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Abstract.-An individual-based model, LakeMod, was developed to synthesize information
and to help answer questions raised in the management of freshwater fish communities,
particularly ponds and lakes containing bluegills and largemouth bass or walleyes. The daily
model accounts for size-specific interactions between predators and prey, selection among
multiple prey types, energetics of growth, changes in body composition, and seasonal water
temperature. Sources of fish mortality include predation, starvation, and other causes. Because
of the importance of energy density to fish growth and survival, a new model has been developed
for dynamic changes in energy density, body composition, and relative weight. This model
explains the common observation that both percent lipid and energy density show a linear
relationship with percent water, and also explains the difference in vulnerability to starvation
among fish of different sizes. Because of the abundance of forage fish compared to their
predators, each “individual” bluegill in the model represents many identical fish in a lake or pond,
whereas each largemouth bass in the model may represents one or more fish in a pond. The
model has been used to explain patterns in the density-dependent growth of bluegills and
largemouth bass, and to examine predator-prey interactions. Simulations of pond experiments
involving different densities of largemouth bass show that the numbers and mean lengths of
surviving bluegills reflect size-dependent and density-dependent processes that are readily
represented in an individual-based model. Simulations show the strong interactions between
growth of forage fish and growth and survival of piscivores. Understanding these complex
response patterns should improve the ability of fisheries managers to determine appropriate sizes
and densities of predators and prey in warmwater fish communities.

Bluegills Lepomis macrochirus are of
specia interest to fisheries scientists because
they are the ecologically dominant fish species
in many Michigan warmwater lakes, often
exceeding 50% of the total fish biomass
(Schneider 19733, 1981). They are of interest to
fisheries managers because bluegills are among
the most popular panfish for anglers.

Slow-growing bluegill populations are a
common problem in southern Michigan lakes.
Various management actions have been tried in
an attempt to provide long-term improvements
in growth and size structure of slow-growing
populations. Such actions have included
chemical treatment to remove juveniles, manual
removal to thin the population, harvesting
macrophytes to increase predation on juveniles,



special regulations, and stocking of predators. In
recent years there has been increased interest in
managing warmwater lakes as entire fish
communities, rather than on a species by species
basis. To manage warmwater lakes most
effectively, we need to understand interactions
within the fish community.

One of the most important ecological
interactions in fish communities is predation,
including predation by piscivores on fish
populations of interest, predation by fish
populations on their various prey, and predation
on conspecifics. There is more to learn about
using predators in the management of prey
populations. Using predators to reduce the
density of juvenile bluegills would seem to be an
effective way to improve bluegill growth, but
determining the proper numbers and sizes of
predators is not straightforward. The work of
Swingle (1950), Jenkins (1979), Hackney
(1979), Ney and Orth (1986), and others has
demonstrated that both the density and size
distribution of predators are important in
maintaining good growth of predators and prey
(Forsythe 1977; Forsythe and Wrenn 1979;
Beyerle 1983). Lawrence (1958), Hambright
(1991), Schneider and Breck (1996), and others
have identified predator gape and prey body
depth as critical limits for the predator-prey
interaction. The size of prey selected by
predators can have a strong effect on the size-
specific survival of the prey (Schneider 1975;
Swenson 1977; Popova 1978; Knight et al. 1984;
Wahl and Stein 1988; Rice et a. 1993; Crowder
et a. 1994; Riceet a. 1997).

Another important ecological interaction is
competition, including competition  with
conspecifics and competition with other species.
The growth of bluegill is density dependent due
to intraspecific competition for food. The
population dynamics of several centrarchid fish
species are linked because of competition among
the juveniles in the littoral zone (Mittelbach and
Chesson 1987; Mittelbach and Osenberg 1992).
Recent studies have shown that small juveniles
of predators such as largemouth bass
Micropterus salmoides compete with juvenile
bluegills, complicating the interactions between
populations of predators and prey (Olson et al.
1995; Olson 1996; Holt and Polis 1997). A fish
community model can help explore the

implications of these factors for the population
and growth dynamics of predators and prey.

Individual-based models can help in
understanding  population  dynamics and
predator-prey interactions. In thisrelatively new
modeling approach (Huston et a. 1988;
DeAngelis and Gross 1992), many individuals
are simulated, not just the average individual.
The responses of the population are determined
by combining the responses of many individuals,
and these individuals can differ in size and other
attributes, and some can experience conditions
much different than average. This modeling
approach is showing promise in fisheries biology
and management (Madenjian 1991; Madenjian
and Carpenter 1991; Trebitz 1991; Breck 19933;
Rose and Cowan 1993; additional papers
accompanying Van Winkle et al. 1993; Beyer
and Lassen 1994; Crowder et al. 1994; Cowan et
al. 1996; Letcher et al. 1996b; Rice et a. 1997;
Wang et ad. 1997; Ridgway and Shuter 1997,
Fryxell and Lundberg 1998). Rykiel (1996) and
others have discussed validation of ecological
models, and Bart (1995) proposed acceptance
criteria for use of individual-based models in
management.

A model of fish community dynamics in
freshwater lakes should account for major
processes, including predation, competition,
individual growth and reproduction. These
processes are typically density-dependent,
strongly size-dependent, and vary with water
temperature.  Predation is especially size-
dependent, including forage fish preying on
invertebrates and piscivores feeding on forage
fish (Werner 1974, 1977; Breck 1993b).
Individual-based models can readily incorporate
size-, density- and temperature-dependent
processes, and this suggests that such models can
be helpful in understanding the complex
interactions in fish communities of ponds and
lakes.

Many individua-based fish  models
published to date have used fixed patterns of
mortality due to piscivores or fixed growth
patterns of prey (Madenjian 1991; Madenjian
and Carpenter 1991; but see Trebitz 1991).
Several recent fish models have used
dynamically changing densities of multiple prey
types (Breck 1993a and other papers discussed
by Van Winkle et a. 1993). Few individual-



based models have been developed that combine
dynamic invertebrate prey, dynamic forage fish,
and dynamic predators. This is the approach
used in this study.

The purpose of this study is to synthesize
information about warmwater fish communities
to better understand the processes affecting the
dynamics of fish numbers and biomass. The
approach is to develop an individua-based
model for explaining patters in the growth and
survival of bluegills in lakes and ponds
containing various densities of competitors and
predators such as largemouth bass. The model is
intended to describe and help understand the
critical factors determining the size-frequency
distributions, relative abundance, growth, and
survival of important fish species in warmwater
lakes and ponds. The goal is to improve the
management of fish  communities by
understanding the likely responses to alternative
management actions.

Model Rationale and Description

The computer model used in this study is
named LakeMod. It is a modification of the
model described fully in Breck (1993a).
LakeMod is coded in object-oriented Pascal,
using Borland DelphiC for Windows, and runs
on a microcomputer.

The model is intended to describe growth
and surviva of interacting fish species during a
growing season, not the long-term dynamics of
fish populations. The model is intended to be
used to examine factors influencing growth,
survival, and condition of warmwater fishes, and
to gain insight into the ecological factors of most
importance and the management actions most
likely to influence fish abundance and size
structure in bluegill populations.

The model represents multiple fish
populations in a lake or pond (Figure 1). There
are three trophic levels. The top leve is
composed of piscivores, such as largemouth
bass, walleye Sizostedion vitreum, or northern
pike Esox lucius. The middle trophic level
contains the fish species of primary interest, the
bluegill. This middle trophic level can also
contain competitors of bluegill, such as
pumpkinseed Lepomis gibbosus or yellow perch

Perca flavescens. The lowest trophic level in
this model contains severa invertebrate prey
types, which occur in specific habitats in the
littoral and pelagic zones.

The distinction between pelagic and littoral
zones is ecologically important because juvenile
fishes of many species, including bluegill, are
generally restricted to the vegetated littoral zone
by the presence of piscivores until they reach a
size too big for most predators (Werner et al.
1983a; Werner and Gilliam 1984; Mittelbach
1986). For bluegill this size is about 96 mm
total length (75 mm standard length; Mittelbach
and Chesson 1979). This restriction of juveniles
to the littoral zone means that adult bluegills
have access to resources not available to
juveniles — pelagic zooplankton (Mittelbach and
Osenberg 1992; Osenberg et al. 1993) and
sublittoral benthic prey. Thus in lakes with
pelagic zooplankton and with juveniles restricted
to a refuge in the vegetation, growth and survival
rates of adult bluegill can vary independently of
the growth and survival rates of juvenile bluegill
(Mittelbach and Chesson 1979; Mittelbach and
Osenberg 1992; Osenberg et al. 1993).

For pumpkinseeds, the superior shell-
crushing ability of adults means that they have
access to a resource not available to juveniles or
bluegills — larger snails (Mittelbach 1984). Thus
the growth and survival rates of adult
pumpkinseed can vary independently of the
growth and survival rates of juvenile
pumpkinseed. But the population dynamics of
pumpkinseed and bluegill are linked because of
the competition among juveniles of both species
that occurs in the littoral zone (Mittelbach 1986;
Osenberg et al. 1993).

Model structure

Figure 2 shows a flow chart with the
processes included in LakeMod. The model is
designed so that multiple runs can be set up at
one time. For example, successive simulations
can evaluate different stocking densities of
predators. Output from each run is stored on
computer disk for analysis.

For each simulation, the model executes for
a specified number of simulated days. On each
day, the model computes water temperature and



day length, and then calculates the daily
increments of change in the state variables for
each individual fish of each species and for each
prey type. After the increments have been
computed for al fish and al prey, then al state
variables are updated using the caculated
increments, and the daily reports are printed to
disk and to screen windows. After the last day,
fina reports are printed and the program loops to
begin the next run.

Prey types

Simulation of a warmwater lake will
typicaly include three types of prey habitats in
the littora zone and two types in the pelagic
zone (Figure 1, Tables 1 and 2). In the littoral
zone, prey can be found in the water column
(primarily crustacean zooplankton, such as
Daphnia and Bosmina), in vegetation (epiphytic
prey such as damselflies and amphipods), and in
or on the sediment (benthic prey such as midge
larvae) (Mittelbach 1981). In the pelagic zone,
water-column prey are aso predominantly
crustacean zooplankton, often including larger
sizes of Daphnia than usualy occur in the
littoral zone. Benthic prey occur in the sediment
below the pelagic zone, though not in areas
devoid of oxygen. The number of foraging
habitats in the model can be changed to represent
different lakes or ponds; the pelagic habitats may
be missing in small ponds or shallow |akes.

In this model, each habitat contains prey of
different sizes (Tables 1 and 2). The size-
structure of prey populations, especially
zooplankton, generaly reflects the intensity of
fish predation and can be related to patterns of
bluegill growth (Theiling 1991). The purpose of
multiple habitats and prey sizes is, first, to

enable model behavior to include fish’s dietS

The size categories of prey are fixed (Tables
1 and 2). The energy densities were assigned to
be representative of the general prey type (550
cal/g for littoral and pelagic zooplankton, 600
cal/g for littoral benthic prey, 800 cal/g for
vegetation prey, 850 cal/g for sublittoral benthic
prey; Breck 1993a). Numerical density
(number/m for zooplankton or vegetation prey,
number/m for benthic prey) is the single state
variable for each prey type. Invertebrate prey
grow according to a discrete logistic equation,
subject to mortality due to fish predation.

— N,
N = N, +rNt§L_?§_ M.,

whereN is the prey density of a given size and
type of prey on day (number/m or number/rf),

r is the intrinsic rate of natural increase for that
prey @), K is the carrying capacity for that prey
(number/m or number/rf), andM, is the total
number/m or number/rhof prey of that size and
type consumed by all fish on day The intrinsic
rate of natural increase for a particular prey type
is size dependent (see Breck 1993a). The
carrying capacity for each size prey can be
adjusted by specifying a multiplier for the
relative K values in Tables 1 and 2.

The width of each prey type is used to
determine if the prey can be ingested by fish
with a given gape. Prey maximum body width is
set at a constant fraction of prey length; this
fraction is assumed to be 0.70 for zooplankton,
0.18 for benthos, and 0.30 for vegetation prey.

Fish populations

A population of each fish species is
composed of multiple “individuals” in each of
everal age classes (Figure 1). Each modeled
‘individual” represents a certain number of

shifts to less-preferred prey and foraging shifts

to less profitable habitats that occur as thddentical fish in the lake or pond. As mortality
growing season progresses (Werner and Haffceurs, each modeled “individual” represents
1979: Mittelbach 1981 Werner et al. 1983b:fewer and fewer fish. There may be 200 or more

Werner and Gilliam 1984). The second purpos&©de! individuals per fish species. Because
is to incorporate a mechanism allowing late-Y82r-class strength may be set in the early years

season slow-down in fish growth rate, especiallyPf life; it is usual to have larger numbers of
for age-0 bluegills, without causing elimination Model individuals for the younger age classes
of all prey followed by mass starvation of and fewer numbers of model individuals for the

predators (Breck 1993a). older age classes in a population.



