior (g}
Gamelic production fjoules)
fGross produstion (g)

Gross production (joules)

Mean prey energy density,[ipuiegs’gf
Mortality-fishing

Mortaliy-fishing [0}
Mortaliy-natural
;.l_',Pemh_nm L .
Perchorun

g

Gross production [g} — Weight [g)

1.52e+003 /,.‘ 9.15e+001
1.12¢2003 AL g 37er0m
7.13e+002 7.58e4001
3.10e3002 B.79c+001
L 5.1804007 ‘PE‘A B.00¢007

. 1 :
Al ] T i

Model components inEﬁfcﬁng ln‘i;ut dat;;m“put parainéters, software, dand output,
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)

2.4 Starting Bioenergetics

2.5

24

To start Fish Bloenergetics 3.0, simply double click the Fish Bioenerget:cs 3.0icon located in the
Bioenergetics group (Windows 3.1) or the Program menu under the Start button (Windows 95 or
NT}.

Sample Data and Bioenergetics Run

All of the exampiles used in the following chapters partain o the simulation (PERCH.RUN) of a
hypothetical yellow perch population living in-Lake Perca. The data represent a cohort of age-3
perch which grow from 80 g on June 1 (simulation day 1) fo 90 g on May 31 of the following year.
The iniial perch population size is 10,000 with a naiural mortality raie of 30% per year, and a
harvest mortality rate of 25% during the fishing season {June 1 to October 15) (PERCH.MOR).
The diet (PERCH.DIE) gradually changes from all invertebrates on June 1 to all fish on December
1 with the perch remaining exclusively piscivorous to the end of the year. The energy density of -

- both predator (PERCH.PDC) and pray (PERCH.PYC) remain constant throughout the year. The
© perch reside in a temperate lake where seasonal water temperaturas range from 4 °C in the

winter {o 23 °C in the summer (PERCH. TEM). Industrial development has polluted the waters of
Lake Petca such that the perch population accumulates PCBs from thelr diet (PERCH.PYX) ata
constant assimilation efficiency of (PERCH.AEX). In addition, these perch act as a vector for -
nitrogen and phosphorus transport between the litioral zone (where they consume their prey) and
the open lake. Files describing the nitrogen and phosphorus content of the perch (PERCH.PDN
and PERCH:PDP) and their prey (PERCH.PYN and PERCH.PY®P), and the gross assimilation
efiiciency (PERCH.AEN and PERCH.AEP) are provided.

F‘lnglam Files
EI{EE’] Accesslios
509 Commen Files
-39 [nstaliShield
[mﬁil Micsosoft Exchanye
Ei- Plust
EE {23 Fesouice <)
-(F0 Stiding
] The Mistosoft Netw
EHER Vinbioen
Samples
-F5 Public |
-$8# Recydled Perch.pyp
A} Peich.pys
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3.1 Required Components

Foliowing are the minimum components required to get started with Fish Bioenergetics 3.0. You
may find It helpful to examine the complete list of user input data in section 3.2, table: User input
Data Files and the complete list of user input parameters found in section 3.4, table: User Input
Parameters, These two tables indicate all of the possible input information that you could supply if
you were 1o run all facets of the model. ‘

User Input Data: Text files that include
“data for at least temperature, prey
consumed as proporiions of the total
diet, and prey energy densities (see
section 3.2, table: User Input Data
Files). These data may be collected
from the field, retrieved from your
historical archives or pulled from
" seientific journals. You can use any text
editor to create the files outside of the
Fish Bioenergetics 3.0 software, or you R

can enier the data manualily using the built-in spreadsheet Each data file consists of a two-
dimensional array where simulafion day is the first column and the daia, such as temperature or
prey energy densities, are in the remaining columns.
- User Input Parameters:

First Analysis Day; The first day of your smulahon All data files must include a day that is less
than or equal to your first analysis day. The simulation days are arbitrary and do not fall under any
kind of calendar constraints.

Final Analysis Day: The last day of your stmulation. Once again, data files must include a day that
is greater than or equal to your final analysis day. Because slmulation days. are arbltrary, you can
have a simulation day that's greater than 365.

Start Weight: The mass in grams of your fish before you run your analysts, If your analysis runs
~ from day 1 through day 200, start weight would be the mass of your fish at the beginning of day
one. Incidentally, start weight and final weight apply 1o a single fish and are simply muitiplied by
. the number of fish in a cohort to equal the mass of the starting population,

Final Weight {alternatively Total consumption): The mass in grams of your fish when your
analysis finishes. Although final weight is required entry, it is used only for estimating proportion of - -
total possible consumption (P-value estimate), and not for actual predictive analyses. An
alternative analysis would be to estimate the P-value and the final weight based on a known total
consumption. In this case, you would first indicate Fit to consumption.in Simulation Setup and
then enter the total consumption of your figh in this fisid.

Software: Flsh Bioenergetics 3.0 installed on your computer allows you 1o use your lnput data,
first and final analysis days, and your start and final weights to model changes in fish and fish
population energetics.
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)
)

!

Example:

in June you sampled three-year-old perch ancd determined their average mass to be
60 g. In May of the following year you sampled the same popuiation of perch which
now weigh an average of 90 g. In addition, you've sampled the water temperature
on and off throughout the season. You've been able to determine which prey the -
perch was likely to consume and in what proportions. Here’s what vour basic
bioenergetics input data might look like:

First analysis day: 1 Final analysis day: 365
Start weight: 60 g Final weight:. 80 ¢

Temperature Input file

D:et_mput ftle —

3-2
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3.2 User Input Data Files

User input data files contain information
that you.may have collected in the field,
retrleved from your historical archives,
or pulled from scientific journals. These
data files are created outslde of Fish
Bioenergeifcs 3.0 and are loaded by the
software during setup of the
bioenergetics simulation. The data files
that you need fo run a simulation
depend on the complexity of the
simulation. For example, If you're
interested only in the predator's consumption of a specific prey item, ther you'll nead only
Temperature, Diet, Prey energy density (and possibly Predator energy density); however, if
you're also interested in the quantity of PCBs that the predator consumed hecause of its diet,
you'll need to add Prey conceniration and Assimilation efficiency files for your contaminants.

Below is a table of ail possible user input data fites. No maiter how many files you need, keep in
mind that all input data files must meet the following criteria:

s« tfab delimited _
s firstline must be column headers
+ first column must be day

in addition, all data files have the following criteria In comimon:
s any non-number indicates no data

days do not need to be contiguous
» days can encompass any valid integer range
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User Input Data Files

# of . File
Data Cols Units Extension’ | Description
Temperature 27 deprees G termn water temperature in which the fish lives during the
simulation; temperature can vary over time
et Unlimliied® | decimal proportion die on any given day the proporilon of each prey species
: consumed by the predator; sum of all proportions on
each day must equal 1; number of entries per day must
equal the number of specles I the prey energy denaity
file; proportions can vary ovar time
Predator energy 2 Joules per gram of pde Joules per gram wet body mass of the predalor; enargy
dansity predator body mass densily can vary overtime
Prey energy denstty | Unlimited | Joules per gram of pye Joules per gram wet body mass of each prey item;
prey body mass number of eniries per day must equal the number of
species in the diet file; energy densliy can Vary over
time
Mortalily Uniimited | percentage mor probability of death over a fime perlod; probabilltlss can
vary over time; duration of any given mortality type
{column) is independent of other morallty lypes
Phosphorus .
Analysis
Pray concentration Unlimited® | proportion of wet pyp -phosphorus per gram body mass of each prey item;
mass phosphorus coneentration can vary over fime
Assimilation Unfimited® | proportion aep gross efficiency with which each prey item's phosphorus
efficlency Is taken up by the predator; assimllation efficiency can
vary over lime
Predator 2 proportion of wet pdp phosphorus per gram body mass of the predator'
‘concentration mass phosphorus concentration can vary over time
Nitrogen Analysis
Pray concentration | Unlimited® | proportion of wet pyn nitrogen per gram body mass of each prey item;
mass : nitregen concentration can vary over time
Assimilation Unlimited® | proporiion aen gross efficiency with which each prey ltem's nitrogen is
efficlency taken up by the predator; assimilation efficiency can
vary over time
Fredator 2 proportion of wet pdn nitregen per gram body mass of the predator; nitrogen
concentralion mass concentration can vary over time
Contaminants
Analysis . :
Pray concentration | Unlimited™ | ma/kg Ty sontaminants per gram body mass of each prey ftern;
- contaminants concentration can vary over time
Assimilation Unlimited® { proportion - Bex npt efficiency with which sach prey item’s contaminants
efficiency i5 taken up by the predator; gssimllation efflciency can

vary over time

{talicized files are optional and dependent upon the type of ana!yms you are running.
1 Technically, you can give your files any extension, bui Fish Bioenergstlcs 3.0 will look first for the defauit

extension, -

Files indicated as ‘unlimited’ columns must have the same number of columns found In the Prey Energy Density
file and must have the same column names as those found in the Prey Energy Density fils; however, beyond the day
_ column the order of columns is notimportant.

3=4
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3.3 User Input Data Files - Samples

Sample input flles created from Excel® spreadsheets and saved as tab delimited fext files.

Temperature Input file

ehraiesifl
3000!

Predator energy density input file

s
i pd
i

B ALl LT s O D

Predator energy denglty

)

i)

Al
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Mortality
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Nitrogen assimilation efficiencies of prev Hems
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3.4 User Input Parameters

User input parameters provide the general framework in which your simulation will run, Unlike

‘user input data files, which are two-dimensional sets of data that span some time period, each

input parameter represents a single point of data, such as your fish's start weight. You can easily
play with these parameters to see how their changes effect the results of your simulation, For
example, your start weight and final weight can help you determine the proportion of maximai
consumption (P-value) that your fish experienced to attain its growth. You can easily vary either
the stast weight or final weight and watch how the P-value changes The table below describes
each of the user input parameters in more detail.

User Input Parameters

Parameter Units Description - .

Malintenance degress G Temperature below which this fish cannot survive

{emperaiure

First day day as integer The first day of your simulatidn. The value must be greater than or
etjual to ali beginning dates In your user input data files.

Final day day as inleger The final day of your simulation. The value must be lese than or equal
1o all the final dales In your user input data files.

Start weight grams The mass of the individual fish before you nun your analysis. If your
analysis runs from day 1 through day 200, start weight would be the
mass of your fish at the beginning of day 1.

Final weight grams The mass In grams of your fish when your analysis finishes. Although

{alternatively Total final weight js required entry, it Is used only for estimating praportion

consumption) of total possible consumption {*-value estimate), and not for actudl
predictive analyses. An alternative analysis would be to estimate the
P-value and the fina! weight based on a known total consumption. In
this case, you would flrst indicate Fit to consumption in Simulation

- Setup and then enter the total consumption of your fish In this field.”

Initial populstion size | Mumber of fish The number of fish in your cohort at $he beginning of the simulation,

Day of spawning day as integer The day of the simulation during which all fish in the cohort spawn.