Each modeled “individual” fish has three in bluegill sizes and densities (Hoyle and Keast
state variablesL (total length, mm),W (wet 1987).
weight, g), andN (the number of identical fish in The general approach used for piscivore
the lake currently represented by a given moddboraging in LakeMod is similar to that used for
individual). For each individual on each day, theplanktivore foraging. | assumed that prey fish
model executes procedures (or subroutines) teere encountered by piscivores in proportion to
forage (selecting the prey habitat with theprey fish density and the relative volume of
highest energetic reward), metabolize energyvater searched. For each modeled prey
(using a bioenergetics model to compute neindividual, relative search volume was computed
energy intake), grow (allocating energy to bodyfrom the square of prey length, predator
structure and body reserves), and die (seswimming speed, and a factor for relative
description of fish mortality, below). encounter rate, which incorporates effects due to
The following sections will describe how piscivore visual acuity and the probability of
LakeMod implements the processes of foraginggapture given encounter.
metabolism, energy allocation, and mortality. The maximum size of prey fish ingested by
piscivores is determined by piscivore gape and
the maximum body depth of the forage fish. 1 fit
Fish Foraging an equation to the data of Lawrence (1958), who

measured the gap€&,(mm) of largemouth bass:
Foraging by planktivores in LakeMod uses _ 4.2
encounter rates that depend on prey size, G =3209+005155L +1593110 L,

planktivore swimming speed and visual acuity\yherel is bass total length (mmi\ = 23, 1% =

_(Breck 1993a). Encounter rate for ea(;h prey sizg gg9. The equation for maximum body depth
is a product of prey density and fish searcrtD’ mm) of bluegills is from Breck and
volume. Search volume is assumed to be &.nneider (1996):

cylinder with a radius equal to the reactive
distance for that prey size, and a length equal to log,, D = -0863+1190log,, L ,

the distance that the fish could swim duringwhereN:416 r* = 0.997, for bluegilL ranging

daylight (Breck 1993a). Encounter vqumefrom 18.5 to 220 mm. Maximum body depth of

increases  with fish = size because of rgemouth bass was estimated as 27.3% of
improvements in visual acuity and because ol‘a 9 270

: o ength.
increased swimming speed. .
Foraging theory has been well developed for, For each modeled piscivore, the number of

planktivorous fish, but is much less developecIOrage fish encountered and _mgested IS
for piscivores (Wemer and Mittelbach 1981_calculated. The calculation starts with the forage

Crow 1982; Breck 1993b). For planktivores,denSIty _represented by. the largest modeled
forage fish and ends with the smallest forage

optimal prey size is typically determined by the._. i,
maximum ratio ofE/H, whereE is energy per fish, thu_s giving a preferencg o Iarger prey. T_he
calculation ends if the maximum daily ration is

|tter2, gfn iHn;T Qiinﬁgggggﬁ %'gig e;g[ra(:ki'S‘C;I\-/T;rseattained. After going through the list of forage
yp y b ﬁsh, piscivores next go through the list of

(e.g., Hoyle and K.eaSt 1987).  For PISCIVOTeS o aller conspecifics, so cannibalism is possible
however, a growing body of evidence is

: : : . cIor model piscivores. If less than 80% of a full
suggesting tha'_[ .th's ratio needs _to be multiplie daily ration has been obtained, then the model
o 06 PoRuont e Loge: B PSEOres foage o nvercbrate prey
1993Db; Rice et al. 1993; Crowder et al. 1994).

Quantification of the size preference of predatori/letabolism
of bluegills, such as largemouth bass, should
enable better estimation of the size distribution

of predators required to achieve a desired changf\ggA bioenergetics model (Hewett and Johnson

2; Breck 1993a) is used to determine net



energy intake based on current weight, water
temperature, and the energy value of ingested
prey. The model accounts for maximum daily
ration, egestion, excretion, activity-dependent
respiration, and specific dynamic action. After
accounting for energy losses and expenditures,
the model calculates the net energy gained that is
available for growth in length or condition, as
discussed in the next section. The bioenergetics
parameters for bluegill (Breck 1993a) were
estimated considering information from several
sources (Wohlschlag and Juliano 1959; Brett and

density from 1.0 to 1.8 kcal/g of prey. This

represents a range of prey types from large
invertebrates and small juvenile fish to adult
forage fish. Other input values were held
constant among runs: initial bass weight = 100 g,
bass energy density = 1.4 kcal/g (Niimi 1972),
temperature = 2&, and daily ration = 2% body

weight/d for 60 d. Figure 3 shows the dramatic
effect of prey energy density on the amount of
weight gained in 60 d. Even though the daily
ration was the same in terms of weight of food
consumed (2% body weight/d), prey with an

Sutherland 1965; O’Hara 1968; Savitz 1971.energy density of 1.0 kcal/lg caused bass to lose
Schneider 1973b; McComish 1971, Elliott andabout 5 g in 60 d, whereas prey with an energy
Davison 1975; Kitchell et al. 1977; Breck anddensity of 1.8 kcal/lg caused bass to gain about
Kitchell 1979; Rice et al. 1983; Evans 198460 g.
Shepard 1988; West et al. 1997). In a second set of runs, | held prey energy
density constant at 1.4 kcal/g and varied energy
density of largemouth bass from 1.0 to 1.8 kcal/g
(Figure 4). This represents a range from juvenile
bass to lipid-rich adult bass. Other input values
were the same as before. It requires more
Background and rationale—This section energy to add a g of energy-rich tissue than to
begins with a rationale for including a model ofadd a g of energy-poor tissue. A fish with an
energy density in a fish community model. Therenergy density of 1.8 kcal/g requires 1.8 kcal of
a new model is developed that allows dynamienergy to add 1 g body weight; a fish with an
changes in fish energy density, bodyenergy density of 1.0 kcal/g requires 1.0 kcal of
composition, and relative weight with changes inenergy to add 1 g body weight. If both fish
food availability. This model is an extension ofreceive meals resulting in a net gain of 1.4 kcal,
the recent work by Broekhuizen et al. (1994) orthen the fish with the higher energy density will
compensatory growth in salmonids. add fewer g body weight. So, if energy density
Energy density of a fish and its prey are veryof the fish does not change, then, everything else
important factors influencing the dynamics ofbeing equal, fish with a higher energy density
fish growth. Energy density is measured inwill grow more slowly. Figure 4 shows that
kcallg or kJ/g (1 joule = 4.185 calories), usuallysimulated growth of largemouth bass decreases
on a wet weight basis. For bioenergetics modelwith increasing bass energy density. Fish with
of fish growth, sensitivity analysis suggests thatan energy density of 1.0 kcal/g gained about 37 g
energy density of the fish and its prey are amongn 60 d, whereas fish with an energy density of
the most influential factors affecting predicted1.8 kcal/g gained only 18 g. These two sets of
consumption and growth. Although energysimulations show that energy density of prey and
density of fish and prey were not explicitly fish can have a great influence on fish growth.
included in the sensitivity analyses of Kitchell et Fish energy density can influence survival
al. (1977) or Bartell et al. (1986), those analyseand reproduction as well as growth. Energy
indicated that factors proportional to level in late fall can affect over-winter survival
consumption (like energy value of food) have(Oliver et al. 1979; Shuter et al. 1980;
the greatest influence on predicted fish growth. Thompson et al. 1991). Energy level at the end
To demonstrate the influence of energyof winter may influence the timing of
density on predicted fish growth, | did two setsreproduction. Cargnelli and Gross (1997) have
of simulations using the bioenergetics model forshown that larger male bluegills emerge from
largemouth bass of Hewett and Johnson (1992)winter in better condition, with higher levels of
In the first set of runs, | varied prey energylipid than smaller males. They suggest that this

Body Composition, Energy Density, Relative
Weight, and Energy Allocation

6



may explain why larger individuals of both sexes
tend to breed earlier than smaller individuals in
several sunfish species (Ridgeway et al. 1991,
Danylchuck and Fox 1994). In some fish
species, adults may skip one or more years of
reproduction in order to attain sufficient energy
reserves (e.g., Arctic charr, Dutil 1986; sturgeon,
Doroshov 1985).

Fish energy density changes in response to
recent feeding history. Energy density declines
during starvation (Savitz 1971; Niimi 1972,
Elliott 1976), including starvation over winter
(Oliver et a. 1979), and increases as daily ration
increases (Brett et a. 1969; Niimi and Beamish
1974; Elliott 1976; Weatherley and Gill 1983;
Brown and Murphy 1991; Tyler and Dunn 1976;
Heidinger and Crawford 1977). Energy density
of yellow perch was observed to increase
following a reduction in density of competing
white sucker Catostomus commersoni, which
apparently made more food available to yellow
perch (Hayes and Taylor 1994). Because energy
density is so closely linked to growth, changesin
the amount of food should lead to changes in the
growth response.

Ontogenetic changes in body composition
are commonly observed. Fish larvae tend to
have higher water content than juveniles and
adults (Tarby 1977; Henderson and Ward 1978;
Machiels and Henken 1986). Ash content is
higher in larger fish (McComish 1974; Niimi
1974; Focken and Becker 1993) For many
species, percent lipid tends to increase with body
size (Elliott 1976; Rottiers and Tucker 1982;
Van Pelt et a. 1997; but see Craig 1977).
Because energy density is so closely linked to
growth, changes in nominal energy density
across life stages should lead to ontogenetic

energy value of lipid, protein, and carbohydrate
(Elliott 1976; Brett and Groves 1979). The
amount of carbohydrate in fish is usually
negligible (less than 0.06%; Craig et al. 1978).
Brett and Groves (1979) recommend a value of
945 kcal/g for typical fish lipid. The
recommended energy value of fish protein as
measured by bomb calorimetry is 5.65 kcal/g
protein, but the metabolizable energy vaue of
protein to fish is only 4.80 kcal/g protein,
because most fishes break down protein to
ammonia as a nitrogenous waste, so hot as much
energy is obtained as when the protein is
completely oxidized in a bomb calorimeter
(Brett and Groves 1979). A model for fish
energy density should be consistent with
observed patterns in body composition.

Various approaches to specifying energy
density of fish and prey have been used in
typical applications of bioenergetics models, in
which the pattern of fish growth through time is
known in advance and the models are used to
caculate fish consumption of prey.  For
example, the bioenergetics models of Kitchell et
a. (1977), Stewart et a. (1983; Stewart and
Ibarra 1991), Rice et al. (1983), and Hewett and
Johnson (1992) predict consumption for a single
population at a time, given initial and final fish
sizes. For each group of fish modeled, the
energy density is assumed to be constant through
the year (Kitchell et al. 1977), or changing as a
function of fish body size (Stewart et al. 1983),
or changing seasonally in a specified and
predetermined pattern (Hewett and Johnson
1992). However, these approaches are less
applicable in dynamic models of predators and
prey, because prey density can vary during
simulation runs and from run to run, so the

seasonal pattern of predator ration — which
affects energy density and growth — is not
known in advance.

It would be useful for a fish community
model to be able to compute body condition or
relative weight of predators and prey so that the
model could be used to determine expected
responses under alternative scenarios (Rice et al.
1983; From and Rasmussen 1984; Van Winkle
et al. 1997). Examination of the average body
condition of predators and prey has been
proposed as a means of assessing the predator-
prey status of lakes and ponds (Wege and

differences in the growth response.

In a fish community model with interacting
predators and prey, food availability to fish
changes through time. This suggests the need
for a model to predict changes in fish energy
density in response to food availability and
metabolic demands.

Energy density reflects proximate body
composition in terms of lipid, protein,
carbohydrate, ash, and water. Assuming that
lipid level has been measured using appropriate
methods (Randall et al. 1991), energy density
can be calculated using standard values for the



Anderson 1978; Anderson and Gutreuter 1983;
Murphy et a. 1991; Liao et a. 1995). Relative
weight (or condition factor) is positively
correlated with energy density (Brown and
Murphy 1991; Jonas et a. 1996) and growth
(Willis et a. 1991), and negatively correlated
with percent water (McComish 1974). In order
for a model to make predictions about body
condition (or relative weight) of predators and
prey, the model must relate relative weight to
some dynamic variable, such as energy density.

In summary, there are several reasons why a
fish community model with predators and prey
should include a model for dynamic changes in
energy density, body composition, and relative
weight. First, predicted growth is very sensitive
to energy density of fish and their food, as
shown in the bioenergetic runs. Second, energy
reserves influence survival and reproduction.
Third, energy density can change in response to
recent feeding history. Fourth, energy density
changes with ontogeny. Fifth, afixed pattern of
energy density would not be appropriate for a
model in which food availability can change
dynamically. Sixth, relating energy density and
body composition to relative weight would
enable the model to be used to determine
expected responses in relative weight to
alternative scenarios.