Percenlage of welght | perceniage The percentage of the fishes mass thal is immediately lost to spawn.

spawned : Note that each cohort can spawn only once, and all spawn is applied
10 one day in the simulation.

Contaminant

| Analysls
Initial predator . - mg/kg The conceniraion of contaminants In your predator at the baginnmg
conceniration of the simulation. N
" Allometyic constant none Mass dependence of contaminant elimination.

Elimination constant | g%/d Base line efimination rate, ‘ , ]

Base temperature for | degrees C Scales the temperature dependence of elimination.

elimination

Jtaliclzed parameters are optional and dependent upon the type of analysis you are running.

3.5 Physiological Parameters in the Software

Fish Bioenergetics ‘3.0 coniains a database of physiological parameters for many different species
and life stages of fish. In essence, these parameters define how one species and life stage of fish
differs from another..When you first create a cohort within the software, you are prompted to pick
& specxes When you pick your Specles you're really opening a set of phys;ologlcal parameters
that is unique 1o the species and life stage you've chosen. How the fish’s growth, consumption,
respiratlon, sgestion and excration result from your input data are dependent upon the fish's
physiological parameters. '

3-8
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For the most part, these parameters have been determined experimentally in the laboratory and
do not change. You do not need to edit or even view any of the physiological parameters while.
running your simulation; however, you can change thelr values, For a more in-depth discussion of
the parameter definitions, derivations and applications, read section 1, chapter 2 of the
documentation, Core Processes in Bioenergetics. For a listing of the parameter values of different
species, see Appendix A, Fish Physiological Parameters.

-> Select Edit/Physiological parameter defaults io view the physiclogical parameter
database. Note thal the database will be permanently aliered by any changes you make to these
data; however, making changes in the database will have no effect on physiological parameters in
cohort files that already exist. .

Interface for editing the physiological parameter database.

A conservative approach to edliing a species’ physiological parameters Is to copy the species .of
irterest and give it a new name, thus allowing you io test your chanhges before commitling to
permanently updating the database. You can always refer to Appendix A to view the original
parameters.

3.6 Putting it All Together

- Afile Is a cohort: The most fundamental unit of analysis is a cohort. In Fish Bioenergetics 3.0, a
cohott is a single species of fish in a specific life stage, such as an adult perch. A cohort can
represent one fish or many fish. In Fish Bicenergetics 3.0, each file is a cohort, You create a
cohort when you open a new file, load your user Input data, and use the software’s physiological
parameters appropriate for your species to analyze your daia and make predictions. Multiple
gohoris are created by creating multiple files, and you analyze the results of multiple cohoris by .

" creating a second file fype called a summary file.
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Multiple document concept: Fish Bioenergetics 3.0 is ltke many other Windows software
packages because it allows you to open several documenis concurrently, and to relate the
information among documents. To help illustrate this concept, imagine a spreadsheet program
that allows you to have several spreadsheets open at the same time. Imagine that this program
allows you to create a special spreadsheet, called a summary sheet, that allows you to perform
calculations involving data from all of the other open spreadsheets. This spreadsheet program
would be analogous o Fish Bioenergetics 3.0 in that a spreadsheet represents a cohort flle and a
summary shest represents a bicenergetics summary file.

The Results: Although you can view over 40 vasiables as part of your results, you typicatly will
concentrate on a few key ones, such as consumption, gross produciion, mass, mortality or
population number. You can view your results as a graph or you can save them to a tab-delimited
text flle.:

Walleya pyc
Wal]e 2, dle

# First Day: 1

| Final Day: 365
Start Wejght: 6D
Final Welght: 80

Output

{over 40 available varjables)

‘ "~ Perdhien
Gross prodicion g} wewm ) —  WYealght{o]

Fisori0m //‘ 8164001
14224003 f’“ /_/ ! 0.37¢4001
7134002 j / 5 o T.5ae+t
23000002 3% V4 6784001
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4.1

bl Sl
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4.2

The Five Major Steps

In general, you need to complete five steps fo create and analyze a new cohott. Although each
one of these steps can require some detailed information, you usually can successfully create a
new cohortt by hitting toolbar icons in the order shown below and accepting the default values.
Being able to create a new cohort assumes that you've created your input data files and have
given some thought to your user input parameters.

lcons will appear on the toolbar only afler the previous icon has been selected and the ensuing
sleps have been completed. In other words, you'll be able to select only icon 1 when you first start,
but after you've completed that step, you'll bs able o select icon 2.

New file icon allows you to select a species and create a new cohort of summary

Setup icon selects-options and loads data

P-value icon estimates the propomon of maximum consumption required 1o produce the mput
growth

Run icon executes a Bloensrgetics run

. Graph or Spreadsheet icon generates output -

Step 1: _New Cohort and Select a Species

* From the main Fish Bioenergetics 3.0 window, select File/New or press the new-file icon.
The following window will appear.
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)

Fish Bicenergetics 3.0 presents two opficns for new files, Cohort and Summary. A cohor file
represents a single species of fish at a single life stage, such as an age three perch. The cohort
can‘represent one fish or many fish. A summary file aflows you to summarize information from
several open.cohort files. For example, you might have two cohort files open — juvenile perch and
adult perch, Within each cohort flle you can determine the consumption by that cohort and its :
population, but you might be interested in determining the overall consumption by both juvenile
and adult perch over the same time period. The summary file facilitates this type of calculation.
Chapter 5, Creating a Summary - Analyzing Multiple Cohorts describa in detail the summary file,

@ For now, h'igh]ight Cohort and press OK. The Species List window will appear.

Shiped Bass. Juvenie
Suipgsd Bass Lavas

Tilapia

‘Walleye Adut

‘Walleye Juvenile
‘\Walleye Pollock Aduit
Walleys Pollacl Juverile

# Select the species of your choice by highlighting it and pressing OK. if yoﬁ select pereh,
your screen will ook like this. '
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4.3 Step 2: Setup

There are three major steps to setting Up your cohort; Simulation Setup, Data File Setup, and
Specles Setup.

* Select Setup from the main menu, and the following drop—down menu appears,

You'll see the three major setup steps (Bfdenergetics Run setup will bs covered later in this
chapter). Depending on how far you've progressed through the setup process, some of these
setup options might be grayed. As you complete each setup step, starting with Simulation,
additional setup steps will become avallable. Pressing the setup icon from the toolbar has the
same effect as selecting Setup/Simulation from the main window:.

Simuiation

é Select either Setup/Simulation or the setup icon from the toolbar, The Simulation Setup
window appears.

4-3
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4-4

» Press OK to accept the default values, or you can modify the Simulation Setup options to fit
yollr specific needs. '

Run Options

Show physiological parameters in specles setup: Check this box If you wouid like to see and
be able to edit the fish physiological parameters that have been copied from the software
database into your new cohort. Although you will be able to edit these parameters, you should do
sb with the understanding that you're changing the basic physiology of the fish. Do not worry about
corrupting the software database, because the parameters presented o you In a cohort file are a
copy of the originals from the database. To view the original databdse values, select
Edit/Physiological parameter defaults.

Input/Output energy as joules: This box is checked by default. Keep in mind that data from the
two input data files, prey energy density and predator energy density, must be consistent with your
selection in this check box. If you decide to use the default predator energy density that's provided
with Fish Bioenergetics 3.0 instead of inputting your own data, the software will automatically
convert the energy density 1o the appropriate units. If you deactivate this box, you must use
calories as the currency of energy (one cal = 4.186 joules). ’

P-value Estimation Method: Estimating the P-value really means determining the average
proportion of maximal consumption that your cohort maintained io change from its start weight to
its tinal weight during the duration of your simulation. For example, your cohort might grow from
60 to 90 grams in a year. Based on your input data files and the basic physiology of your cohort, it
might have a maximum consumption of 5,600 grams of prey per year. Let's say that your fish ate
at its maximum consumption rate {which Is equivalent to-a P-value of 1) Using a P-value of 1, the
software would calculate your cohort’s growth from 60 to 2,155 grams in a year. Well, your fish did
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not grow to 2,155 grams, it grew to 80 grams, and so the software would try a P-value equal 0 0.5 ,
{or 50% of maximal consumption). The software iteratively recalculates the growth of your fish
based on different P-values until it finds a P-value (or proportion of maximal consumption) that
allows your fish to grow from 60 to 90 grams. Once the saftware has determined the P-value, it --

can usesthat P-vallte in subsequent Run calculations.

Calculating a P-value based on a change in mass Is the most common method; however, you
have the option of calculating your P-value based on total consumption during your simutation. For
example, your cohort might grow to some unknown mass based on a known yearly consumption
of 1,400 grams of food and a start mass of 200 grams. Based on your input data files and the
basic physiology of your fish, it might have a maximum consumption (which is equivalent to a P-
value of 1) of 6,800 grams of prey per year. Since your cohort didn’t consume 6,800 grams of
prey, the sofiware will use a lower P-value.and recalculate total consumption and repeat the
process until calculated consumption equals the consumption of 1,400 grams that you entered.
The resulting P-value might be around 0. 48

+ Fit1o end welghi: Check this option if you would like the software 10 calculate your-
cohort's P-value (proportion of mammal consumption) based on its change in mass
during the simulation.

s  Fit to consumption; Check this option if you would like the software to calculate

' your cohort's P-value (proportion of maximal consumption) based on its total
consumption of prey during the simulation.

Additional Analyses: With the possible exceptibn of Input predator energy density, the
additional analyses are optionat.

+ Input predator energy density: Predator anergy density is the joules per gram wet
body mass of your fish. In the real world your cohort's energy density will fluctuate
over time. If you have prepared a predator energy density input file that represents
these changes, then select the Input predator energy density option and you'll be
prompted for that file in the User Input Data Files seiup. Otherwise, yout can accept
the default value copied from the sofiware’s database for this species. If the

- software's database contains no defaulf energy densily, then you will be required to
~ select this option. _
= Spawning: Does your cohort spawn during your simulation? If so, select this option
~and you'll be prempted for the spawn day and percent body mass 5pawned in the '
User Input Parameters setup.
= Population mortality: Your cohoit can represent a population of fishes if you select
thls option. This option assumes that you will provide mortality data (in the form of
percent of population dying over time) during the User Input Data Fiies setup.

« Nitrogen and phosphorus analysis: Selsct this option if you would like to
determine the conversion of nitrogen and phosphorus from that which is contained in
the prey's flesh to that which is regenerated by the predator. If you select this analysis
you will be prompted for prey concentration input data files and assimilation efflr;lency
input daia files during the User input Data Files setup.

+ Contaminant analysis: Select this option If you would like to modal the changes in
contaminant concentration in the predator based on the contaminant concentrations
in its prey. If you select this analysis you will be prompted for a prey concentration
input data file and an assimllation efficiency input data file during the User Input Data
Files setup. |n addition, you must decide upon the mechanism by which the predator
will eliminate some of the contaminants it has consumed.

» Net assimilation efficiency: Select this optlon if your predaior will
. assimilate contaminants based solely upon data provided in the contaminant
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assimitation input data file. The remaining contaminants are eliminated. You
will need 1o know the initial predator coneentration for the User Input
Parameters setup,

Gross assimilation efficiency + constant elimination: If your predator
assimilates at a rate indicated in your contaminant assimilation input data file,
and yet loses some of those assimilated contaminants at a constant rate,
select this option. You will need to know the initiai predator concentration, and
the elimination and allometric constants for the User Input Parameters
setup. .

Gross assimilation efficiency + T-dependent elimination: If your predator
assimilates at a rate indicated in your contaminant assimitation input data file, .
and yet loses some of those assimilated contaminants at a rate that's
dependent upon temperature, select this option. You will need to know the
initial predator concentration, the elimination and allometri¢ constants, and
the base temperature for elimination for the User Input Parameters setup.

Maintenance temperature: You can input a temperature (in degrees Celsius) below which your
cohort will not survive. The soflware will then substitute this iemperature whenever your user input
data temperaiures drop below this temperaiure,

User Input Data Files

¥ Seiect Setup/User Input Data Files from the main menu.

If you originally started the setup process from Setup/Simulation or the setup icon, you
automatically will be forwarded into User Input Data Files setup when you select OK from
Simulation setup. Otherwise, you can select Setup/User input data Tiles from the program’s

main menu.

o

JC\Progroi st

U

I
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" You can type in the full paths of your user input

Load Data via Manual Entry:

W Check the Manual entry box and press L
the Edit button that appears. General -
: Temperature
This option allows you to type your data intoa | Diet - .
spreadsheet that pops-up. The data must Predator ene:;gy dBﬂSf
conform to the same rules that apply to user Prey energy densaty
input data flles. Mortality . -
-OR - Phospharus Anaiysus
' Prey-concentration
. Assimilation efficlency’:
Load Data via Data Files: Predator {:oncentraﬂon

» Press the Browse button or type the full

path and file name in the text box. Nltrogen Ana_lys_;s

-Preyiconcentration
Assimilation efficienc

data files, or you can press the Browse button | " edator ooncent: aﬁoh

and search for your data files. If you did not
select nitrogen and phosphorus analysis or
contaminant analysis within the Run Options
setup, you will not see the nitrogen and
phosphorus Data Files and Contaminant Dala
Files tabs. You will always need to provids
temperature, diet and prey energy density files.
Depending upon the additional analyses
you've selecied in the Run Options setup, you might have to prowde other files as well. For a
complete discussion of User Input Data Files, see section 3.2, User input daia files. Note that data
files are loaded as soon as you exit the text field that applies to your file name or as soon as
you've completed the Browse function for that file. Once you've loaded your data, you can check
the Manual entry box and press the Edit button that appears to view or edit your data

Contammants Aaaiysls
Prey-concernitration. *:. . %
Ass:m:latfon effzmenoy

!tahc:zed flles are optlonal and _
tdependent upon the’ type of ana[yms
you are running. .

.. » Select OK to move onto User input Parameters setup (don't forget nitrogen and phosphorus.

User

and contaminant flles when applicable).

Input Parameters

» Select Setup/User input Parameters from the main menu.

If you were previously. editing the User Input Data Files setup, you would automatically have
been forwarded into User input Parameters when you selected OK from User Input Data Files

. setup. The'sheet that pops-up can cofitain as many as three tabbed dialogs depending upon the

oplions you selected In Run Options setup.

4-7
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Individual and Population Parameters . .

ik, \.{B.msm*i

4@ 1l Lapisin

You must provide data for at least four of the six fields (P-valus is for your information only, and
Initial population size is available if you selected Mortality in your Run setup).

First day (integer): The first day of your simulation, The value must be greater than
or equal io all beginning dates in your user input data files.

Final day {integer): The final day of your simulation. The value must be less than or
equal to all the final datss in your user input data files.

Start weight (grams): The mass of your fish before you run your analysis. if your
analysis runs from day 1 through day 200, start weight would be the weight of your
fish at the beginning of day 1. Incidentally, start weight and final weight apply to a

-single fish and are simply muitiplied by the number of fish in a cohort to equal the
" mass of the starting population.

Final weight {grams) (alfernatively Total consumption): The mass in grams of
your fish when your analysis finishes. Although final weight is required entry, it is used
only for estlmatlng propomon of total possible consumption (P-vatue sstimate), and
not for actual predictive analyses. An alternztive analysis would be to estimate the P-
vaiue and the final weight based on a known total consumption. Inthis case, you -
would first indicate Fit to consumption in Simulation Setup and then enter the total
consumption of your fish in this field. ' :
Initial population size: The number of fish in your cohort immedlately before the -
beginning of your sumulaﬂon

#‘ .Once you've entered your parameters, select ancthar parameter sheet if available;, such as
Spawning or Contaminanis, or select OK,
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Spawning

The Spawning parameter page is available only when you've selected S;iawning as an option in
your Run setup. You must provide data for both fields.

» Day of spawning ({integer}): This is the day during your simulation when all fish in
the cohort spawn, Spawning day must be greater than or equal to Start day and less
than or equal to Final day. ) o

« Percentage of weight spawned (%): Enter the percent of your cohorts mass that Is
Jost due to spawning.

» Once you've entered your parameiers, select another parameter sheet if available, such as
Contaminants, or select OK. - ' :

Contaminanis

4-9
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j

The Contaminants parameter page is available when you've selected Contaminant analysis as
an option In your Run setup. Some or all of the fields will be avauable for editing depending on the
type of contaminant analysis selected in your Run setup.

[ ]

Initial predator concentration (mg/ky): The concentration of contaminants in your
predator immediately before the simulation begins.

Allometric constant : Mass dependence of contaminant elimination.

Elimination constant (g™/d): Base line ellmination rate.

Base temperature for elimination (degrees C): Scales the temperature
dependence of elimination.

»_ Once you've entered your parameters, select OK.-

‘Bioenergetics Run.

410

When you select P/Run/Bioenergetics Run from the main menu or the run icon you will
autornatically be forwarded to Bioenergetics Run selup first, Otherwise, you can select
Setup/Bioenergetics Bun at anytime from the main menu.

Before you can execute your Bioenergetics Run, you must decide which of two possible
parameters, P-value of ration,. to hold constant while varying the other. For most applications
outside of the laboratory you ll assume a constant P-value while the amount of prey the'gohort
gohsumes (ratlon) will vary, But for seme appllcations, such as raising fish [n capiivity, you mlght
feed your fish a given amount of food daily. In this case, select constant ration.

Constant P-value {proportion): The proportion of maximal consumption that will be
applied 1o each day of your simulation, If you've recently executed a Fit P-value, the
resulting P-value wilt be displayed hete; otherwise, the P-value you used for your :
most recent Bloenergetics Run will be displayed. In either case, you can change this
value.

Constant ration (% of mass/day): The amount of prey consumed {in the form of % -
of an individual fish's mass) by your cohort on each day of the simulation

'} Once you've entered your parameters, select OK and the Bioé_nérgeti'cs Bun will execute.
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4.4 Step 3: Estimating a P-value (optional)

"} Salect elther P/Run/Fit P-value or the P icon from the toolbar. Fish Bivenergetics 3.0 will
estimate the P-value and display it in the P Estimate portion of the cohort window and change the
status light from red and “Update!” to green and "Read."

Why Estimate a P-value?

If esiimating a P-value is optional, why do it? First, you must understand.that estimating a P-value
. iells you the consumption behavior of your cohort based on your user input dafa afd-parameters.
Recall that the P-value represents a proportion of maximum consumption,at which the cohtttis=...
feeding. Let's say that you've setup your simulation, you execute a P-valug-estimate, and Fisf-
Bioenergetics 3.0 returns a P-value much higher than you anticipated. At this point you would
review your input data and parameters to determine whether or notinaccuracies exist. '

You also can see how estimating a P- T
value provides a mechanism for exploring |. . Why estim;
input data and parameters and T
determining their effects on consumption. 1) Test the valid|
Why can’t you do this in the actual - . and-parame
. Bloenergetics Run? Because the P-value | .2) Seeihow changing
estimate and Bioenergetics Run perform ., effects congjl
slightly different calculations: - 3} Provide a startii

P-value Estimate: Estimates the
proportion of maximum ' )
consumption based on a start weight, final weight, and other user input data and
parameters.

Bioenergetics Run: Calculates the cohort’s final weight (and many other variables)
based on a start weight, P-value, and other user input data and parameters.

4-11
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How the P-value estimate calculation works

Try a new P-value until
Final weight - Start welight = Total growth

il
Ao R
ol :

ARy,

Conslant Povaiie # User datalparams |

Repéat 3:nyraber o
shidationidays’ .. ©

In pseudocode, the calculation runs as follows:

Until calculated growth = observed growth (final weight - start weight) do:
{

Guess at a P-value
For the total number of simulation days do:

Use the P-value to calculate growth
Increment fo the next day
Total growth = previous growth plus foday’s growth

If fotal growth does not squal observed growth, repeat with a new P-value

)

Note that the P-value is considered-acceptable when the percent difference between estimated ,
totel growth and observed growth is less than or equal to 0,001% o

4-12
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4.5 Step 4: Executing a Bioenergetics Run

» Select either P/Run/Run Bioenergetics or the R icon from the toolbar. The Bloenergetlcs
Run Sefup window appears.

i Bigsneigetics Bun Selap

» Select either Constant P-value or Constant ration in the Run Setup and press OK. ‘

Fish Bioenergetics 3,0 wilt calculate a Bioenergetics Run and display it in the Bioen Run portion of
the cohort window and change the status light from red and "Update!” to green and *Ready.”

g

The P-Estimate values and the Bioen Run values may or may not be the same depending on
whether or not you used the P-value from the P-value Estimate in your Bioenergetics Run. Even if
you do use the same P-value, your results may be slightly different (percent difference < 0.5 %)
because of rounding that occurs in the daily calculations. The values present on the s¢reen
represent just a few of the most commonly viewed variables and are intended to give you a quick
look at your resuits. '

4-13
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How the Bioenergetics Run Works

On a daily basis, Fish Bloenergetics 3.0 calculates growth based on the following equation;

-

Growth = Consumption - Respiration - SDA - Egestion - Excretion

Fish Bipenergetics 3.0 calculates parameters on a daily time step. Consequently, your finest
resolution in oukput data is daily values. Calculations begin on day one of your mmulaﬁon and
continue through the final day

,Calculate net: produc’ﬂon

Calculated Resulis

Once you've executed a Bioenergetics Run, you'may view or graph the calculiated resuits of
nearly 70 parameters. The type and number of parameters available depends on the options
chosen in your simulation setup. ,

Oufput Variables

Duiput Parameter Units (type) Description

Day of simulation* " day (integen) | Age of fish in simulafion days

Day of year day (integer) Day of year in'a simulation (i.e. slmulatton can start on

B day 30 and run to any day)

Temperaiure degrees C Temperature on the current day

Weight grams Wei mass of the fish on the current day

Popuiation number number Total number of fish alive on the current-day

Population biomass grams Total biomass (population number x mass) of the cohort
: . | onthe current day

Specific growth rate Jjoules/grams/day | The number of joules of energy ailocated o growth per

gram of predator mass on the current day

rate

Specific consumption

joules/grams/day

The number of joulas of energy consumed per gram of

| predator mass on the current day

Specific egestion rate

ioules/grams/day.