Body composition.—A new model was

developed for simulating dynamic changes inyelatively rapid.

comes from stored protein. Niimi (1972) and
others have shown that during starvation, fish
use energy from both lipid and protein, and
Niimi estimated thas was approximately 0.6 for
starving largemouth bass, and a similar value
(0.61) can be estimated for bluegill from the data
in Savitz (1971). Second, assume that there is a
fixed amount of waterzj associated with each g
of lipid, and a fixed amount of watery)(
associated with each g of protein. Gerking
(1955, citing Newburgh et al. 1945) notes that
about 0.1 gram of water is associated with a
gram of lipid ¢ is about 0.1), and about 3 grams
of water are associated with a gram of protgin (
is about 3). Jobling (1994, p. 147) notes that
deposition of 1 g lipid “leads to a weight
increase of 1 g,” suggesting that very little water
is added and that must be much smaller than 1
(or perhapsz = 0), whereas deposition of 1 g
protein “leads to the deposition of 3-4 g water,”
suggesting thay is about 3-4. Third, assume
that the amount of ash does not change during
starvation. Then, based on the known energy
densities of lipid and protein and the
assumptions tha& z, andy are constant, one can
use the daily energy expenditure to compute the
change in body composition (lipid, protein,
water, ash), energy density (kcal/g), and relative
weight (see Appendix 1 for details).

During the initial period of starvation, a
fish’s loss of weight and stored energy may be
But after some period of

body composition and energy density duringstarvation, fish metabolic rate decreases, slowing
starvation and grOWth. The approach is brleflythe rate of loss in body energy and weight.
summarized here and the equations are deriveghllowing the approach of Broekhuizen et al.
in Appendix 1. This model for energy density (1994), | assume that when body reserves
can explain two common observations related t@jecrease to some threshold (0.75 of the nominal
body composition of fish during starvation and|evel), the fish enters a “hungry” state, in which
growth: (1) there is a linear relationship betweermmaximum daily ration increases by a factor of
percent lipid and percent water, and (2) there is 2.0 (Hayward et al. 1997) and swimming speed
linear relationship between energy density anghcreases by a factor of 1.5 above nominal levels
percent water. Using only two state variables(see Madon and Culver 1993). After a further
the model predicts changes in wet weightdecrease in reserves to a level of 0.10 of the
relative weight, body composition (lipid, protein, nominal level, the fish enters a “torpid” state, in
ash, water) and energy density based on the n@thich the nominal value of metabolic rate is
energy obtained each day during growth, or thenodified by a factor of 0.3, maximum daily

net energy used each day during starvation.

The model for changes in energy density hag factor of 0.5.

three assumptions.
starvation a constant fractiors) (of required

energy comes from stored lipid and the res$)(1- constant).
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ration by a factor of 0.8, and swimming speed by
As the fish starves, body

First, assume that duringomposition changes as the fish depletes lipid

and protein to meet metabolic demands (ash is
An example of a fish starving



according to model assumptions is shown in
Figures5and 6. Therate changeson d 9 are due
to the fish becoming torpid and reducing
metabolic rate. The differences in the loss rates
of lipid, protein, and water are due to differences
in rate of depletion of these body components as
determined by s, z, and y.

This example shows that even though there
is a decrease in total weight, lipid and body
water (Figure 5), there is an increase in percent
water (Figure 6), because body water decreases
more dowly than total weight. It is difficult to
compare the absolute weight of body
components (fat, protein, water, ash) among
individuals that differ in weight. For this reason,
body composition is generally reported as
percent of wet or dry weight. But this can lead
to confusion. During starvation, percent lipid
decreases and percent water increases (eg.,
Niimi 1972) (Figure 6). But this is not due to
water replacing lipid, as has sometimes been
said. In starving fish, the nearly universa
observation is that the weight of lipid, protein,
and water al decrease (the amount of ash
remains approximately constant) (Figure 5).
Lipid decreases at the fastest rate, protein
decreases more slowly, and water decreases even
more dowly. In amost al cases, the fish loses
tota body weight faster than it loses water.
When body components are compared as a
percent of body weight, percent water increases
even though the amount of water is decreasing.
SO during starvation, percent lipid decreases,
percent protein may change only modestly,
percent ash increases, and percent water
increases even though the amounts of all
components (except ash) are decreasing.

One consequence of the three assumptions
above is that starving fish will have a negative
linear relationship between percent lipid and
percent water, and aso between energy density
and percent water. The equations for these
relationships are completely specified by s, z
and y, the known energy densities of lipid and
protein, and reference levels of percent lipid (or
energy density) and percent water (see Appendix
1). This appears to be the first time that such
assumptions have been used to quantitatively
explain these two common observations.

In the body composition of fishes, levels of
lipid, water, and energy density are highly

correlated. Both lipid level and energy density
have a strong negative correlation with percent
water (Brett et a. 1969; Elliott 1976; Craig
1977; Rottiers and Tucker 1982; Machiels and
Henken 1986, 1987; Thompson et al. 1991;
Murphy and Brown 1991; Hartman and Brandt
1995; Van Pt et a. 1997). These observations
are not only for starvation conditions, but also
include situations where fish are growing.

Growth is not just anti-starvation. The
situation is complicated by the fact that fish not
only gain energy and weight, but also increase in
length. A full analysis of energy dynamics must
account for the alocation of energy to increasing
in length as well as adding to stored energy
reserves.

Energy allocation.—The new model for
energy allocation used in these simulations is an
extension of the model by Broekhuizen et al.
(1994), who modeled compensatory growth of
salmonids. The first addition to their model
allows prediction of dynamic changes in body
composition (lipid, protein, water, ash), not just
total weight. The second addition allows
simulations of the total range of fish sizes
(larvae to adults), not just large juveniles and
adults. The model is described in detail in
Appendix 1 and is briefly summarized here.

There are three main assumptions for this
model of energy allocation; the first two
assumptions were also made by Broekhuizen et
al. (1994). The first is that a fish’'s body tissues
can be categorized as either structural or reserve
tissues. The usefulness of this assumption has
been demonstrated by Gurney et al. (1990),
Kooijman (1993), and Broekhuizen et al. (1994).
Reserve tissues are those that can be mobilized
and depleted during starvation. These include
nonpolar lipids (e.g., triacylglycerols), protein
reserves, and associated water. Structural tissues
are not mobilized, and so do not decrease during
starvation. Structural tissues include structural
protein, ash (associated primarily with skeleton
and scales), and associated water. Structural
tissues could also include polar phospholipids
associated with cell membranes. The amount of
structural tissues determine fish length; increases
in structural tissues mean increases in length.

The second model assumption involves
allocation of net energy intake. Net energy



intake is the difference between total ingested individual-based model, because it provides a
energy and total energy losses and expenditures.  mechanism by which individual differences in
Energy losses and expenditures are estimated  foraging experience (energy intake) can produce
using a bioenergetics model (Hewett and  differences in growth and survival compared to
Johnson 1992; Breck 1993a). The second the cohort average.

assumption is that the current ratio of reserve to

structural energy (r) determines how net energy

intake is alocated between reserve and structural Fish mortality

tissues (Figure 7). When reserve energy is high

relative to structural energy, then alarge fraction Death can occur in the model in three ways:
of net energy intake is alocated to increasing (1) by predation; (2) by starvation, when body
body structure — growing in length; the rest isreserves are completely depleted; or (3) by an
allocated to increasing reserve energyadditional “natural” factor that has a constant
Conversely, when reserve energy is low relativadaily probability of death. The background
to structural energy, then a large fraction of netnatural” mortality rate (i.e., in addition to
energy intake is allocated to increasing reservpredation and  possible  starvation) is
tissue. As explained in Appendix 1, the energymplemented as a daily probability of survival.
allocation relationship (Figure 7) is specified soThe daily probability of dying from “natural”
that when r is at its nominal valug)(rthen both causesy) is computed as

reserve and structure increase in such a manner -

that the ratio r remains the same. p, =1- 1- A",

'I_'he th|_rd model assumption is that theWhereA is the fraction of the population dying
nominal ratio of reserve to structural enerqy (r ¢ «natural” causes each year. Each simulated

increases with fish length. This assumption is‘individual” representsN, identical fish in the
required to account for the large differenceﬁake or pond at time ! For each simulated
observed in body composition as fish increase mindividual” the daily nu.mber of fish dying from
length. Larval fish tend to have very little ash Ol atural” causesN) is a random number chosen
lipid, and a relatively high percentage water (8.O'from a binomial o?istribution with parameteps

90%). They have a relatively low energy denSItyandN using the algorithm of Press et al. (1986)
and are vulnerable to starvation (Letcher et al. Fé)r each simulated “individual.” the -number.

1996a). Compared to larvae and juveniles, adult, . . , -
fish tend to have much greater lipid levels moreof identical fish represented as surviving to the
’ ext day N,,) accounts for losses to predation

ash, a lower percentage water (about 75%), carvati 4 “natural’
higher energy density, and they are much lesg\»): Starvation ), and “natural” causes (M

vulnerable to starvation (McComish 1974; Niimi N, =N, - |\|p -N,-N,.
1974, Love 1980; Focken and Becker 1993).
Figure 8 shows the proposed relationship
between the nominal ratio of reserve to structural
energy () and bluegill length. Bluegill Reproduction
The differences in  nominal body
composition with fish size produce differences  Because the focus of the present version of
in the expected relationship between percenthe model is on fish growth and survival within a
lipid and percent water. Both the slope andyear, fish reproduction has been implemented
intercept are expected to change with body sizenly as a constant annual number of recruits. In
(Figure 9). order to make model projections over several
This new approach to modeling bodyyears, or to examine long-term population
composition, energy density, and relativedynamics, there are several details of bluegill
weight, allows the simulations to account forreproduction that should be incorporated. These
widely observed patterns that have a potentiallynclude the effect of male and female body size
large influence on fish growth and survival.and condition on readiness to begin nesting
This approach may be especially influential in an(Ridgway et al. 1991; Danylchuk and Fox 1994,
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Cargnelli and Gross 1997; Bohlin et al. 1994),
size-dependent spawning and nesting success of
male bluegills (Gross 1982, 1984; Jennings et al.
1997), the effect of water temperature on
probability of nest desertion (Claussen 1991) and
rate of development of eggs and fry (Beard
1982), the effect of femae size on fecundity
(Ulrey et a. 1938; Mayhew 1956; Latta and
Merna 1976; Breck 1996), the effect of food
availability on female body condition and
fecundity (Scott 1962; Hester 1964; Baganal
1969; Wooton 1973, 1977; FitzGerad and
Keenleyside 1978; Kuznetzov and Khalitov
1978; Dahigren 1979; Deacon and Keast 1987;
Breck 1996), the vulnerability of nesting males
to angling (Philipp et a. 1997; Ridgway and
Shuter 1997; Beard et al. 1997), movement of
fry between littoral and pelagic habitats (Werner
1967, 1969), and the effect of cannibalism by
juvenile bluegills on number of fry surviving to
age 1 (Clark and Lockwood 1990; Breck 1996).

Modd Applications
Application to pond experiment of Howick et al.

In this application, initial conditions of the
model were set to simulate the experiment of
Howick et al. (1993). These investigators
evauated the effects of stocking different
numbers of fingerling largemouth bass on the
growth and survival of bluegills and bass in
0.04-ha earthen ponds containing high densities
of macrophytes. Adult bluegills were stocked in
April, and age-O bluegills were present after
spawning occurred in late May. Fingerling
largemouth bass were stocked in April at O, 10,
20, 40, and 80 individuals per pond in duplicate
ponds. The ponds were drained in December
and the fish were recovered and measured.

Because of the many macrophytes in the
ponds of Howick et al. (1993), epiphytic prey
types were added to the model of Breck (1993a),
making three types of prey: littoral zooplankton,
benthic invertebrates (primarily dipteran midge

zooplankton and benthic invertebrate prey types
were modified from values in Breck (1993a) by
decreasing the density of the larger prey sizes (to
slow fish growth) and increasing the density of
the smaller sizes (to reduce fish starvation).

Total pond volume was set at 400, with
100 m as zooplankton habitat and 300 wf
vegetation containing epiphytic invertebrates.
The pond was assumed to be 1 m deep, with 400
m’ of sediment for the benthic invertebrates.
Water temperature was assumed to follow an
annual sine curve which has a maximum
temperature of 28°C on d 200 (July 19) and a
low of 0°C, but the curve was truncated at a
minimum temperature of 3°C.

Howick et al. (1993) stocked fingerling
largemouth bass into duplicate ponds, using O,
10, 20, 40, and 80 bass per pond. Simulations of
this experiment using LakeMod involved
stocking 0, 1, 2, 3, 5, 10, 20, 40, 60, and 80
individual largemouth bass & 115+4 mm) into
replicate 0.04-ha pondsN(= 3 per stocking
density) containing 16-mm bluegill. The total
number of simulated bluegills was 16,000 per
pond, represented by 200 model “individuals,”
each initially representing 80 identical fish in the
pond. To represent spawning bouts every 10 d
(Claussen 1991), 4,000 age-O bluegills (50
“individuals”) became available to bass on days
0, 10, 20, and 30 of the 175-d simulation. The
background “natural” mortality rate (i.e., in
addition to predation and possible starvation)
was assumed to be 33% per year, implemented
as a daily probability of survival.