The number of joules of energy egested per gram of
predator mass on the current day

Spacific excretion
raie

joules/grams/day

The number of joulss of energy excreted per gram of .
predator mass on the current day

414
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) *)umentation_changes

incotrect. Currently, they read as follows:

" Page 2 of 2

Nitrogen by prey item«

% wet mass

Nitrogen concentration by individual prey itemns

Phosphotus by prey ftem

% wet mass

Phosphorus concentration by individual prey items

Change this part of the table {o i‘ead as follows:

Nitrogen by prey item grams Nitrogen mass by individual prey items
Phosphorus by prey item grams Phosphorus mass by individual prey items
ncrement . i i o
Gross production grams Total increase in biomass of the cohort on the current day
: {includes biomass used in metabolism and |ost through
moriality)
Gross production joules Tetal increase in energy of the cohort on the current day
i (includes biomass usedin me’[abolism and lost through
rmorlality)
Gametic production grams _The total mass of gametes lost an ihe current day
Gametic production joules The net loss of energy associated with spawning on the
. current day
Net production grams Increase in biomass of the ¢cohort on the current day
, excluding losses to metabolism and mortality
Net production joules Increase in energy content of the cohort on the current
day excluding losses to metabolism and mortality
Prey-Toial by indiv grams The total daily biomass of all prey consumed by an
. individual fish on the current day. Analogous parameters
, are generated for each specific prey type
Prey-Total by indiv | joules The total daily energy content of all prey consumed by an
: ’ individual fish on the current day. Analogous parameters
) are generaied for each specific prey type
Prey-Total by pop'n ‘grams - The tdtal daily biomass of all prey consumed by the'entire
: cohort on the current day. Analogous parameters are
: generated for each specific prey type
Prey-Total by pop'n joules The total daily energy content of all prey consumed by the
entire cohort on the cuirent day. Analogous parameters
are generaied for each specific pray type
Mortality number - The number of fish removed from the population on the
current day. A separate estimate is generated for each
type of mortality
Mortality grams The biomass of fish removed from the population on the
. current day. A separaie estimate is generated for each
. type of mortality ;
Nitrogen by prey ltem | Swettrass 4 Nitfogen ceneanrtiation by individual prey ltems
Phosphorus by prey - |-3-wetmass ¢ Phosphorus eencentration-by individual prey items
tem g -
N/P ratio by prey item | mass ratio 7

N:P ratio In each of the prey items
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O&tput Variables (contmued)

Nitrogen -Total grams Total mass of N egested
egestion '
Phosphorus -Total grams Total mass of P egested
| egestion
N/P-Total egestion mass ratio N:P ratio of egested nitrogen and phosphoius
Nitrogen -Total - grams Total mass of N excreted T
gxcretion
Phosphorus -Total grams Total mass of P excreted
excretion :
N/P-Total excretion mass ratio N:P ratio of excreted nitrogen and phosphorus
Nitrogen -Total grams Total masgs of N consumed
consumption - B .
Phosphorus -Total ™| grams Total mass of P consumed
consumption
N/P-Total mass rafio N:P ratio of consumed nitrogen and phosphorus
consumption
Nitrogen -Total grams Mass of N allocated to growth
growth ' _
Phosphorus -Toetal grams Mass of P allocated to growth
growth :
N/P-Total growth mass ratio N:P ratio of nitrogen and phosphorus allocated to growth
Contaminant-Uptake | mg Mass of contaminanis consumed ]
Contaminant- mg Mass of contaminanis eliminated
Elimination .
Contaminant- magfkg CGoncentration of cortaminants in predator tissue
Predator
concentration
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4.6 Step 5: Graphing the Output and Generatmg an
Output Spreadsheet

Creating'a graph or generating spreadsheet output requires two major steps: 1) Setup, which
includes selecting the cutput fields, how they will be zeroed, and the output interval; 2)
Graph/Spreadsheet, which Is the graphic or spreadsheet that you generate. Fish Bioenergetics.
3.0Includes two add-in programs, Formula One and First Impression, that help you view your
results as a spreadsheet and graph your results as a chart. Both programs provide standard file
functions, such as saving, opening, importing, etc. and are invoked automatically when you select
ihe Graph or Spreadsheet output options.

Graph Output Setup (Spreadsheet Output Seitup)

» Select sither GraphlSpreadsheet Graph Results or the Graph icon from the- toolbar The
Graph Output Seiup window appears.

GI 3 h,ﬂutput Sewp
.g§ "

L {l Temperaiue

#1 Contamiant-Uptake f sl Gross prodhuction (o}
a5 Daily welght increment (o) i

ay of simulation

& of peat

il Gamelic production [g)

- ’E Gamelic production [foules)

| 1085 prioduction [g]

i Gross production i|oulesj

Graph Setup (Spreadsheet)
_ Avallable Fields: The list of fields, in alphabetical order, that are avallabls 1o be gréphed.

Fields to Graph (Fields 1o Display): The fields that are actually going to be graphed. The data
from the first field in the list will represents the x-axis. The data from the second field represents
the left y-axis, and the third field the right y-axis. Any flelds in the list after the first three will be
graphed on the second y-axis and wilt use the scaling of the third fieid. 1t follows that any fields
after the third in the list should have data with values similar in scale to the data of the third field.

Display file header (spreadsheet output only): When this box is checked, Fish Bicenergetics
3,0will include information about the current file, such as the file name, date, and fime in the
spreadsheet output.
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Display cohort parameters (spreadsheet output only): When this box is checked, Fish
Bioenergetics 3.0'will inciude ali user input and physiological parameters in the spreadshest
output.

Zeroing

Graph v' tup :

Never: The data simply accumulate throughout the entire analysis.
After every day: The cumulative data are returned to zero every day.

After interval - day of simulation: When this option'is selected, cumulative data will be reset to
zero after every n™ simulation day, where n equals a value that you enter Into the days field,

After interval - day of year: When this option Is selected, cumuiative data will be reset to zero
after every n™ day of year, where n equals a value that you enter into the days field.

Days: The number of days in an interval when elther After interval - day of year or After
interval - day of simulation is selected,

First analysis day: For information only - the first analysis day in the summary.

Final analysis day: For information only - the final analysis déy in the summary.
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‘Output Interval

EGinph {fulput Selop: 5
i

A AR A NI o ST sy g
5 o0 et
B el Tl &

B SSim= >

Set interval - day of simutation: Output will be generated only for those days that equal the
simulation start day + X, where x equals the value typed in the Days field.

Set interval - day of year: Output will be generated only for those days that equal the day 6f vear-
+ %, where x equals the value typed in the Days field.

End of mortality period: This option provides output only on those days when a mortality period
has ended. For sxample, if fishing mortality ended on day 200 of your simulation and natural
mortality ended on day 365 of your simulation, the software would generate three data poinis, day
1, day 200, and day 365.

End of every 365" day of year: Assuming your assimilation spans at least 365 days, you can
select this option to see data only on the 365" day of year.

End of each cohort: This option applies only to Summary files.

Every day (defauit): Select this option if you would like ocutput generated for each day of the
simulation.

Days: Enter the number of days in your interval when. you've selecied either Set interval - day of
year or Set interval - day of s:mu]atlon

First output day: If you would like to limit the range of days in your output enter the first day of
that range in this field.

Finat output day: If you would like to limit the range of days in yoir output, enter the final day of
that range in this field.
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The Graph and Spreadsheet File

Pech.run
——  Grass produciion {g)
1.126+B05

] 1.83e50m - 7 - 8,69¢+004

4 1.35e+001 6.18e+004

i 8.75¢+000 ’ : f—T 3.67¢+004

1 4.00e+000 et : 1.16e+004
3 183
Dav uf s[mulaﬂnn
SR '1

o L s VW LT e it G e 0 F o T T e SIS sl Ll S S S TR R

ih elie H Rifm] By
SR TR, D s e S R |
AR e R s I T e
i Output generated from fite: Perch,nin |
HOn this dale; 10/22/1995 i
EAL this lime; 1333 : :

Day of simulation’.  Tempsrature ;. Gross production (

(T 16: 11,505
2 17: 1195
3 17 12,253
4 17, {2,587
O 5. 17 12829
B! 7, 13277
71 18] 13532

13,853

Bi

4.7 Saving
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You can save all of the information within your cohott file by selecting File/Save. Fish
Bloenergetics- 3,0 will save your user input data, User inpui parameters, setup, P-value estimate,
.and the results of latest Bioenergetics Run in a file with a .run extension, Fish Bioenergstics 8.0
will not save graphs; however, you can save the spreadsheet output of a Bioenergetics Run using
the method described in chapter 4, section 8, Giraphing the Output and Generating Oufput
Spreadsheet,

, * To save, select either File/Save or the diskette lcon from the toolbar.
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4.8 Opening a Previously Saved Cohort File

* You can open breviously saved Fish Bioenergetics 3.0 cohort files and resume working whers, you
left off. For mora information about the information that s saved in a cohort file, see chapter 4,
section 7, Saving.

‘f» To open a previcusly saved cohort file, select elther File/Open or the open folder icon frbm
the toolbar.
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Creating a SUmmary - Analyzing Multiple
Cohorts

You might be interested in the overall characteristics of a fish that passes through more than one
life stage, or maybe you wouid like to determine the predation of a particular prey Item by more
than one cohort. Creating a summary aliows you o combine the calculations of more than one
cohott into one file,

Why create a summary? To understand why a summary provides useful information about your

~ analysis, you must first recall the definition of a cohort. A cohort file represents a single species of
fish at a single life stage, such as an adult perch. The cohort can represent one fish or many fish.
But let's say that your analysis includes the same species of fish at two different life stages, and
you're interested in the total prey consumption by both life stages. You could create iwo separate
cohort files, gensrate consumption output for sach cohort, and add the outputs manually. A
summary file makes this process easier, _ '
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)

5.1 The Two Major Steps

New Summary Setup

Siep 2: Graphing the Output and Generating an Output
Spreadsheet ‘

Summaryl

LT 71T T —— = Gross produciten (g] ;
22004001 ’ —T 5.6204083
1.8Bc40D1 /}‘ E‘ 4 \1 4,50e4003
/M £ e
1.66c+001 4 g j : 3,75e1003 |
12404007 7 \\ f 2.81e1003 1
il
0.2004000 %] 1,80e4003 i
- $.00e4000 - g.40e4002 L)
. a6s N

A i
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5.2 Step 1: New Summary Setup

# From the main Fish Bioenergetics 3.0 window, selact File/New or press the new-file icon.
The followtng window will appear.