Starvation of simulated fish is assumed to
occur when an individual's reserve tissue is
depleted (see Appendix 1). The bioenergetics
parameters for largemouth bass follow Rice et
al. (1983) and those for bluegill follow Breck
(1993a), with the modifications discussed
earlier. The energy density of both bluegills and
largemouth bass was allowed to vary
dynamically (see Appendix 1).

A preliminary series of 25 simulations was
performed to find reasonable values for the
relative encounter rate between largemouth bass

larvae), and epiphytic prey (“vegetation prey”,and bluegill and also for the relative carrying

primarily damselfly naiads, Mittelbach 1981). | capacity of the invertebrate prey types.

If the

assumed there was no pelagic zone in such smahcounter rate between piscivores and their prey

ponds.
prey type (Table 1).

There were eight size classes of eadh too low, then the piscivores grow very slowly
The initial densities of or even starve. If the encounter rate is too high,



then the piscivores find and consume al the
available forage fish. For bluegill growth and
survival, piscivore encounter rate interacts with
invertebrate carrying capacity (K) because
bluegill growth is density dependent. The
bluegill density at which growth slows to zero
depends on carrying capacities of the
invertebrate prey types. For a prey population
growing according to the logistic equation, total
population growth rate is maximized when
density is0.5K.

These 25 preliminary simulations used five
values of prey relative carrying capacity
(PreyNK = 0.1, 0.3, 1.0, 3.0, 10.0) at each of
five values of piscivore relative encounter rate
(EncKnob = 0.01, 0.03, 0.1, 0.3, 1.0). Thevaue
of PreyNK was multiplied by the value of
Relative K in Table 1 to determine carrying
capacity, K, for each prey type. The initia
number of age-0 bluegills was 16,000 and the
number of juvenile bass was 20.

The results of the preliminary simulations
demonstrate how piscivore relative encounter
rate and relative carrying capacity of
invertebrate prey interact to influence the total
numbers of bluegill eaten, starved, and
surviving, and the fina length of simulated
bluegills and largemouth bass (Figure 10). As
the bass’ encounter rate

bluegills were eaten and fewer bluegills starvedl30 in ponds stocked with 80 bass.
The number of bluegills simulations, there was not much difference in

(Figure 10a, b).

6,000 and 3,000 bluegill in ponds stocked with
20 predators, and about 2,000 and 1,200 bluegill
in ponds stocked with 80 predators. In the
simulations, there were 4,865+183 (meanSE,
= 3) survivors with O predators per pond,
2,717+216 survivors with 20 predators per pond,
and 201+5 survivors with 80 predators per pond
(Figure 11). The variation among simulated
replicates reflects the stochastic processes of
encounters with predators and prey, and chance
variations in background mortality.

Mean length of surviving bluegill was about
25 and 33 mm in the ponds without predators,
about 25 and 27 mm in ponds stocked with 20
predators, and about 33 and 41 mm in ponds
stocked with 80 predators (Howick et al. 1993).
In the simulations, the mean length of surviving
bluegill increased slightly as the number of
stocked predators increased from 0 to 20, but
survivors were much larger in ponds stocked
with 40, 60, or 80 predators (Figure 12).
Average length was 47.1£0.5 mm (meanzSIE,
= 3) with O predators, and 50.5+1.0 mm with 20
predators, 71.2+0.1 mm with 40 predators, and
63.4+0.2 mm with 80 predators (Figure 12).

In Howick’s pond study, mean length of
surviving largemouth bass was about 226 and
194 mm in ponds stocked with 10 bass, 203 and

increased, moré&84 in ponds stocked with 20 bass, and 133 and

In the

starving also decreased as invertebrate carryingiean final length for ponds stocked with 20 or
capacity increased (Figure 10b). Because ofewer bass, but mean length was smaller at
these nearly complementary changes in sourcdsgher stocking densities (Figure 13). Mean
of bluegill mortality, the total number of length of surviving largemouth bass was
bluegills surviving changed only slowly with 187.3+0.5 mm (meantSEN = 3) with 10
bass encounter rate (Figure 10c). Bluegillpredators, and 190.6+0.8 mm with 20 predators,
growth was density dependent (Figure 10d)and 121.9+2.1 mm with 80 predators (Figure
Bass growth varied both with encounter rate and.3).
invertebrate carrying capacity (Figure 10e). In  One big advantage of individual-based
the following simulation of the experiment of models is that they make it possible to examine
Howick et al. (1993), piscivore relative the distribution of model variables, not just the
encounter rate was set at 0.3 and relativenean values. Figures 14 and 15 show size-
carrying capacity of invertebrates was set at 1.0 frequency distributions for surviving bluegill and
largemouth bass for several model runs. Figure
Results.—For both the pond experiments and14 shows the distribution of bluegill lengths
the simulations, the number of surviving bluegillfrom 1 simulated pond for each of seven
decreased as the number of stocked predatossocking densities of bass. The general patterns
increased. Reading from a graph in Howick eis for mean bluegill length to increase with
al. (1993), they recovered about 3,300 and 4,70predator stocking density, but the pattern is
bluegill in the ponds without predators, aboutcomplex. In the top two panels of Figure 14,
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representing ponds receiving 0 and 5 bass, note
that a very small number of bluegill reached a
length of 80 and 81 mm, whereas the rest of the
bluegills reached only 37-54 mm. This result
would not be observed in a model that only
simulated the average individual.

The simulated distribution of fina bass
lengths is shown Figure 15. A length close to
190 mm is reached in ponds in which the
stocking density is 20 or fewer. Competition
among the bass results in smaller fina sizes
when the stocking density is higher.

representing 4 to 4,000 fish in the lake.
Surviving individuals were removed from the
population when they exceeded a maximum age
of 12. Average annual non-starvation mortality
rate was set at 33%. The value for thép &
parameter influencing energy allocation between
growth in length and growth in relative
condition, was set at 1.0 in all 10 simulations
(see Appendix 1).

Five types of prey were included in the
model: littoral zooplankton, littoral benthic
invertebrates (primarily dipteran midge larvae),

littoral epiphytic prey (vegetation-dwelling prey,
Discussion.—The simulations are able to primarily damselfly naiads, Mittelbach 1981),
capture the qualitative trends observed in th@elagic zooplankton, and sublittoral benthic
pond experiment. For both the experimentainvertebrates (including midge larvae and
ponds and the simulations, as the number dfurrowing mayflies of the genuslexagenia;
stocked predators increased, there was @nergy density was set at 850 cal/g). There were
decrease in the number of surviving bluegill, areight size classes of each prey type (Tables 1 and
increase in mean bluegill length, and a decreasp).
in mean bass length. The method of ranking foraging habitats was
The simulation results are less variable tharthanged for this set of simulations. On each
the duplicate ponds reported by Howick et alday, each simulated fish forages in the habitat
(1993; Deutsch et al. 1992). This is due in parthat it ranks the highest. In the above
to unavoidable differences among experimentaipplication to the experiments of Howick et al.
ponds, and in part due to differences in thg1993), simulated fish ranked foraging habitats
amount of bluegill reproduction occurring in daily according to the fraction of the daily ration
each pond. The investigators stocked adulthat could be obtained (total biomass of prey
bluegills, which spawned; the investigators didingested if foraging in habitat maximum daily
not stock a fixed number of age-0 bluegills, asation). But in these runs the fish ranked
was done in the simulations. foraging habitats daily according to the net
Fingerling largemouth bass in the amount of energy that could be obtained. This
simulations grew more slowly than bass in theincreased simulated fish growth because of
experimental ponds. Bluegill in the simulationsdifferences in energy density among prey types
grew to larger sizes than fish in the experimenta{Tables 1 and 2).
ponds. These quantitative differences could be Total volume of the 10-ha lake was set at
reduced by additional calibration. 150,000 m, for a mean depth of 1.5 m. The
littoral zone (1 m deep) contained 25,000 an
littoral zooplankton habitat, 25,000 °mof
vegetation containing epiphytic invertebrates,
and a sediment area of 50,000 nThe pelagic
To demonstrate some of the output thezone (2 m deep) contained 50,000° rof
model can produce, LakeMod was used tGublittoral sediment area and 100,0000fopen
simulate an entire bluegill population in a 10-hawater. ~Water temperature was assumed to
lake. Each of 10 model runs simulated 15 yearfpllow an annual sine curve which has a
(5475 days). In each model run, a constanfnaximum temperature of 26°C on d 200 (July
number of age-0 recruits was added each yeat9) and a low of 0°C, but the curve was
total annual recruitment was varied amongruncated at a minimum temperature of 4°C.
simulations from 60 to 60,000 (i.e., 6 to 6,000 Model results are shown for March 31 of
ha'). In the model, 15 “individuals” were added year 15 (day 5031) of each simulation.
every year, with each ‘individual” initially Preliminary runs indicated that relative weight

Bluegill population in a 10-hectare lake
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was usually lowest at the end of the third month  density dependent growth of bluegills, a
of the model year, reflecting energy losses maximum population biomass limited by food
during winter. availability, variation in relative weight with age
and density, and growth responses to weak and
Results.—Bluegill population density in year strong year classes. The model demonstrated
15 increased linearly as number of recruitsccompensation in bluegill population biomass
increased from 60 to about 20,000 (Figure 16)over a 5-fold range in recruitment.
Over this range the observed population density Several model components would benefit
reflects the average non-starvation mortality ratédrom additional calibration. The vulnerability of
of 33%/y. Above 20,000 recruits/y the numberbenthic prey to bluegills could be increased, both
of survivors decreased due to starvation of somm littoral and sublittoral habitats. Because the
individuals. vulnerability of benthos was assumed to
From 60 to about 2,000 recruitsly, increaseslecrease with increasing prey size (Breck
in recruitment produced nearly linear increase4993a), large benthic items were consumed only
in population biomass (kg/ha) (Figure 17).rarely in these simulations and were not
Above this level, population biomass reached appreciably depleted, even at the highest bluegill
maximum of about 50 kg/ha. This level of densities.
biomass occurred over a five-fold range in  In simulations with high levels of bluegill
recruitment, from about 6,000 to 30,000recruitment, starvation reduced some year
recruitsly. classes and caused complete elimination of
At 30,000 or more recruits/y there wereothers (Figure 18). In studies at the Saline
several weak or missing year classes due tbisheries Research Station, occasional year-class
starvation (Figure 18). A weak or missing yearfailure has been observed in ponds containing
class was often followed by a stronger yeawonly bluegills (Clark and Lockwood 1990).
class. However, in subsequent experiments to examine
Bluegill growth was strongly density the cause of such year-class failures, starvation
dependent, as expected (Figure 19). Individuabf an entire year-class was not observed, even
growth reached a maximum for recruitmentwhen the number of age-O bluegills exceeded
levels less than or equal to 195 fish/y (Figure 19100,000 ha(Breck 1996; Gray 1991; Gray et al.
see 0.2k and 0.06k recruitsly). In thosel998). In those experiments the first natal
simulations in which starvation eliminated somecohort was not observed to starve. But the later
year classes, growth of other fish in thenatal cohorts sometimes disappeared during their
population increased greatly (Figure 19, see 30krst summer, perhaps due to starvation, perhaps
and 60k recruitsly). The mean length of age-Hue to cannibalism (Breck 1996). Although it is
and age-2 bluegills was closest to the Michigartlear that growth of young bluegill is strongly
state average growth (Laarman et al. 1985) whedensity dependent (Krumholz 1946; Latta and
total annual recruitment was 10,000/y in theMerna 1976; Breck 1996), it appears that real
simulated 10-ha lake. Additional calibration age-0 bluegills are somewhat less vulnerable to
could make the correspondence even closestarvation than the current model's bluegills,
especially for older fish. indicating the need for additional calibration.
Relative weight generally declined with age  The maximum standing crop biomass is set
(Figure 20). Relative weight at a given ageby food availability. Total prey production
tended to increase as recruitment increasedould be adjusted to increase the standing crop
except when starvation of young fish causediomass of fish closer to the value of 204 kg/ha
missing year classes. reported by Schneider (1973) for lakes with
slow-growing bluegills, in which bluegills made
Discussion.—The simulations of bluegill up an average of 82% of the total biomass.
populations with different levels of recruitment Contrary to the pattern observed in these
demonstrated that the model could reproducsimulations, relative weight is expected to
several phenomena important in warmwateincrease in older, larger fish (Cargnelli and
lakes and ponds. The model clearly showedsross 1997; Baylis et al. 1993; Breck 1996). It
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is expected that some very large prey items will
only be available to the largest bluegills. Such
prey might include yearling crayfish, other large
invertebrates, or even juvenile fish. It may be
possible to find a set of prey sizes and densities
that produce higher relative weight in larger fish.
In addition, metabolic costs per unit mass are
lower in larger fish (West et a. 1997), so the
energetic cost of maintaining condition should
be lower. It may be possible to find a set of
constant values of the parameters related to
energy alocation that would increase the
correspondence between the simulated and
expected patterns in relative weight. If such a
set of constant parameters cannot be found, then
perhaps these patterns change with age. 1t would
certainly be expected that energy alocation
parameters would change after the fish reaches
sexual maturity.

The variation among bluegill individuals in
length at age is too low in the model compared
to observed variation in natural lakes. For fish
such as bluegills that consume a large number of
small prey per day, arelatively small variationin
growth among individuals might be expected
due to chance effects on the daily number of
prey encountered (Breck 1993Db); this source of
variation is included in the model. Some
variation in length a age must be due to
differences in date of hatch. Claussen (1991)
reported that in five years of observation in Lake
Opinicon, Ontario, the length of the bluegill
reproductive season (from first to last day of
spawning) varied from 37 to 47 days. The
model includes multiple bouts of reproduction
spanning 20 to 30 days, so some variation from
this source is included. Robinson et al. (1996)
provide evidence that some of the variation
among individuals in condition and growth rate
is due to morphologica variation among
individuals. Some of the variation in length at
age may be due to genetic differences. But |
suspect that the greatest differences in length at
age within a single lake population may be
caused by spatial heterogeneity in food
availability.  Spatial heterogeneity in food
availability could be added to a future version of
the model.

15

Bluegill and largemouth bass populations in a
10-hectare lake

LakeMod is capable of smulating
interacting populations of bluegill and
largemouth bass. In the present version of the
model, annual recruitment of each species is
constant. A set of six runs was made with
annual recruitment of largemouth bass held
constant at O, 45, 150, 450, 1,500, and 4,500
recruits'y. Bluegill recruitment in the ssmulated
10-ha lake was constant at 10,000 recruitsly.

For both largemouth bass and bluegill, the
number of annual recruits was divided among
fifteen new model “individuals” each year.
Individuals were dropped from each population
when they exceeded the maximum age of 12 v,
so the total number of model “individuals” per
species could be as high as 180 (=15 x 12) in
these runs. Average annual non-starvation, non-
predatory mortality was set at 33% for bluegill
and 25% for largemouth bass. The five prey
habitats were the same as those used in the
simulations with only bluegill. The value for
theta (g), a parameter influencing energy
allocation between growth in length and growth
in relative condition, was set at 0.3 in all 6
simulations (see Appendix 1). As above, model
results are shown for March 31 of year 15 (day
5031) of each simulation.

Results.—As expected, bluegill population
density and biomass decreased, due to predation
by bass, as largemouth bass recruitment
increased (Figure 21). Density and biomass of
largemouth bass increased as recruitment
increased, except at the two lowest levels of
recruitment (Figure 21). Bass growth was faster
at 150 recruitsly than at 45/y, leading to
increased cannibalism and a somewhat lower
population density and biomass.

Bluegill growth increased as bass
recruitment increased (Figure 22a). Even the
predation due to 45 bass recruits per year caused
a substantial improvement in bluegill growth
compared to the simulation without bass.
Intraspecific competition was reduced enough
that the length of ages 1-5 was above the
Michigan average for bluegill (Laarman et al.
1985).



The growth pattern for largemouth bass was
more complex than the pattern for bluegill
(Figure 22b). For largemouth bass ages 1-4,
length at age increased as recruitment increased.
In contrast, for the oldest bass, length at age was
greatest at low levels of recruitment. With 4,500
recruitsy, growth was rapid for the first 3-4 vy,
but very few bass ever exceeded 370 mm. With
45 recruitgly, initial growth was slower, but age-
12 bass reached 549 mm.

Bluegill relative weight decreased with age
for al levels of bass recruitment (Figure 23a).
Older fish approached alower limit of about 0.6.
This lower limit for relative weight is
determined by the set of parameters related to
energy alocation and the state of health of
individual fish (e.g., the threshold ratios of
reserve energy to structural energy at which a

length at the lowest level of recruitment (45
recruits/y), while bluegill growth was relatively
slow compared to higher levels of bass
recruitment.

The results of these simulations suggest
some of the rich range of behavior that the
model is capable of producing. Additional
simulations and analyses should provide insight
into the complex patterns expected in the
predator-prey dynamics of warmwater fish
communities.

Conclusions
Several ecological ideas were suggested

during the process of model development. First,
growth of age-0 bluegills slows during summer

fish’s condition changes from healthy to hungrywithout causing massive starvation. In the first
or hungry to torpid; see Appendix 1 andattempts at modeling growth of age-0 bluegill, it

Broekhuizen et al. 1994).

Relative weight of largemouth

was very tricky to find search parameters and

bass prey densities that would allow coexistence of
decreased with age (Figure 23b). The trends iboth fish and prey.

For many parameter

relative weight with recruitment mirrored the combinations, either the young bluegill grew

trends in growth.

Among younger bass,well until they eliminated their prey and then

increased recruitment was associated with lowestarved, or else the young bluegill could not find

relative weight; among older bass, increase@&nough prey to grow and

thus starved.

recruitment was associated with higher relativeParameter combinations that allowed young

weight.

The relative age-frequency  of

bluegill to grow at observed rates often led to the

the fish eliminating their prey and then starving.

largemouth bass population changed withParameter combinations that allowed persistence
recruitment (Figure 24). At the highest level ofof prey generally caused bluegill growth rates
recruitment, over 4,000 of the 4,500 new recruitdower than observed. This problem was solved
were cannibalized during the first year of life byby including a greater variety of prey in the

larger bass.

recruitment.

A much smaller fraction of newmodel, including a several sizes of each prey
recruits was cannibalized at lower levels oftype.

Because encounter rates depend strongly

At 4,500 recruits/ly the relative on the size of the prey, the smaller prey were

frequency of older age classes was much morencountered at lower rates and were also less

even than at lower levels of recruitment.

energetically valuable to the fish (fewer calories
per individual prey item). So as larger prey

Discussion.—These simulations of bluegill types were depleted, fish consumed smaller prey
and largemouth bass demonstrate one of thef lower energetic value, ingested fewer calories
trade-offs often observed by fisheries managerger day, and grew at a lower rate. Thus, fish
conditions favoring good growth of bluegills are growth rate slowed without leading to massive

often associated with abundant,

largemouth bass.

smallstarvation.
In the simulation with 4,500energetically optimal prey is well known.

The idea that predators prefer the
The

bass recruits/y, bluegill growth was most rapidseasonal switch to less-preferred prey appears to
and bluegills reached the greatest length (Figurbe common among generalist predators. But the
22, lines for 4,500 bass recruitsly). At this levelimplications of seasonal prey switching for
of recruitment, however, few bass grew beyonchanging seasonal growth rate of generalist
370 mm. In contrast, bass reached the greategtedators seem not to be commonly recognized.
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In preiminary model runs, the size- average densities of invertebrates measured by
frequency distribution of age-O bluegill lengths humans may not reflect the prey densities
in the fall was too narrow — there was notperceived by resident fish. This could be part of
enough variation among individuals. In pondsthe explanation for differences between models
and lakes the variation in size among age-@&nd real aquatic systems.
bluegills is often quite great (Krumholtz 1946; Because the area and volume of the littoral
Forsythe and Wrenn 1979; Breck 1993a).and pelagic zones are explicit parameters in this
Within a group of bluegills hatching on the samemodel, LakeMod could be used to evaluate
day (a natal cohort), there is some divergence iassumptions about the effects of lake
size through time due to chance variations irmorphology on fish community dynamics. In
encounter rates with prey, but for fish that tendparticular, growth and survival of juvenile fishes
to eat a large number of small prey items perre expected to depend on the littoral zone's
day, this effect is small (Breck 1993b). size, food production, and ability to serve as a
Although genetic differences could theoreticallyrefuge from predators, whereas the growth and
produce growth-rate differences among age-®eproductive potential of adults may depend
individuals, this did not seem to have a largemore heavily on the characteristics of the pelagic
effect in experimental ponds; rather, members ofone (Mittelbach and Chesson 1987; Mittelbach
natal cohorts tended to be very similar in size aland Osenberg 1992; Osenberg et al. 1993). The
through the summer (Breck, unpublished data)model could also be used to evaluate the
The factor having the greatest influence omconsequences of changes in invertebrate
variation in fall size appears to be variation inproduction caused, for example, by changes in
hatching date. When fish survive from a widenutrient loading to a lake.
range of hatching dates, there will be a wide Individual-based models of fish
range in size of age-0 fish in the fall. This resulicommunities hold promise as a way to gain
can be seen both in data from experimentalinderstanding into seasonal and inter-annual
ponds and in model results (Breck 1993a). patterns of fish growth and survival. The results

Use of laboratory-derived parameters forof the size- and density-dependent interactions in
encounter rates with damselfly larvae and midgesuch models can be complex. Understanding the
larvae caused model fish to rapidly eliminatepatterns should improve our ability to manage
these prey items; the laboratory-derivedwarmwater fish communities.
encounter rates were much too high. Mittelbach
(1981) probably collected insects from ponds
with high invertebrate densities, and these were Acknowledgments
probably ponds without fish, which would have
contained species adapted to fishless conditions | thank Ed Rutherford and Kevin Wehrly for
and much more vulnerable to fish predatorsiiscussions and A. D. Sutton for assistance with
(McPeek 1990, 1998). figures. This study was funded by Federal Aid

Fish may learn the locations of higherin Sport Fish Restoration (Dingell-Johnson)
densities of prey within territories or individual Project F-35-R and the Fish and Game Fund of
foraging areas (D. S. Wilson and students). Se¢he State of Michigan.
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Figure 1.—The components of LakeMod include a population of piscivores, such as largemouth
bass; the focus population of bluegill; and five habitat types containing fixed sizes of invertebrate prey.
The total number of “individual” fish in the model may be several hundred, each with three state variables:
L = length,W = weight, andN = number of identical fish in the lake represented by the modeled
“individual.” For each of the eight fixed size categories of prey in a habitat type, the state Wadable
number of prey per unit area or volume.
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Figure 2.—Flow chart showing the major processes included in LakeMod.
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Figure 3.—Simulated growth of largemouth bass increases with prey energy density. Simulations
used the bioenergetics model for largemouth bass in Hewett and Johnson (1992), with initial weight =
100 g, bass energy density = 1.4 kcal/g, temperaturé G, 26d ration = 2% body weight/d for 60 d;
prey energy density varied among simulations from 1.0 to 1.8 kcal/g of prey.
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Figure 4.—Simulated growth of largemouth bass decreases with increasing bass energy density. A
net daily increase of 1.8 kcal represents a gain of 1.8 g for a fish with 1.0 kcal/g body weight, but
represents a gain of only 1.0 g at 1.8 kcal/g body weight. Simulations used the bioenergetics model for
largemouth bass in Hewett and Johnson (1992), with initial weight = 100 g, prey energy density = 1.4
kcal/g, temperature = 26, and ration = 2% body weight/d for 60 d; bass energy density varied among
simulations from 1.0 to 1.8 kcal/g of fish.
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Figure 5.—For a fish starving according to model assumptions, (a) total weight and water mass
decrease, (b) lipid mass approaches zero, protein mass decreases, and ash mass is constant. Results are
shown for a 30-mm bluegill starting at standard weight (0.334 g) and starvingCat 26e change in
slope at d 9 occurs because the fish becomes “torpid” and reduces respiration rate. The simulated fish
was dead on d 44.
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Figure 6.—For a fish starving according to model assumptions, (a) relative weight decreases, percent
water increases, (b) percent lipid approaches zero, percent protein is nearly constant, and percent ash
increases. Results are shown for a 30-mm bluegill starting at standard weight (0.334 g) and starving at
25°C. The change in slope at d 9 occurs because the fish becomes “torpid” and reduces respiration rate.
The simulated fish was dead on d 44.
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Figure 7.—Energy allocation model assumes that the fraction of net energy added to body structure
depends o, the ratio of reserve energy to structural energy (Broekhuizen et al. 1994).
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Figure 9.—During starvation, a linear relationship is expected between percent lipid and percent
water if two conditions hold: (1) the proportions of energy coming from lipid and protein are constant,
and (2) a constant amount of water is lost per gram of lipid and protein mobilized. The slope and
intercept of the relationship depend on the nominal body composition, which is assumed to vary with
body size in bluegill.