Fish Bioenergetics 3.0 presents two options for new files, Cohort and Summary, A cohort file
represents a single species of fish at a single life siage, such as an aduli perch. The cohort can
represent one fish or many fish. A summary file allows you to summarize information from several
open cohort files. For example, you might have two cohort files open — juvenile perch and adult
perch. Within each cohort file you can determine the consumption by that cohort and its
population, but you might be interested in determining the overall consumption by both juvenile
and aduit perch over the same time period. The summary file facilitates this typs of calcutation.

ﬂ Highlight Summary and press OK. Fish Biosnergetics 5.0 will open a window similar to the
following.
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Minor Setup

Link summary to original cohorts: When this box is checked (default) then the following are
trus:
» ?‘my changes made to the individual cohorts are automatically updated in the
summary
»  When a new cohort file is created, i | 15 automatiically displayed in the Avallable
- cohoris window of the summary file
s When s cohort file Is closed, it is automatically removed from the summary file

Available Cohorts: Any cohort files that are currently open are displayed In this window on the
left side of the summary window. If.a file fs fisted in this window, it is not included in surmmary
calctlations. These files need to be moved to the Summanzed Cohorts wmdow to be included in
the summary analysis.

Summarized Cohoris: Any cohorts that are listed in the Summarized Cohorts window are
included in the summary calculations. When cohorts are run in series, the cohotts are linked
sequentially from top to bottom.

Status: The Staius lights indicate whether or not the summarized cohoits have current P-value
calculations and current Bioenergetics Runs. Only the Runs light has to be green for summary
calculaiions to be executed,

Summary Method: Cohorts can be run in either series or parallel:

. » Series: In series, the tolal number of days in the summary equals the sum of all the
days in the analyzed cohorts, and each data point from each cohort becomes a data
point ih the summary.

¢ Parallel: In parallel, analysis days are maiched amoeng all the cohorts, and the data
from the same days are added together. The stari analysis day will equal the earliest
start day from the cohorts, and the final analysis day will equal the latest final day
from the cohoris. |
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5.3 Step 2: Graphing the Output and Generating an
Output Spreadsheet

Summary catculatien notes

o ’Ohly tlles usted under E;ummarlzed Cohorts are 'pa
¢ catcutaﬂons : -

=:': in senes then ‘the total number of days in the summa‘ry equals ihg e
s ,ot all the. days in the analyzed cohorts and each data potnt a‘rom- =

trom the same days are added together

Graph Output Setup (Spreadsheet Output Setup)

» Select either Graph/Spreadsheet Graph Results or the Graph icon from the toolbar, The
Graph Oufput Setup window appears.

€ Giaph Dutput Setup -

mtamlnant'Ple alol concentrali
Contaminant-Uptake
Dy weight increment (o)
4 Day of simulation -

al- o
541 G emetio production ﬁou}es]
H Gross procluctian (g)
3 Gross produttion fioules)” z
Mean prey eneigy densny ]jnutesig o
N

Graph Setup (Spreadsheet)
Availlable Fields: An alphabetical listing of the available output fields that can be graphed.

Fields to Graph (Fields to Display): The fields that are actually going to be graphed. The data
from the first tield in the list will represent the x-axis. The data from the second field represents
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the left y-axis, and the third field the right y-axis. Any fields in the list after the first three will be
graphed on the second y-axis and will use the scaling of the third field, It follows that any fields
after the third in the list should have data with values similar in scale to the data of the third fleld.

Display file header (spreadsheet output only}: When this box is checked, Fish Bioenergeﬁcé
3.0 will include information about the current file, such as the file name, date, and time in the
spreadsheet output.

. Display cohort pararneters (spreadsheet output only): When this box is checked, Fish

Bioenergetics 3.0 will include all user input and.physiclogical parameters in the spreadsheet
ouiput.

Zeroing

Never: The data simply accumulate throughout the entire analysis.

After every day: The cumulative data are returned to zero every day.

After interval - day of simulation: When this option s selected, cumulative data will be reset to
zero after every nith simulation day, where n equals a value that you enter into the days field.

After interval - day of year: When this option is selacted, cumulative data wil be reset to zZero
after every nth day of year, where n equals a value that you enier Into the days field.

After each cohort: When cohorts are run in series, cumulative data are reset 1o zero after the
final analysis day of each cohort.

Days: The rumber of days in an interval when either After intetval - day of year or After
interval - day of simulation is selected. -

First analysis day: For information only - the first analysis day in the summary.

Final analysis day: For information only - the final analysis day in the summary.
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Output Intervai

Set interval - day of simulation: Output will be generaled only for those days that equal the
simulation start day + x, where x equals the value typed in the Days field.

Set inferval - day of year: Output will be generated only for those days that equal the day of year
+ X, where % equals the value typed in the Days field.

End of mertality period: This option provides ouiput only on those days when a mortality period
has ended. For example, if fishing mortality ended on day 200 of your simulation and natural
mortality ended on day 365 of your simulation, the software would generate three data points, day
1, day 200, and day 365.

End of every 365" day of year: Assuming }/our assimilation spans at least 365 days, you can
select this option to see data only on the 365 day of year.

End of each cohort: Your summary file will probably contain multiple cohorts. If you're running
your analysis in series, and you would like o see data only on ihe last day of each Individual
cohort's simulation, select this option.

Every day (default) Select this option If you would like output generated for each day of 1he
simulation.

Days: Enter the number of days in your interval when you've selected either Set interval - day of
year or Set lnterval day of simulation.

First output day: lf you would like to limit the range of days in your oulput, enter the first day of
that range In this field.

Final output day: If you would like to limit the range of days in your output enter the flnal day of
that range in this field.
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5.4 Saving

You can save all of the information within your summaty file by selecting File/Save. Fish
Bicenergetics 3.0 will save your user Input data, user input parameters, setup and the resuits of
latest Bioenergetics Runs of all your cohorts that are part of the summary in a file with a .sum
extension. Fish Bioenergetics 3.0 will not save graphs; howsver, you can save the spreadsheet
output using the method described in chapier 5, section 3, Graphing the Output and Generating
an Quiput Spreadsheet. .

Once the summauy file is closed, it is no tonger related to the cohort files from which it gathered its
dala. In other words, if you make changss to the cohott files these changes are not reflected in
the summary. You can relink your summary to its original cohorts by using the technigues
described in chapter 5, section 5, Opening a previously saved summary.

* To save, select either File/Save or the diskette icon from the toolbar,

5.5 Opening a Previously Saved Summary File

You can open previously saved Fish Bioenergelics 3.0 summary files and resume working where
yolu lett off. For more information about the information that is saved in a summary file, see
chapter 4, section 7, Saving. Keep in mind that once you open your summary file, it no longer will
be linked to its original cohort files — as indicated by the absence of a check in the Link summary
to original cohorts check box. In other words, you cannat make changes to the otiginal cohort
data and have these changes reflected in the summary document unless you check the Link
summary to original cohorts check box. If you decide to relink fo original cohorts, make sure
these cohort files are open and that the file names mach those names listed in the Summarized
Cohorts list in your summary file. '

B To open a previously saved cohort file, select either File/Open or the open folder icon from
the toolbar.
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"Popula"tions and Mortality

Fish Bloenergetics 3.0 allows you fo extrapolate the simulation results of a single fish to an entire
popuiation of fishes, while at the same time accounting for mortality in the population. Recall that
acohortcanbhe a smgle fish or a group of fish of the same species in the same life stage. To
analyze a cohort that has more than one fish, you simply need to perform two setup steps: 1)
indicate that you would like to include mortality calculations in your simulation; and 2) Enter

mortality user input data. _
Mortal‘ity Setup and User Input Data

mp From the main Fish Bioenergetics 3.0 window, select Setupl&mulatmn Or press the selup
icon. The following window will appear.

» Check the Population mortality checkbox within Additional Analyses. Press the OK
bution, and the User Input Data Files window appears.



Populations and Mortality

You'll see that the Mortality box becomes available. l.oad user inpui mortallty data by either
browsing for a tab delimited text file or by entering the data manually.

Mortality user input data

Although the format for entering mortality user input data Is the same as for other data files, the
software interprets the data difierently. To illusirate this difference, let's compare the following
mortality user input file and temperature user input file.

Mortality file . Temperature file

day !natqral fishing

i 0 1]
137 ino data 25
30 0

y Bheet]
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6.2

Notice that in the temperature file data must exist for every row of dates that have been entered;

however, in the mortality file, day 137 of natural mortahty reads “no data Y The soﬁware |nterprets
this 1o mean that over a range of 365 days every fish in 7 .
the population has a 30% chance of dying from natural
causes. Gormpare fishing mortality with natural and
yoU'll see that day 137 of fishing mortality reads “25.”
The software interprets this to mean that from day zero
through day 187 every fish has a 25% chance of dying '
from fishing. But from day 138 through day 385 no fish will die from flshlng

At a casual glance, you might expect your entire
population of fishes to haye a 55% (30% due to
natural + 25% due to fishing) chance of dying
during one year. In other words, given a starting
population of 10,000 figh, only 4,500 woufd
temain at the end of one year. But keep [n mind
that a fish cannot die from both fishing and natural causes, and so in our example above we
actually end up with 5,250 fish at the end of the year. Instead of 55% percent of the fish dying, we
have the sum of the two probabilities minus their product (0.30 + 0.25 - 0.30 * 0.25), or 47.5% of
the fish dying.

Mortality Calculations

Fish Bioenergetics 3.0 locks af the entire mortality user input data before daily calculations begin.
Because mortality is not a linear process, the software calculates a daily mortality rate that
produces an exponentlal decrease in population. As a simple example, let's suppose that our fish
population started at 10,000 and expenenced a mortality rate of 95%. The resuiting graph would
look like this:

Perch.mn

i Population NUMBET s
i 9.92e+003

| 7.550+003

i 5.21e+003

.,

3 2.95e4+003 \N

[t

LFA 183 274
imulation

4.94e+002

Bioenergetics calculations extrapolated to the population

The basle binenergetics calculations and the mortality calculations are mutually exclusive;
however, for every simulation day, the bioenergetics calculations (consumption, respiration,
excretion, elc.) are multiplied by the fish population fo provide an overall picture of the cohort’s
bloenergetics. As you might expsct, some bloenergetics run results can be drastically different
when you include population mortality as part of the simulation. For example, compate the two
graphs below — the first represents gross production for a single fish, while the second represents
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gross production when the fish-population decreases from 10,000 1o roughly 500 fish. Note that
not only are the magnitudes different, but the shapes of the curves are different as wall.

s e L) 4}
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Nitrogén and PhoSphorus Analysis

Fish Biognergetics 3.0 allows you to extend the basic hioenergetics calculations to include
nitregen and phosphorus (N-P) analyses. Section 1, chapler 4, Extended Tepics: Nultient and
Contaminant Analyses desctibes in detail the science underlying these analyses, To perform the
N-P analysis, you simply need to petform two setup steps: 1) Indicate that you would like to
include this calculations in your simulation; and 2) Provide the appropriate user input data.

Note that yaumust provide both nitrogen:and
phosphorus.data; because Fish Bioenergetic

automatically getform calculations or nitroger
phosphorus, and. nitrogen‘to-phosphorus rat

7.1 Setup and User Input Data

. » From the maln Fish Bioenergetics 3.0 window, seiect Setup/Simulation or press the setup
icon. The following window will appear.

%iiﬂulaﬁun"" N
e
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7.2

¢ Check the Nitrogen and phosphorus analysis checkbox within Additional Analyses.
Press the OK button, and the User Input Data Files window appears.

You'll see that the N and P Data Files tab becomes available. Load user mput data by sither
browsing for a tab dehmlted text file or by entering the data manually,

Nitrogen and Phosphorus user input data

User input data for N-P analysis follows the same set of rules that applies to other user input data

as explained in chapter three. You'll also find analogies between the type of data entered for
basic bioenergetics and for N-P analysis. For example, in basic bioenergetics you need data for
the prey energy concentration and the predator energy concentration; whereas, in N-P analysis
you also need data for prey nitrogen and phosphorus concentratlons and predator nitrogen and
phosphorus concentrations. .

The difference between basic bioenergetics calculations and N-P calculations is in the
assimilalion of consumed nitrogen and phosphorus into the predator’s fissue. This assimilation is
guantified in the user input data file, Assimilation efficlency. The values for assimilation -
efficiency range from 0 1o 1, with a typical value being around 0.7. This means that 30% of
consumed nutrients are lost as feces and 70% are available for growth and excretion. For an
example of N-P assimilation efficlencies, see section 3.2 User input Data Files.

Phosphorus and Nitro'gen Calculations

Fish Bioenergetics 3.0 applies the N-P calculations to the results of the basic bicenergetics
calculations. Recall that bicenergetics is based on the following energy allocation equation:

Consumption = Growth + Respiration +SDA -+Egestion + Excretion
or :
C=G+ R+ 8DA + F + U (where F = egestion and U = excretion)



Nitrogen and Phosphorus Analysis

Corisumed phosphorus and nitrogen follows a similar but slightly simplified path. It has three
fates: 1) assimilation into the predator's tissue (G); 2) loss in feces (F); 3) excretion in urine (U) -
nutrients are not lost as a result of respiration or specific dynamic action (R and SDA
respéctively). These fates can be quantified in the eguation (we'll use phosphorus as an
example¥:

Co=Gp+ Fp+ Uy
where

Cp = mass of P consumed (g)

@Gp = mass of P allocated o growth (g)
F,=mass of P lost in feces (g)

U, =mass of P lost in urine (g)

.Because excreted nutrients.are available for uptake by aquatsc primary producers, we're usually
interested in rearranging the equation-to solve for U: ~ ~

Uy=Cp-Gy-F,

We can account for fecal losses through assimilation efficiency, and thus simplify the eguation as
follows:

Up=(AEp " Cp) - Gp
where

AFE, = assimilation efficiency read from the user input data file
C, = mass consumption of prey from basic bicenergetics calculations multiplied by the
user input prey concentrations of P
G, = predator growth mass from basic bipenergetics calculations multlplled by the user
" input predator concentration bf P

Resulis

As with basic bicenergetics calculations, Fish Bioenergetics 3.0 caiculates several N-P \ranables :
on a dally time step; consequently, your finest resolution in output data is daily values.
Caleulations begin on day one of your simulation and continue through the final day.
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Once you've executed a bioenergetics run, you can view the N-P output variables by seiecting

7-4

A
Moitaityishing
ostaliyfishing [g)
i{ Monalip-natuial
Hmla’ﬂy hatiral {g)

MNeF 4/P-Total consumplion (g)
N H/P-Total egestion {o)
GINER N/P-Tolal excielion [
R HAR-T ol qowath {al ™
N&P N-Total cansumption [_g]
&P Tulal egesbnn [g]
i ;

either the graph or text cutput options and highlighting the variables of choice.

Day of s;mulaunn

N&P H/P-Tolal cansumnption [g]

&b N/P-Total egestion fg)

HED NAP-Total excietion fg) :
(0P NAE-Total muowth (a0




- Contaminant Analysis

8.1

Fish Bioenergetics 3.0 allows you to extend the basic bioenergetics calculations to inciude
contaminant analysis. Section 1, chapter 4, Extended Topics: Nutlrient and Contaminant
Analyses desctibes in detail the science underlying this analysis. To petform the contaminant
analysis, you simply need o perform three setup steps: 1} Indicate that you wouid like to include
this calculations in your simulation; 2) Provide the appropriate user lnput data; and 3) Enter user
input parameters.

Setup, User Input Data, and User Input Parameters

» From the main Fish Blosnergetics 3.0 window, select Setup/Simulation or press thi setup
icon. The following window will appear.

<

» Check the Contaminant analysis checkbox within Additional Analyses. The radio butions

immediataly balow the checkbox becomne available and requ:re that you select one of the
foliowing three eptions.

* Net assimilation efficiency: Select this option if your predator will
ass?m!iat.e contaminants based solely upon data provided in the contaminant
assimilation input data fite, The remaining contaminants are eliminated. You
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will need 1o know the Initial predator concentration for the User Input
Parameters setup. '

Gross assimilation efficlency + constant elimination: if vour predator
assimilates at a rale Indicated in your contaminant assimitation Input data file,
and yet loses some of those assimilated contaminarnits at a constant
aliometrically scaled rate, select this option. You will nead to know the initial
predator conceniration, and the elimination and allometric constants for the
User Input Parameters setup. _

Gross assimilation efficiency + T-dependent elimination: {f your predator
assimilates at a rate indicated in your contaminant assimilation input data file,
and yet loses some of those assimilated contaminants at a rate that's
dependent upon allometry and temperature, select this option, You will need
to know the initial predator concentration, the elimination and allomeiric
constants, and the base temperature for elimination fof the User Input
Patameters setup.

B Pross the OK bution, and the User nput Data Files window appears. .

"g P

3
Sl e (D
R L e

The Contaminant Data Files tab becomes available. Load user input data by either browsing for

a tab delimited text file or by eniering the data manualiy.

» Press the OK bution, and the User Input Parameters window appears.
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» Enter an initial predaior congentration {or accept the default of 0), and enter the appropriate
data in the additional edit boxes that have been activated for input. Note that activation of an edit
box is dependent upen the type of elimination selected in your initial setup. Following ara- - -
descriptions of the possible user input parameters:

+ Initial predator concentration (mg/kg): The concentration of contaminants in your
predator immediately hafore the simulation begins. .

« Allometric constant : Mass dependence of contaminant elimination.

« Elimination constant (g*%/d): Base line elimination rate.

« Base temperature for elimination (degrees C): Scales the temperature
dependence of elimination.

» Orce you've entered your parameters, select OK.

Contaminant user input data

User input data for contaminant analysis follows the same set of rules that applies 1o other user

input data as explained in chapter three. You'll also find analogies between the type of data

~ entered for basic bioenergetics and for contaminant analysis, For example, in basic bicenergetics
you need daia for the prey energy concentration and iihe predator energy concentration; whereas,

in contaminant analysis you need data for prey contaminant concentrations.

- The differences between basic bioenergetics calculations and contaminant calculations is in the
assimilation and bicaccumulation of consumed contaminants, The assimitation Is quantified in the °
user input data file, Assimilation efficiency, and the bioaccumulation is quantified by the type of
contaminant elimination selected its accompanying user input parameters, The values for
assimlilatlon efficiency range from 0 to 1, with a typical value being around 0.7. For an example of

«+ contaminant assimilation efficlencies, see section 8.2 User Input Data Files. -
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8.2 Contaminant Calculations

Fish Bioenergetics 3.0 applies the contaminant calculations to the results of the basic
bioenergetics calculations. Recall that bloenergetics is based on the following energy allocation
equation;

Consumption = Growth + Resplratfon + SDA + Egestion + Excretion
or
C =G+ R+ 8DA + F+ U (where F = egesiion and U = excretion)

Gonsurned contaminants follow a similar but slightly more complex path, with the following three
fates: 1) assimilation into the predator’s tissue (Xo); 2) loss in feces (F); 8) metabolic elimination
" (Eg. These fates can be quantified in the equation:
Co=X,+ Fo+ E,,
" where
C; = mass of contaminants consumed (g)
X,= mass of contaminants Incorporated into predator (as a result of assimilation) (g)
F.= mass of contaminants lost in feces (g) ,
E: = mass of contaminants eliminated through metabolism {g)

Because most researchers are interested in contaminants present in the predator's fissue, we
can rearranging the equation to solve for X

Xc::C ’Ec“Fg

We can account for fecal losses through B.BSImilatan efficiency, and thus simplify the equatlon as
follows:

Xo= (AE, *Co) - Eo

-where

AE; = assimilation efficiency read from the user input daia file .

C, = mass consumption of prey from basic bioenergetics calculations multiplled by the
user input prey concentrations of contaminants

£, = contarninant mass eliminated from the predaior - dependent upon the ellmination
model selected in the s;mula’uon setup

Results mlzy/%w/ .

© As w'ith basic bioenerg etics calculations, Fish Bioenergéﬁcs 8.0 calculates contaminant
parameters on a daily time step; consequently, your finest resolution in output data Is daily
values. Calculations begin on day one of your simulation and continue through the final day.
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Daﬂy F:sh BlOEﬂEI’gEﬂBS 3.0_Run Ca}culatmns

Retneve user lnput data for the current day lnterpolate
: necessary : .
i-For an mdlvidual fish, calculate consumptlon egestloj :

Apply the calcula’clons for an mdlwdual 1D the entlre cohe s
=popuiatlon
.Calculate mtrogen and phosphorus and contammant :

':'productlon when app]]cahle_
+! .Determine the-number of deaths in ’the populatlon. . 5* ;
" Calculate net production. .