26



&

Bluegill 2aten

>

o o
S oS
.7

=]
4
=
i
=
L
@ —— 10
N S .
- |
- .
2 s000- — 1
p—" +
T 4,000 0.3
m —- 0.1
" O B :
£ 75
:.E; 503
— e
= 25 —e -- e |
= 1
0] 0 : |
_E 200 o 3
£ 1751
£ 1504
i ]
|".‘_"|IE 125—: E
100 | [ | L
0.01 0.1 1

Piscivores' relative encounter rate

Figure 10.—Effect of piscivores’relative encounter rate and relative carrying capacity of invertebrate
prey on: (a) number of bluegill eaten, (b) number of bluegill starving, (¢) number of bluegill surviving,
(d) final bluegill length, and (e) final length of largemouth bass in the 175-d simulations. Five levels of
relative carrying capacity of invertebrate prey (10, 3, 1, 0.3, 0.1) were used at each of five levels of
piscivores’ relative encounter rate (0.01, 0.03, 0.1, 0.3, 1.0).
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Figure 11.—Number of age-0 bluegill surviving in model simulations of the pond experiments of
Howick et al. (1993). The model simulated stocking 0, 1, 2, 3, 5, 10, 20, 40, 60, and 80 largemouth bass
(L = 115+4 mm) into replicate 0.04-ha ponds=%N8 per stocking density) containing 16-mm age-0
bluegill.
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Figure 12.—Mean final length of age-0 bluegill surviving in model simulations of the pond experiments
of Howick et al. (1993). The model simulated stocking 0, 1, 2, 3, 5, 10, 20, 40, 60, and 80 largemouth
bass (L = 115+4 mm) into replicate 0.04-ha poits 8 per stocking density) containing 16-mm age-0
bluegill.
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Figure 13.— Mean final length of largemouth bass surviving in model simulations of the pond
experiments of Howick et al. (1993). The model simulated stocking 0, 1, 2, 3, 5, 10, 20, 40, 60, and 80
largemouth basd.(= 115+4 mm) into replicate 0.04-ha pontls<( 3 per stocking density) containing
16-mm age-0 bluegill.
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Figure 14.-Size-frequency distributions of age-0 bluegill surviving in model simulations of the
pond experiments of Howick et al. (1993). Results are shown for a single replicate of simulated stocking
of 0, 5, 10, 20, 40, 60, and 80 largemouth bhass 115+4 mm) into 0.04-ha ponds containing 16-mm
age-0 bluegill.
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ize-frequency distributions of largemouth bass surviving in model simulations of the
pond experiments of Howick et al. (1993). Results are shown for simulated stocking of 1, 5, 10, 20, 40,
60, and 80 largemouth bass{115+4 mm) into 0.04-ha ponds containing 16-mm age-0 bluegill. Each
panel shows results from a single model run, except for bass stocking densities of 1 and 80, where results

for three runs are combined.
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Figure 16.—Bluegill population density increases linearly with recruitment until starvation begins to
occur. Constant annual recruitment was varied from 60 to 60,000 age-0 bluegills in a simulated 10-ha
lake. Density is shown for March 31 of year 15 (day 5031) of the simulations. Average annual non-
starvation mortality was set at 33%.
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Figure 17.—Bluegill population biomass increases with recruitment to a level (about 50 kg/ha) set by
food availability. At the highest levels of recruitment, population biomass is reduced by starvation.
Constant annual recruitment was varied from 60 to 60,000 age-0 bluegills in a simulated 10-ha lake.
Biomass is shown for March 31 of year 15 (day 5031) of the simulations.
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Figure 18.—Relative frequency of bluegill of ages 1-12 in simulations with constant annual recruitment
of 10,000 to 60,000 age-0 bluegills in a 10-ha lake. Some very weak age classes are present with 40,000
annual recruits, and some age classes are missing in simulations with 30,000 and 60,000 recruits. Data
are shown for March 31 of year 15 (day 5031) of the simulations. Average annual non-starvation mortality
was set at 33%.
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Figure 19.-Bluegill length at age decreases as annual recruitment increases from 60 to 60,000 age-0
bluegills in a simulated 10-ha lake. Results overlap for the two lowest levels of recruitment. Some age
classes are missing due to starvation in the simulation with 30,000 and 60,000 recruits. Lengths are
shown for March 31 of year 15 (day 5031) of the simulations. The dotted line indicates the Michigan
average length at age (Laarman et al. 1985).
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Figure 20.—Relative weight of bluegill of ages 1-12 in simulations with constant annual recruitment
of 60 to 60,000 age-0 bluegills in a 10-ha lake. Results nearly overlap for the two lowest levels of
recruitment, some very weak age classes are present with 40,000 annual recruits, and some age classes
are missing in the simulations with 30,000 and 60,000 recruits. Data are shown for March 31 of year 15
(day 5031) of the simulations.
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Figure 21.—Population biomass and population density of simulated populations of bluegill and
largemouth bass in a 10-ha lake. Bluegill annual recruitment was held constant at 10,000; largemouth
bass annual recruitment was varied from 45 to 4,500. Data are shown for March 31 of year 15 (day
5031) of the simulations.
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Figure 22.—Length at age of simulated populations of (a) bluegill and (b) largemouth bass in a 10-ha
lake. Bluegill annual recruitment was held constant at 10,000; largemouth bass annual recruitment was
varied from 45 to 4,500. Data are shown for March 31 of year 15 (day 5031) of the simulations. The
dotted lines indicate the Michigan average length at age (Laarman et al. 1985).
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Figure 23.—Relative weight of simulated populations of (a) bluegill and (b) largemouth bass in a
10-halake. Bluegill annual recruitment was held constant at 10,000; largemouth bass annual recruitment
was varied from 45 to 4,500. Data are shown for March 31 of year 15 (day 5031) of the simulations.
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Figure 24.—Relative frequency of largemouth bass of ages 1-12 in simulations with constant annual
recruitment of 45 to 4,500 age-0 bass in a 10-ha lake containing bluegill. Age classes are missing only
in the simulation with 150 recruits. Data are shown for March 31 of year 15 (day 5031) of the simulations.
Average annual non-starvation mortality was set at 25%.
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Table 1.—Characteristics of three types of littoral invertebrate prey used in LakeMod. Carrying
capacity in the logistic growth equation is set by multiplying a constant times the value for Relative K.
Water-column prey represent zooplankton sucBashnia, Bosmina, copepod nauplii, and rotifers;
benthic prey represent midge larvae suchChsonomus,; epiphytic (or vegetation-dwelling) prey
represent damselfly nymphs.

Length Weight Relative K Intrinsic rate of  Energy density
(mm) (mg) (number/m)* increasey (d*) (callg)
Water-column prey
1.2 0.1938 2,000 0.077 550
1.0 0.1200 3,000 0.091 550
0.8 0.0667 6,000 0.114 550
0.6 0.0313 8,000 0.150 550
0.5 0.0194 20,000 0.180 550
0.4 0.0108 40,000 0.223 550
0.3 0.0051 80,000 0.295 550
0.2 0.0017 400,000 0.438 550
Benthic prey
30 88.79 60° 0.007 600
25 57.85 100° 0.009 600
20 34.24 150° 0.010 600
15 17.42 250° 0.013 600
12 10.31 400° 0.016 600
9 5.24 1,000° 0.021 600
7 2.90 1,500° 0.026 600
5 1.32 4,000° 0.035 600
Epiphytic prey
20 32.30 40 0.008 800
17 22.74 80 0.009 800
14 14.95 160 0.011 800
11 8.88 240 0.013 800
9 5.76 320 0.015 800
7 3.34 600 0.018 800
5 1.62 1,600 0.024 800
4 1.00 3,900 0.029 800

* For benthic prey, the units for density are number/m
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Table 2.—Characteristics of pelagic and sublittoral invertebrate prey used in LakeMod. Carrying
capacity in the logistic growth equation is set by multiplying a constant times the value for Relative K.
Water-column prey represent zooplankton sucBashnia, Bosmina, copepod nauplii, and rotifers;
sublittoral benthic prey represent midge larvae sudGhamnomus, and burrowing mayflies such as
Hexagenia.

Length Weight Relative K Intrinsic rate of  Energy density
(mm) (mg) (number/m)* increasey (d*) (cal/g)
Water-column prey
3.0 2.1578 1,000 0.031 550
2.5 1.3359 2,000 0.038 550
2.0 0.7428 3,000 0.047 550
1.6 0.4131 4,000 0.058 550
1.3 0.2393 6,000 0.071 550
1.0 0.1200 8,000 0.091 550
0.8 0.0667 20,000 0.114 550
0.6 0.0313 40,000 0.150 550
Benthic prey
30 88.79 60* 0.007 850
25 57.85 100° 0.009 850
20 34.24 150° 0.010 850
15 17.42 250° 0.013 850
12 10.31 500" 0.016 850
9 5.24 1,000 0.021 850
7 2.90 1,500° 0.026 850
5 1.32 4,000° 0.035 850

* For benthic prey, the units for density are number/m



References

Anderson, R. O., and S. J. Gutreuter. 1983.
Length, weight, and associated structural
indices. Pages 283-300 in L. A. Niesen,
and D. L. Johnson (editors). Fisheries
Techniques. American Fisheries Society,
Bethesda, Maryland.

Baganal, T. B. 1969. The relationship between
food supply and fecundity in brown trout
Salmo trutta L. Journal of Fish Biology
1:167-182.

Bart, J. 1995. Acceptance criteria for using
individual -based models  to make
management decisions. 1995. Ecological
Applications 5:411-420.

Bartell, S. M., J. E. Breck, R. H. Gardner, and A.
L. Brenkert. 1986. Individua parameter
perturbation and error analysis of fish
bioenergetics models. Canadian Journal of
Fisheries and Aquatic Sciences 43:160-168.

Baylis, J. R., D. D. Wiegmann, and M. H. Hoff.
1993. Alternating life histories of
smallmouth bass. Transactions of the
American Fisheries Society 122:500-510.

Beard, T. D. 1982. Population dynamics of
young-of-the-year  bluegill. Wisconsin
Department of Natural Resources, Technical
Bulletin No. 127, Madison.

Beard, T. D., J., M. T. Drake, J. E. Breck, and
N. A. Nate. 1997. Effects of smulated
angling regulations on stunting in bluegill
populations. North American Journal of
Fisheries Management 17:525-532.

Beyer, J. E., and H. Lassen. 1994. The effect of
size-selective mortality on the size-at-age of
Baltic herring. Dana 10:203-234.

Bohlin, T., C. Dellefors, and U. Faremo. 1994,
Probability of first sexual maturation of male
parr in wild searun brown trout (Salmo
trutta) depends on condition factor 1 yr in
advance. Canadian Journal of Fisheries and
Aquatic Sciences 51:1920-1926.

Breck, J. E. 1993a. Hurry up and wait: growth
of young bluegills in ponds and in
simulations with an individual-based model.
Transactions of the American Fisheries
Society 122:467-480.

Breck, J. E. 1993b. Foraging theory and
piscivorous fish: are forage fish just big
zooplankton? Transactions of the American
Fisheries Society 122:902-911.

Breck, J. E. 1996. Mechanisms of recruitment
failure in bluegill ponds. Michigan
Department of Natural Resources, Fisheries
Research Report 2024, Ann Arbor.

Breck, J. E., and J. F. Kitchell. 1979. Effects of
macrophyte  harvesting on simulated
predator-prey interactions. Pages 211-228in
J. E. Breck, R. T. Prentki, and O. L. Loucks,
editors. Aquatic plants, lake management,
and ecosystem consequences of lake
harvesting. University of Wisconsin, Center
for  Biotic Systems, Ingtitute for
Environmenta Studies, Madison.

Brett, J R, and T. D. D. Groves. 1979.
Physiological energetics. Pages 279-352 in
W. S. Hoar, D. J. Randall, and J. R. Brett,
editors. Fish physiology, volume 8.
Academic Press, New York.

Brett, J. R., J. E. Shelbourn, and C. T. Shoop.
1969. Growth rate and body composition of
fingerling sockeye salmon, Oncorhynchus
nerka, in relation to temperature and ration
size. Journal of the Fisheries Research
Board of Canada 26:2363-2394.

Brett, J. R, and D. B. Sutherland. 1965.
Respiratory metabolism of pumpkinseed
sunfish (Lepomis gibbosus) in relation to
swimming speed. Journal of the Fisheries
Research Board of Canada 22:405-409.

Broekhuizen, N., W. S. C. Gurney, A. Jones, and
A. D. Bryant. 1994, Modelling
compensatory growth. Functional Ecology
8:770-782.



Brown, M. L., and B. R. Murphy. 1991.
Relationship of relative weight (W) to
proximate composition of juvenile striped
bass and hybrid striped bass. Transactions
of the American Fisheries Society 120:509-
518.

Cargndli, L. M., and M. R. Gross. 1997. Fish
energetics. larger individuals emerge from
winter in better condition. Transactions of
the American Fisheries Society 126:153-
156.

Clark, R. D., Jr., and R. N. Lockwood. 1990.
Population dynamics of bluegills subjected
to harvest within the 5.0- to 6.9-inch size
range. Michigan Department of Natural
Resources, Fisheries Research Report 1961,
Ann Arbor.

1991. Annua variation in the
reproductive  activity of a  bluegill
population: effect of clutch size and
temperature. Masters Thesis. Department of
Zoology, University of Toronto, Ontario.

Claussen, J.