Once you've executed a bioenergetics run, you can view the contaminant output variables by
- selecting either the graph or text output options and highlighting the variables of choice,

TR
Eontamlmant Def urdllnn
L ontamninatt-Predator concents
‘ i Contsminant-Uptake
1 Daily werghl increment (g} } )
Day of simulation } i 8 ,
Day of year : . il Ji
Gamatic production (g]
] Gamelic production fjoules)
gmss production (g)




Appendix A - Fish Physiological Parameters

bloater chub biu

Species|alewife egill coho salmon chinook salmon
Latin name]Alsa Coregonus hoyi Lepam:s macrochirus  Oneorhynchue kisuteh Oneorhynchus
pseldoharengus _ tshawytscha
Age|YOY, juvenile, adult  adult juvenile, adult adult adult
Source{Stewart and Rudstam et al. 1984  Kitchell et al. 1974  Siewarl and lberra Stewart and Iberra
Binkowski 1986 1991 © 1891
CONSUMPTION ’g!
Eguation 3 2 2 3 -
CA 0.8464 1.61 - 0.182 0.303 0.303
cB -0.3 -0.538 -0,274 -0.275 -0.275
co 5, 4,-3 3.53 2.3 5 5
CTO 24, 20, 16 16.8 31,27 16 15
CTM 26,22, 18 " 26 37,386 18 18
CTL 28, 27,25 ¥ * 24 24
CKi1 0.17 * * 0.36 0.36
CK4 0.01 * * 0.01 0.01
RESPIRATION
Eguation 1 1 2 1. 1
RA 0.00367 0.0018 0.0154 0.00264 0.00264
RB -0.21562 -0.12 -0.2- -0.217, -0.217
RQ 0.0548 0.047 2.1 0.06818 0.06818
RTO 0.03 0.025 37, 36 0.0234 0.0234
RTM 0 0 41,40 0 0
RTL| 9 0 ¥ 25 25
RK1 22.08 7.23 { * 1 1
RK4 -0.045 0,025 g% * 0.13 0.13
ACT .78 0 1 .87 8.7
BACT 0.149 0 * 0.0405 D.0405
SDA| . 0.175 017 0.172 0.172 0.172
EGESTION/
EXCRETION
Equation 1 1 1 : 3 3
FA 0.16 0.25 0.158 - . D212 0.212
FB * * ~0.222 . -0.222 -0.222
FG * * 0.631 0.631 0.631
UA 041 0.1 0.0253 . '0.0314 0.0314
uB * * 0.58 Q.58 0.58
UG * ¥ -0.200 -0.299 0,208
. PREDATOR
ENERGY DENSITY
Equation 1 2 1 2 2
Energy density 5238 * 4186 ¥ *
Alpha 1] * 3052 > 5764 5784 ,
Beta 1 * 58.7 ¥ 0.9862 Dgse2
Cutoff * 155 " 4000 . 4000
Alpha 2 * 13050 " .-1602- sYLY ~56¥4——- Uz
Beta 2 ¥ 0.001 *

t9 Y- %52@{‘/
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l generalized
Speciesjdace coregonid herring lake frout largemouth basg
Latin name|Clrosamus spp. Coregonus spp. Clupea harengus Salvelinus namaycush Microplerus
. ‘ salmoidag
Ageladult YOY, juvenile, adult  psventie, adull adult adult
‘SourcelHe 1886 Rudstam st al. 16894  Rudstam 1985 Stewart et al. 1083 Rice et al. 1983
CONSUMPTION
Equation 2 2 3 1 2
CA 0.36 1.61 0.642 0.0588 0.33
CB ~0.31 -0,32 -0.256 -0.307 -0.325
ca 2.3 3.53 1 0.1226 2.65
CTO 26 .16.8 15,13 * 27.5
CTM 29 26 17,15 * 37
CTL * * 25, 23 * *
€K1 * * 01 * *
CK4 M * 0.01 * *
RESPIRATION
Equation . 2 1 1 1 1
RA 0.0148 0.0018 . 0.0033 " 5.00463 0.00279
RB =02 -0.12 -0.227 -0.285 -0.3565
RGQ 2.1 0.047 0.0548 0.059 0.0811
RTO 29 0.025 0.03 0.0232 0.0196
RTM 32 0 0 0
RTL * 0. _ q 11 0
RKA1 * 7.23 7 15 1 1
RK4 * 0085~ 2.2 043 0.05 0
ACT 1 0 3.9 11.7 1
BACT * o - 0.149 0.0405 D
SDA 0.15 047 0.175 0.172 0.163
EGESTION/
EXCRETION
Equation| 1 1 1. R 1
F 0.4 0.25 0,16 0.212 0.104
FQ * * * -0.222 *
FG * "‘ - 0.631 o
UA 0.1 0.1 0.1 0.0314 0.068
UB * * w 0'58 ) *
UG * ¥ * -0.299 *
. PREDATOR
ENERGY DENSITY .
Equation 1 2 1 2 1
Energy density 5006 * 5534 A 4186
Alphai * 3052 oﬂ\ﬁ‘- * 5701 - - *
Beta 1 * "'56-7}?)\/6 * 3.0802- 1 ' *
© Cutoff * 155, * 1472 *
Alpha 2 * 13050 A * 9092 ' *
Beta 2 - o;gofr@ g@ * 0,7786 - *
. - {
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Species

larval yellow

perch

muskellunge

- Mysis

northern pike

L atin name
age
Source

CONSUMPTION

Equation
CA

CB

ca

CTO
CTM
CTL

CK1

CK4

RESFIRATION

Equation
RA

RB

RQ

RTO
RTM
RTL

RK1

Perca flavescens

latvae
Post 1890

RK4} -

ACT
BACT
SDA

-EGESTION/
EXCRETION

Equation
FA
FB
FG
UA
UB
UG

PREDATOR
ENERGEY DENSITY!

.. Edquation

Energy density

" Betad
CUe Gutoff
. Alpha 2

. Beta 2

.. Alphad}l

0.51
-0.42
2.3

29 -.

32

0.0085
0.2
21

32

35

4.4

0.15

Esox masquinongy  Mysis mixia

adult

Bevelheimer et al,
1985

0.2215
-0.18
2.53
26

34

1
0.00246
-0.18
0.055
6.1222

BO 20200

Rudstam 1989

0.036
-0,372
0

9

11

6

0.5

0.01

. 1
0.00182
-0.161
0.0752

0

OO0 OO0O

Lates niloticus

0.3
~0.27
2.85
27.5
38

0.011

- 0.2
2.5 -

38

E 30 3 B

0.163

0.104

0.068

£8860
*

Tk, % 2 =2

Esox lucius
aduit

Kiteheli et al. unpubl,  Bevelhaimer et al,

1885

0.2045
-0.18
0.59
24

34

1
0.00248
-0.18
0.055
0.1222

F N o I I = =]
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j

Beta 2

A4

smalimouth
Speciesjpink sea lamprey hass smelt sockeye
Latin name) Oncorhynchus Petromyzon marlhus  Micropterus dofomiewi Osmerus mordax Oncothynchus nerka
gorbuscha :
ageledut _ it s~ YOY, juvenlle, adult  adui
Source[Beauchamp et al. Kitchell and Breck.  Shuler #nd Post 1980 Lantry and Stewart  Bsauchamp et al,
1989 1860 1993 . 1¢Bg
CONSUMPTION
Equation 3 2 2 3 3
CA 0.303 0.3 0.25 0.18 0.303
CB .-0.275 - -0.35 -0.31 -0.275 -0.275
cQ 3 2.3 3.8 : 3 3
cTO 20 18 28 16, 14,10 .20
CTM 20 25. 36 21,186, 12 20
CTL 24 * * 26,18,18 24
CK1 0.58 * ¥ 04 0.58
CK4 0.5 * * 0.01 0.5
RESPIRATION
Equation 1 . 2 2 y 1 1
RA 0.00143 0.003g97 0.009 0.0027 0.00143
RB -0.208 -0.05 -0.21 . -0.218 ~-0.208
RQ 0.088 2.1 3.3 0.036 0.086
RTO 0.0234 25 30 0 0.0284,0.033
RTA 0 30 37 0 : 0
RTL 25 * * 0 25
RK1 1 * C* 0 1
RK4, 0.13 * * 0 0.13
ACT 9.9 1.5 2 0 9.9
BACT 0.0405 * * 0 0.0405
SDA 0.172 D172 0.16 0.175 0172
EGESTION /
EXCRETION
Equation 3 1. 1 'l 3
FA 0.212 0.03 0.104 0.18 ° 0.212
FB -0.222 * * * -0.222
FG 0.631 * * ' %‘ * - 0.831
UA 0.0314 0.15 16685 DUV 04 0.0314
UB 0.58 * * : * 0.58
UG -0.209 * * * -0.289
PREDATOR] -
ENERGY DENSITY
EquatlonL 2 - 1 1 1 2
Energy density] - * 5124 4186 4814 *
Alpha 1 5233 ‘\(s;b * * * 5233
Beta 1 48T ) ¥ - - . A
Cutoff 196 b * * WL 196
Alpha 2 6647 * * * 245 - 6647
0.5249. * * * 0.5248
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Species|steelhead siriped bass striped bass siriped bass tilapia
Latin namg(Oncothynchus myklss Merone saxalills Morone saxatilis Morone spp. Sarotheradon spp.
age adult age-1, age-2, adult  age-D larvas adutt
Source|Rand el al 1983 Hastman and Brandt  Hartman and Brandt  Johnson 1995 Nitithamyong 1288
1995 1995
CONSUNMPTIGON
Equation i 3 3 3 2 2
CAl 0.628 0.3021 0.3021 0.48 - 0.18
CB -0.3 -0.2523 -0.2523 -0.252 -0.36
ca 5 6.6,6.8,74 2.6 2.8615 25
CT0 20 - 19,18,15 216 28.3 30
CTM 20 28,29, 28 22.7 31.3 a7
CTL 24 30, 32, 30 28.3 * *
CK1 0.33 0.262, 0.255, 0.047 * #
0.323
CK4 0.2 0.85, 0.9, 0.85 0.713 * *
RESPIRATION .
Equation 1 1 1 2 2
RA 0.00264 0.00280 0.001456 0.0132 0.0274
RB -0.217 -0.218 -0.2702 -0.265 ~0.348
RQ 0.06818 0.0760 0.08339 2.1089 2.3
RTO 0.0234 0.5002 0.9014 31.3 37
RTM ' 0 o 0 343 41
_RTL 25 D O * *
RK1 1 1 1 * *
RKA4 0.13 0 0 * *
ACT 9.7 1 1 1.5 1
BACT 0.0405 .0 (§] * *
ShA 0.172 0.172 0.172 0172 0.1
EGESTION/
EXCRETION
Equation]. - 3 1 1 1 1
FAl 0.212 0.104 0.104 0.15 0.194
FB -0.222 ¥ * * ¥
FG 0.631 * * ¥ .F
UA 0.0314 0.068 0.068 0.1 0.028
ug 0.58 * ¥ , ¥
UG ~0.289 * * ¥ *
PREDATOR
ENERGY DENSITY
Equation 2 1 1 1 1
Energy density * 6488 5023 3349 5442
Alpha 1 5764 * * *
Beta 1 0.9862 ¥ ¥ *
~ Cutoff| 4000 * * *
Alpha 2 7602 . * * *.