Cowan, J. H., E. D. Houde, and K. A. Rose.
1996. Size-dependent  vulnerability of
marine fish larvae to predation: an
individual-based numerical  experiment.
ICES Journal of Marine Science 53:23-37.

Craig, J. F. 1977. The body composition of
adult perch, Perca fluviatilis in Windermere,
with reference to seasonal changes and
reproduction. Journal of Animal Ecology
46:617-632.

Craig, J. F., M. J. Kenley, and J. F. Taling.
1978. Comparative estimations of the
energy content of fish tissue from bomb
calorimetry, wet oxidation and proximate
analysis. Freshwater Biology 8:585-590.

Crowder, L. B., R. A. Wright, K. A. Rose, T. H.
Martin, and J. A. Rice. 1994. Direct and
indirect effects of southern flounder
predation on a spot population: experiment
and model analyses. Pages 61-77 in D. J.
Stouder, K. L. Fresh, and R. J. Feller (eds.):
Theory and application in fish feeding
ecology. University of South Carolina
Press, Columbia.

45

Dahlgren, B. T. 1979. The effects of population
density on fecundity and fertility in the
guppy Poecilia reticulata (Peters). Journal
of Fish Biology 15:71-91.

Danylchuk, A. J, and M. G. Fox. 1994. Age-
and size-dependent variation in the seasonal
timing and probability of reproduction
among mature female pumpkinseed
(Lepomis gibbosus). Environmenta Biology
of Fishes 39:119-127.

Deacon, L. 1., and J. A. Keast. 1987. Patterns of
reproduction in  two populations of
pumpkinseed sunfish, Lepomis gibbosus,
with differing food resources.
Environmental Biology of Fishes 19:281-
296.

DeAngelis, D. L., and L. J. Gross, editors. 1992.
Individual-based models and approaches in
ecology: populations, communities and
ecosystems. Chapman & Hall, New Y ork.

Deutsch, W. G., E. C. Webber, and D. R. Bayne.
1992. Effects of largemouth bass stocking
rate on fish populations used in aquatic
mesocosms used for pesticide research.
Environmental Toxicology and Chemistry
11:5-10.

Doroshov, S. I. 1985. Biology and culture of
sturgeon Acipenseriformes. Pages 251-274
in J. F. Muir and R. J. Raberts, editors.
Recent advances in aguaculture. Croom
Helm Ltd., London.

Dutil, J. D. 1986. Energetic constraints and
spawning interval in the anadromous Arctic
charr (Salvelinus alpinus). Copeia
1986:945-955.

Elliott, J. M. 1976. Body composition of brown
trout (Salmo trutta L.) in relation to
temperature and ration size. Journa of
Animal Ecology 45:273-289.

Elliott, J. M., and W. Davison. 1975. Energy
equivalents of oxygen consumption in
animal energetics. Oecologia 19:195-201.



Evans, D. O. 1984. Temperature independence
of the annual cycle of standard metabolism
in the pumpkinseed. Transactions of the
American Fisheries Society 113:494-512.

FitzGerald, G. J., and M. H. A. Keenleyside.
1978. The effects of numerical density of
adult fish on reproduction and parenta
behaviour in the convict cichlid fish
Cichlasoma  nigrofasciatum  (Gunther).
Canadian Journal of Zoology 56:1367-1371.

Focken, U., and K. Becker. 1993. Body
composition of carp (Cyprinus carpio L.).
Pages 269-288 in Braunbeck, T., W. Hanke,
and H. Segner, editors. Fish ecotoxicology
and ecophysiology. VCH Publishers, Inc.,
New York.

Folkvord, A., and J. R. Hunter. 1986. Size-
selective vulnerability of northern anchovy,
Engraulis mordax, larvae to predation by
fishes. Fisheries Bulletin 84:859-869.

From, J., and G. Rasmussen. 1984. A growth
model, gastric evacuation, and body
composition in rainbow trout, Salmo
gairdneri Richardson, 1836. Dana 3:61-139.

Fryxell, J. M., and P. Lundberg. 1998.
Individual  behavior and community
dynamics. Chapman & Hall, London. 202

pp.

Gerking, S. D. 1955. Influence of rate of
feeding on body composition and protein
metabolism of bluegill sunfish.
Physiological Zo6logy 28:267-282.

Gray, T. R. 1991. The competitive and
predatory effects of juvenile bluegill on

bluegill year-class strength. Masters ThesisHeidinger, R. C., and S. D. Crawford.

School of Natural Resources, University of
Michigan, Ann Arbor.

Gray, T. R., J. E. Breck, and P. W. Webb. 1998.

Effects of age-1 Dbluegill on large
zooplankton and age-0 bluegill growth and
recruitment. Michigan Department of
Natural Resources, Fisheries
Report No. 1990, Ann Arbor.

46

Gross, M. R. 1982. Sneakers, satellites and
parentals: polymorphic mating strategies in
North American sunfishes. Zeitschrift fur
Tierpsychologie 60:1-26.

Gross, M. R. 1984. Sunfish, salmon, and the
evolution of alternative reproductive
strategies and tactics in fishes. Pages 55-75
in G. W. Potts and R. J. Wooton, editors.
Fish reproduction: strategies and tactics.
Academic Press, London.

Gurney, W. S. C., E. McCauley, R. M. Nisbet,
and W. W. Murdoch. 1990. The
physiological ecology of Daphnia: a
dynamic model of growth and reproduction.
Ecology 71:716-732.

Hambright, K. D. 1991. Experimental analysis
of prey selection by largemouth bass: role of
predator mouth width and prey body depth.
Transactions of the American Fisheries
Society 120:500-508.

Hartman, K. J., and S. B. Brandt. 1995.
Estimating energy density of fish.
Transactions of the American Fisheries
Society 124:347-355.

Hayes, D. B., and W. W. Taylor. 1994.
Changes in the composition of somatic and
gonadal tissues of yellow perch following
white sucker removal. Transactions of the
American Fisheries Society 123:204-216.

Hayward, R. S., D. B. Noltie, and N. Wang.
1997. Use of compensatory growth to
double hybrid sunfish growth rates.
Transactions of the American Fisheries
Society 126:316-322.

1977.
Effect of temperature and feeding rate on the
liver-somatic index of the largemouth bass,
Micropterus salmoides.  Journal of the
Fisheries Research Board of Canada 34:633-
638.

Research



Henderson, M. A., and F. J. Ward. 1978. Kitchell, J. F., D. J. Stewart, and D. Weininger.

Changes in the chemica composition, 1977. Applications of a bioenergetics model
calorific and water content of yellow perch for yellow perch (Perca flavesceny and
fry, Perca fluviatilis flavescens. walleye @ izostedion vitreum vitreum).
Verhandlungen, Internationale Vereinigung Journal of the Fisheries Research Board of

fur ~ Theoretische und  Angewandte Canada 34:1922-1935.
Limnologie 20:2025-2030.
Knight, R. L., F. J. Margraf, and R. F. Carline.
Hester, F. J. 1964. Effects of food supply on  1984. Piscivory by walleyes and yellow

fecundity in the female guppyLebistes perch in western Lake Erie. Transactions of
reticulatus (Peters). Journal of the Fisheries  the American Fisheries Society 113:677-
Research Board of Canada 21:757-764. 693.

Hewett, S. W., and B. L. Johnson. 1992. FisiKooijman, S. A. L. M. 1993. Dynamic energy
bioenergetics model 2. University of budgets in biological systems. Theory and
Wisconsin, Sea Grant Institute, Technical applications in ecotoxicology. Cambridge

Report WIS-SG-92-250, Madison. University Press, Cambridge, Great Britain.
Holt, R. D., and G. A. Polis. 1997. A Krumholz, L. A. 1946. Rates of survival and
theoretical framework for intraguild growth of bluegill yolk fry stocked at
predation. American Naturalist 149:745- different intensities in hatchery ponds.
764. Transactions of the American Fisheries

Society 76:190-203.
Howick, G. L., F. DeNoyelles, S. L. Dewey, L.
Mason, and D. Baker. 1993. The feasibilityKuznetzov, V. A., and N. Kh. Khalitov. 1978.
of stocking largemouth bass in 0.04-ha  Alterations in the fecundity and egg quality
mesocosms used for pesticide research. of the roach,Rutilus, in connection with
Environmental Toxicology and Chemistry different feeding conditions. Journal of
12:1883-1893. Ichthyology 18:63-70.

Hoyle, J. A., and A. Keast. 1987. The effect ofLaarman, P. W., J. C. Schneider, and H.
prey morphology and size on handling time  Gowing. 1985. Methods in age and growth
in a piscivore, the largemouth bass analyses of fish. Appendix 4, 1985 revision
(Micropterus salmoides). Canadian Journal in J. W. Merna, J. C. Schneider, G. R.
of Zoology 65:1972-1977. Alexander, W. D. Alward, and R. L.

Eschenroder. Manual of fisheries survey

Huston, M. A., D. L. DeAngelis, and W. M. methods. Michigan Department of Natural
Post. 1988. New computer models unify  Resources, Fisheries Management Report 9,
ecological theory. BioScience 38:682-691. Lansing.

Jennings, M. J., J. E. Claussen, and D. PLawrence, J. M. 1958. Estimated sizes of
Philipp. 1997. Effect of population size various forage fishes largemouth bass can
structure on reproductive investment of male  swallow. Proceedings of the Annual
bluegill. North American Journal of Conference Southeastern Association of
Fisheries Management 17:516-524. Game and Fish Commissioners

11(1957):220-225.

Jonas, J. L., C. E. Kraft, and T. L. Margenau.

1996. Assessment of seasonal changes imatta, W. C., and J. W. Merna. 1976. Some
energy density and condition in age-0 and factors influencing size of the year class of
age-1 muskellunge. Transactions of the bluegills Lepomis macrochirus) in ponds.
American Fisheries Society 125:203-210. Michigan Academician 9:483-502.

47



Letcher, B. H., J. A. Rice, L. B. Crowder, and F.
P. Binkowski. 1996a.  Size-dependent
effects of continuous and intermittent
feeding on starvation time and mass loss in
starving yellow perch larvae and juveniles.
Transactions of the American Fisheries
Society 125:14-26.

Letcher, B. H., J. A. Rice, L. B. Crowder, and K.
A. Rose. 1996b. Variability in survival of
larval fish: disentangling components with a
generalized individual -based model.
Canadian Journal of Fisheries and Aquatic
Sciences 53:787-801.

Liao, H., C. L. Pierce, D. H. Wahl, J. B.
Rasmussen, and W. C. Leggett. 1995.
Relative weight (W) as a field assessment
tool: relationships with growth, prey
biomass, and environmenta conditions.
Transactions of the American Fisheries
Society 124:387-400.

Love, M. 1980. The chemical biology of fishes.
Volume 2: Advances 1968-77. Academic
Press, New Y ork.

Machiels, M. A. M., and A. M. Henken. 1986.
A dynamic simulation model for growth of
the African catfish, Clarias gariepinus
(Burchell 1822). I. Effect of feeding level on
growth and energy metabolism.
Aquaculture 56:29-52.

Machiels, M. A. M., and A. M. Henken. 1987.
A dynamic simulation model for growth of
the African catfish, Clarias gariepinus
(Burchell 1822). 1I. Effect of feed
composition on growth and energy
metabolism. Aguaculture 60:33-53.

Madenjian, C. P. 1991. Limits to growth of
young-of-the-year walleye (Stizostedion
vitreum vitreum): an individual-based model
perspective. Canadian Journal of Fisheries
and Aquatic Sciences 48:1492-1499.

Madenjian, C. P, and S. R. Carpenter. 1991.
Individual-based model for growth of
young-of-the-year walleye: a piece of the
recruitment puzzle. Ecological Applications
1:268-279.

Madon, S. P, and D. A. Culver. 1993.
Bioenergetics model for larval and juvenile
waleyes. an in situ approach with
experimental ponds. Transactions of the
American Fisheries Society 122:797-813.

Mayhew, J. 1956. The bluegill, Lepomis
macrochirus (Rafinesgue) in West Okoboji
Lake, lowa. Proceedings of the lowa
Academy of Science 63:705-713.

McComish, T. S. 1971. Laboratory experiments
on growth and food conversion by the
bluegill. Doctoral dissertation. University
of Missouri, Columbia.

McComish, T. S. 1974. Estimation of bluegill
(Lepomis macrochirus) proximate
composition  with  regression  models.
Journal of the Fisheries Research Board of
Canada 31:1250-1254.

McPeek, M. A. 1990. Behavioral differences
between Enallagma species (Odonatd)
influencing differential  vulnerability to
predators. Ecology 71:1714-1726.

McPeek, M. A. 1998. The consequences of
changing the top predator in a food web: a
comparative experimental approach.
Ecological Monographs 68:1-23.

Mittelbach, G. G. 1981. Foraging efficiency
and body size: a study of optimal diet and
habitat use by bluegills. Ecology 62:1370-
1386.