Betz 2

0.5266
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] Speciesjwalleye walleye walleye poilock  walleye pollock  vellow perch
Latin name)]Stizostedion vitreum  Stizostedion vitreum  Theragra Theragra Perca flavescens
chalcogramma chalcogramma
age aduli Juvenile juvenie " adult juvenile, adult
Source|Kitchell et al, 1977 :Agagd;n and Culvar  Masen et al, unpubl.  Mason etal, unpubl,  Kiichell et al. 1977
CONSUMPTION|
Equation 2 2 2 2 2
CA 0.25 0.45 0.34 0.3 0.25
CB -0.27 - 027 -0.5875 -0.5875 -0.27
ca 23 - _ 2.3 g 3.5 2.3
CTO 22 25 8 8 29, 23
CTM _ - 28 28 : 15 15 32, 28
CTL * * . . - * . % *
- K1 . * : ’ * % : * *
CK4 * * . * * . *,
RESFIRATIGN
Equation ‘ 2 2 2 2 2
RA 0.01G8 0.0138 0.0195 . 0.0137 0.0108
RB : 0.2 -0.22 -0.26 -0.26 . -0.2
RQ 2.1 2.1 4.6 3.3 . 2.1
RTQ 27 ' 27 15 15 32,28
RTM 32 32 18 18 35, 33
HTL ] . * * * * ) . *
RK1 * +* * * *
RK4 * * * * *
ACT 1 3 1.4 1.4 1
BACT * . * L & *
SDA 0.172 0.1 0125 0.125 0.172
EGESTION /
EXCRETION
Equation g 2 1 1 . 1 i 2
FA " 0158 _ 0.25 0.2 0.2 L 0.158
FB --0.222 * o : * -0.222
FG 0.631 s * ' * * 0.631
UA 0.0263 - D.05 0.11, VR b B 0.0253
UB 0.58 o o * o * 0.58
uG] - -0.299 o * S -0.299
PREDATOR
ENERGY DENSITY
Equation 1 o1 1 1 1
Energy density 4186 3349 - 8070 6070 4186
Alpha 1 o * * * ¥
Beta 1 * * * * *
cutoff * * % * *
Alpha 2 * * * * *
Beta 2 * * * * *
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Species

bluefish

weakfish

weakfish

Latin name
age
Source

CONSUMPTION

Eqguation
CA
ce
cQ

CT0
CTM
CTL
CK1
CK4

RESPIRATION| °

Equation
RA
RB
RQ

RTO
RTM
RTL
(44
RK4
ACT
BACT
SDA

EGESTION /]
EXCRETION

Equation
FA
FB
FG
UA
uB
uG

PREDATOR
ENERGY DENSITY

. Equation
Energy density
Alpha 1

Beta 1]

Cutoff
Alpha 2
Beta 2

Pomafotous saiir:_m‘lx
YOY, juvenile, adult

Hartrman and Brandt
1885

0.5187
-0.288
10.2
23

28

32
0.156
0.B&

1
0.00568
-0.264
0.06825
0.6315

Cynostion regalis
age-j

Hartman and Brandt
1885

0:482
" ~0.2680

14.87 -

24.3
24.3
277
0.0334

0.561 -

0.0009
-0.1264
0.0812
1.2326

355

%*.% & = x 0 L

Cynosclon regalis
age-1 and older

Hariman and Brandt
1985,

0.482
-0.2680
14.8

25

" 25

28.
0.185
0.970
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Appendix B - Prey Energy Densities

seaschal /

Qrganism dry;wet mass (%) joules/g dry mass  joules/g wet mass ontogenetic effecis
rotifer “1p° '
copepoda 11 o 14%5° 17251 to 26280%% 1900 to 3684 yes®
cladocera 10 1o 12™° 22818 to 22868 2281 1o 2746 ~ yes”
Leptodora 4° 21692 1o 25744° 867 io 1030 yes?
Mysids 16" 2972 10 43129
amphipoda 24 to 28° . 17045° 4429° Y
dipteralarvae ~ 5to 12%° . 20662° 1047 to0 2478 . yes®
ephemeroptera 22 1o 249! - 22165 t0 25493%' 3675 to 57357
hirudines 121028 22370 to 25083’ -

" gastropoda 29" 15944 to 20423‘ .
larval fish " 101to 25" 20930 to 27628™ 2800 to 4586 - yes™
alewife 20 to 35" 5023 to 9502" yes™®
yellow perch 24 1o 28° 18259 to 217597 4500 to 5902F yes?
juvenile (perch) 12° 207047 2512 " yest
lake trout 28 to 41° 22602 to 20886° 5220 to 11465° yes®

2 Dowmng and Rigler {1984)
® Dumont et al. (1675)
Schlndter et al. {1971)

? Vijerberg and Frank {(1976)

® Hewett and Johnson {1992)
! ei and Armitage (1980)

9 Cummins and Wuychuck (1971)
" Srow (1972) :
Hudstam (1589)

Wissmg and Hasler (1968)
¥ Wissing and Hasler (1971) |

' Driver et al, (1974)

™ Henderson and Ward (1978)

" Stewart and Binkowski (1986)

° Flath and Diana (1985)

P Craig (1977}
% Mills and Forney {1981)
" Post (1980)

® Rottiers and Tucker (1982)



Citation list for Appendix B - Prey Energy Density

Craig, J.F. 1977. The body composition of adult perch Perca fluviatilis in Windermere, with
reference tb seasonal changes and reproduction. J. Anim. Bcol. 46: 617-632.

Cupomins, K'W. and J.C. Wuycheck. 1971. Caloric equivalents for invcstigationé in ecological
energetics, Mitt. Int. Ver. Theor. Angew. Limnol. 18: 1-151.

Downing, J.A. and P H. Rigler, 1984. A manual on methods for the assessment of secondary
productivity in fresh water. Blackwell Scientific, Oxford UK. '

Driver, B.A., L.G. Sugden, and R.J. Kovach, 1974. Calorific, chemical and physical values of
potential duck foods. Freshwat. Biol. 4: 281-292.

Dumont, HL.I., I. Van De Velde, and 8. Dumont. 1975. The dry weight estimate of biomass in a
selection of cladocera, copepoda and rotifera from the plankton, periphyton and benthos of

continental waters. Oecologia 19: 75-97.

Flath, L.E. and 1.5. Diana. 1985. Seasonal energy dynamics of the ale,w1fe in southeastcm Lake
Michigan. Trans. Amer. Fish. Soc 114: 328-337. .

Henderson, MLA. and E.J. Ward. 1978. Changes in the chemical composition, calorific and
water content of yellow perch fry, Perca fluviatilis flavescens. Verh. Internat. Verein. Limnol.

© 20: 2025-2030.

Heweit, S’W. and B.L. Johnson. 1992. Fish Bioenergetics Model 2. UW Sea Grant Tech. Rep.
WIS-85G-92-250. University of Wisconsin Sea Grant Institute, Madison W1 79 pp.

Lei, C. and K.B. Armitage. 1980. Population dynarnics and pmdﬁctio_n of Daphnia ambigua in
a fish pond. Umvelslty of Kansas Science Bulletm 51 687—715

Mills, B.L. and J.L. Forney. 1981. Energetics, food consumption and glowth of young yellow
perch. in Oneida Lake, New York. Trans. Amer. Fish. Soc. 110: 479-488.

Post, J.R. 1990. Maetabolic allométry of larval and juvenile vellow perch (Percaﬂa;.iescens): in
sifit estimates and bioenergetic models. Can. J. Fish. Aquat. Sci. 47: 554-560.

‘Rottiers, D.V. and R.M. Tucker. 1982. Proximate composition and caloric content of eight Lake
Michigan fishes. U.S. Fish Wildl. Serv. Tech. Paper 108: 8 p.

Rudstam, L.G. 1989. A bioenergetic model for Mysis growth and consumpuon apphed to a
Baltic population of Mys;s mixta. J. Plankton Res. 11 971-983.

- _...nnnaaan-ﬁﬁﬁ&ﬂﬂﬂﬁﬁﬁﬁﬁﬁﬁﬁ%ﬁ%g



" Schindler, D.W., A.S. Clark, and J.R. Gray. 1971. Seasonal caloric values of freshwater
zooplankton, as determined with a Phillipson bomb calorimeter modified for small samples. J,
Fish. Res. Bd. Canada 28: 559-564.

*

Snow, N.B. 1972 The effect of season and animal size on the caloric content of Daphnia
pulicaria. Limmnol. Oceanogr. 17: 909-913.

Stewart, D.J. and P.P. Binkowski. 1986, Dynamics of consumption and food conversion by
Lake Michigan alewives: an cnc1gct10 modeling synthesis. Trans. Amer. Fish, Soc. 115: 643-
661.

Vijverberg, J. and T.H. Frank. 1976. The chemical composition and energy contents of
copepods and cladocerans in relation.to their size. Freshwat. Biol. 6: 333-345,

Wissing, T.E. and A.D. Hasler. 1968. Calorific values of some invertebrates in Lake Mendota,
Wisconsin. J. Pish. Res. Bd.r Canada 25: 2515-2518. .

Wissing, T.E. and A.D. Hasler. 1971. Intraseasonal change in caloric coutent of some
freshwater invertebrates. Beology 52: 371-373..



Appendix C - Nitrogen and Phosphorus
Concentrations for Selected Prey Species

Prey * P congentration N concentration Source
{% of wet mass) {% of wet mass)
copepods 0.072 1.38 Andersen and Hessen (1991)
Bosmina 0.096 1.14 Andersen and Hessen (1991)
periphyton 0.05-0.1 0.7 ‘Penczak (1985)
dipterans 0,11 1.22 Nakashima and Leggett (1 980), Penczak
' (1985)
crayfish 0.16 1.6 Nakash!ma and Leggett (1980), Penczak
. (1985)
Daphnia 0.17 144 Andersen and Hessen (1991)
Mysis 0.18 1.72 Nakashima and Leggett (1980), Penczak
(1985)
amphipods - 0.18 1.72 Nakashima and Leggett (1980), Penczak
(1985}
odonate larvae  0.18 3.08 Penczak (1985)
YOY fish 0.3-0.5 1.5-2.5 Kraft (1992)
fish 0.5 2.54

Penczak (1985), Davis and Boyd (1975)



Appendix D - Nitrogen and Phosphorus

Concentrations In Selected Fish Species

h

Fish specles N concentration P concentration  Units Source
Gizzard shad B.68 2.89 % dry mass Davis and Boyd (1978)
Channsl catfish 9,52 2.71 % dry mass " Davis and Boyd (1978)
Bluegill 10.51 4.02 % dry mass Davis and Boyd (1978)
Largemouth bass 077 3.2 % dry mass Davis and Boyd (1978)
Golden ghiner 8.26 2.9 % dry mass Pavis and Boyd (1978)
Yellow perch 11.35 4.1 % dry mass Davis and Boyd (1978)
Fathead minnow 10.4 2.64 % dry mass Davis and Boyd (1978)
Rainbow trout 2.56 0.5 % wet mass Penczak et al. (1985)
Whitefish (Coregonus  2.62 0.53 % wet mass Penczak et al. (1985)
g‘;lb(:l?gfsox luciug) 2,56 0.6 % wet mass Penczak et al. (1985)
Pike perch (Stizostedion 2.83 0.61 % wet mass Penczak et al. (1985)
lucloperca) _ :

. 2867 0.59 % wet mass Penczak et al. (1985)

Roach (Rutilis rutilis)
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