Mittelbach, G. G. 1986. Predator-mediated
habitat use: some consequences for species
interactions.  Environmental Biology of
Fishes 16:159-1609.

Mittelbach, G. G., and P. L. Chesson. 1987.
Predation risk: indirect effects on fish
populations.  Pages 315-332 in W. C.
Kerfoot and A. Sih, editors. Predation:
direct and indirect impacts on aquatic
communities. University of Press of New
England, Hanover.



Mittelbach, G. G., and C. W. Osenberg. 1992.
Stage-structured interactions in  bluegill:
consequences of adult resource variation.
Ecology 74:2381-2394.

Murphy, B. R., D. W. Willis, and T. A. Springer.
1991. The relative weight index in fisheries
management: status and needs. Fisheries
(Bethesda) 16(2):30-38.

Newburgh, L. H., M. W. Johnston, and J. D.
Newburgh. 1945, Some fundamental
principles of metabolism. Edward Brothers,
Inc., Ann Arbor, M.

Ney, J. J, and D. J. Orth. 1986. Coping with
future shock: matching predator stocking
programs to prey abundance. Pages81-92in
R. H. Stroud, editor. Fish culture in
fisheries management. American Fisheries
Society, Fish Culture Section and Fisheries
Management Section, Bethesda, MD.

Niimi, A. 1972. Changes in the proximate body
composition of largemouth bass
(Micropterus salmoides) with starvation.
Canadian Journal of Zoology 50:815-819.

Niimi, A. 1974. Relationship between ash
content and body weight in lamprey
(Petromyzon marinus), trout (Salmo
gairdneri) and bass  (Micropterus
salmoides). Copeia 1974:794-795.

Niimi, A. J, and F. W. H. Beamish. 1974.
Bioenergetics and growth of largemouth
bass (Micropterus salmoides) in relation to
body weight and temperature. Canadian
Journal of Zoology 52:447-456.

O’Hara, J. 1968. The influence of weight and

Olson, M. H., G. G. Mittelbach, and C. W.
Osenberg. 1995. Competition between
predator and prey: resource-based
mechanisms and implications for stage-
structured dynamics. Ecology 76:1758-
1771.

Olson, M. H. 1996. Ontogenetic niche shifts in
largemouth bass: variability and
consequences for first-year growth. Ecology
77:179-190.

Osenberg, C. W., G. G. Mittelbach, and P. C.
Wainwright. 1993. Two-stage life histories
in fish: the interaction between juvenile
competition and adult performance.
Ecology 73:255-267.

Philipp, D. P., C. A. Toline, M. F. Kubacki, D.
B. F. Philipp, and F. J. S. Phelan. 1997.
The impact of catch-and-release angling on
the reproductive success of smallmouth bass
and largemouth bass. North American
Journal of Fisheries Management 17:557-
567.

Popova, O. A. 1978. The role of predaceous
fish in ecosystems. Pages 215-24%5. D.
Gerking (ed.): Ecology of freshwater fish
production. John Wiley and Sons, New
York.

Press, W. H., B. P. Flannery, S. A. Teukolsky,
and W. T. Vetterling. 1986. Numerical
recipes: the art of scientific computing.
Cambridge University Press, Cambridge,
UK.

Randall, R. C., H. Lee Il, R. J. Ozretich, J. L.
Lake, and R. J. Pruell. 1991. Evaluation of
selected lipid methods for normalizing

temperature on the metabolic rate of sunfish.  pollutant bioaccumulation. Environmental

Ecology 49:159-161.

Toxicology and Chemistry 10:1431-1436.

Oliver, J. D., and G. F. Holeton, and K. E. ChuaRice, J. A, J. E. Breck, S. M. Bartell, and J. F.
1979. Overwinter mortality of fingerling

smallmouth bass in relation to size, relative
energy stores, and environmental

Kitchell. 1983. Evaluating the constraints
of temperature, activity and consumption on
growth of largemouth bass. Environmental

temperature. Transactions of the American  Biology of Fishes 9:263-275.

Fisheries Society 108:130-136.

49



Rice, J. A., L. B. Crowder, and K. A. Rose.
1993. Interactions between size-structured
predator and prey populations: experimental
test and model comparisons. Transactions
of the American Fisheries Society 122:481-
491.

Rice, J. A., L. B. Crowder, and E. A. Marschall.
1997. Predation on juvenile fishes: dynamic
interactions between size-structured
predators and prey. Pages 333-356 in R. C.
Chambers and E. A. Trippel (eds): Early
life history and recruitment in fish
populations. Chapman and Hall, London.

Ridgway, M. S, and B. J Shuter. 1997.
Predicting the effects of angling for nesting
male smallmouth bass on production of age-
0 fish with an individual-based model.
North American Journal of Fisheries
Management 17:568-580.

Ridgway, M. S., B. J. Shuter, and E. E. Post.
1991. The relative influence of body size
and territorial behaviour on nesting
asynchrony in male smallmouth bass,
Micropterus dolomieui (Pisces:
Centrarchidag). Journal of Animal Ecology
60:665-681.

Robinson, B. W., D. S. Wilson, and G. O. Shea
1996. Trade-offs of  ecologica
specialization: an intraspecific comparison
of pumpkinseed sunfish  phenotypes.
Ecology 77:170-178.

Rose, K. A.,, and J H. Cowan, J. 1993.
Individual-based model of young-of-the-year
striped bass population dynamics. |. Model
description and baseline simulations.
Transactions of the American Fisheries
Society 122:415-438.

Rottiers, D. V., and R. M. Tucker. 1982.
Proximate composition and caloric content
of eight Lake Michigan fishes. U.S. Fish
and Wildlife Service Technical Papers 108.

Rykid, E. J, J. 1996. Testing ecological
models. the meaning of validation.
Ecological Modelling 90:229-244.

50

Savitz, J. 1971. Effects of starvation on body
protein utilization of bluegill (Lepomis
macrochirus Rafinesgue) with a calculation
of caloric requirements. Transactions of the
American Fisheries Society 100:18-21.

Schneider, J. C. 1973a. The standing crop of
fish in Michigan lakes. Michigan
Department of Natural Resources, Fisheries
Research Report No. 1794, Ann Arbor.

Schneider, J. C. 1973b. Influence of diet and
temperature on food consumption and
growth by yellow perch, with supplemental
observations on the bluegill.  Michigan
Department of Natural Resources, Fisheries
Research Report 1802, Ann Arbor.

Schneider, J. C. 1975. Surviva, growth and
food of 4-inch walleyes in ponds with
invertebrates, sunfishes or  minnows.
Michigan Department of Natural Resources,
Fisheries Research Report 1833, Ann Arbor.

Schneider, J. C. 1981. Fish communities in
warmwater lakes. Michigan Department of
Natural Resources, Fisheries Research
Report 1890, Ann Arbor.

Schneider, J. C, and J. E. Breck. 1996.
Overwinter consumption of bluegill by
walleye and yellow perch. Michigan
Department of Natural Resources, Fisheries
Research Report 1992, Ann Arbor.

Scott, D. P. 1962. Effect of food quantity on
fecundity of rainbow trout, Salmo gairdneri.
Journal of the Fisheries Research Board of
Canada 19:715-730.

Shepard, K. L. 1988. Use of standard
metabolism rate as an indicator of
environmental stress in redbreast sunfish,
Lepomis  auritus. Master's  thesis.
University of Tennessee, Knoxuville.

Shuter, B. J., J. A. MacLean, F. E. J. Fry, and H.
A. Regier. 1980. Stochastic simulation of
temperature effects on first-year survival of
smallmouth bass. Transactions of the
American Fisheries Society 109:1-34.



Stewart, D. J., D. Weininger, D. V. Rattiers, and
T.A. Edsal. 1983. An energetics model for
lake  trout, Salvelinus  namaycush:
application to the Lake Michigan population.
Canadian Journal of Fisheries and Aquatic
Sciences 40:681-698.

Stewart, D. J,, and M. Ibarra. 1991. Predation
and production by salmonine fishes in Lake
Michigan, 1978-1988. Canadian Journa of
Fisheries and Aquatic Sciences 48:909-922.

Swenson, W. A. 1977. Food consumption of
walleye (Stizostedion vitreum vitreum) and
sauger S. canadense) in relation to food
availability and physical conditions in Lake
of the Woods, Minnesota, Shagawa Lake,
and western Lake Superior. Journa of the
Fisheries Research Board of Canada
34:16431654.

Swingle, H. S., and E. V. Smith. 1943 (reprinted
1950). Factors affecting the reproduction of
bluegill bream and largemouth black bass in
ponds.  Alabama Polytechnic Institute,
Agricultural  Experiment Station, Circular
No. 87.

Tarby, M. J. 1977. Energetics and growth of
walleye (Stizostedion vitreum vitreum) in

Oneida Lake, New York. Doctora
dissertation.  Cornell University, Ithaca,
New Y ork.

Theiling, C. H. 1991. The relationships

between several limnological factors and
bluegill growth in Michigan lakes.
Michigan Department of Natural Resources,
Fisheries Research Report 1970, Ann Arbor.

Thompson, J. M., E. P. Bergersen, C. A.
Carlson, and L. R. Kaeding. 1991. Role of
size, condition, and lipid content in the
overwinter survival of age-0 Colorado
squawfish. Transactions of the American
Fisheries Society 120:346-353.

Trebitz, A. S. 1991. Timing of spawning in
largemouth  bass: implications of an
individual-based  model. Ecologica
Modelling 59:203-227.

51

Tyler, A. V., and R. S. Dunn. 1976. Ration,
growth, measures of somatic and organ
condition in relation to meal frequency in
winter flounder, Pseudopleuronectes
americanus, with hypotheses regarding
populations homeostasis. Journal of the
Fisheries Research Board of Canada 33:63-
75.

Ulrey, L., C. Risk, and W. Scott. 1938. The
number of eggs produced by some of our
common fresh-water fishes. Investigations
of Indiana Lakes and Streams No. 6:73-77.

Van Pelt, T. I, J. F. Piatt, B. K. Lance, and D.
D. Roby. 1997. Proximate composition and
energy density of some North Pacific forage
fishes.  Comparative Biochemistry and
Physiology 118A:1393-1398.

Van Winkle, W.,, K. A. Rosg, and R. C.
Chambers. 1993, I ndividual-based
approach to fish population dynamics: an
overview. Transactions of the American
Fisheries Society 122:397-403.

Van Winkle, W., B. J. Shuter, B. D. Holcomb,
H. I. Jager, J. A. Tyler, and S. Y. Whitaker.
1997. Regulation of energy acquisition and
alocation to respiration, growth and
reproduction: simulation model and example
using rainbow trout. Pages 103-137 356 in
R. C. Chambers and E. A. Trippe (eds.):
Early life history and recruitment in fish
populations. Chapman and Hall, London.

Wahl, D. H., and R. A. Stein. 1988. Selective
predation by three esocids. the role of prey
behavior and morphology. Transactions of
the American Fisheries Society 117:142-
151.

Wang, S. B., J. H. Cowan, J., K. A. Rose, and
E. D. Houde. 1997. Individual-based
modelling of recruitment variability and
biomass production of bay anchovy in mid-
Chesapeake Bay. Journal of Fish Biology
51(Supplement A):101-120.



Weatherley, A. H., and H. S. Gill. 1983.
Protein, lipid, water and caloric contents of
immature rainbow trout, Salmo gairdneri

Richardson, growing at different rates.
Journal of Fish Biology 23:653-673.
Wege, G. J, and R. O. Anderson. 1978.

Relative weight (W): a new index of
condition for largemouth bass. Pages 79-91
in G. Novinger and J. Dillard, editors. New
approaches to the management of small
impoundments. American Fisheries Society,
North Central Division, Special Publication
5, Bethesda, Maryland.

Werner, E. E. 1974. The fish size, prey size,
handling time relation in several sunfishes
and some implications. Journal of the
Fisheries Research Board of Canada
31:1531-1536.

Werner, E. E. 1977. Species packing and niche
complementarity in three sunfish species.
American Naturalist 111:553-578.

Werner, E. E., and J. F. Gilliam. 1984. The
ontogenetic niche and species interactions in
size-structured populations. Annual Review
of Ecology and Systematics 15:393-425.

Werner, E. E., J. F. Gilliam, D. J. Hall, and G.
G. Mittelbach. 1983a. An experimental test
of the effects of predation risk on habitat use
in fish. Ecology 64:1540-1548.

Werner, E. E., and D. J. Hall. 1979. Foraging
efficiency and habitat switching in
competing sunfishes. Ecology 60:256-264.

Werner, E. E.,, and G. G. Mittelbach. 1981.
Optimal foraging: field tests of diet choice
and habitat switching. American Zoologist
21:813-829.

52

Werner, E. E., G. G. Mittelbach, D. J. Hall, and
J. F. Gilliam. 1983b. Experimental tests of
optimal habitat use in fish: the role of
relative habitat profitability. Ecology
64:1525-15309.

Werner, R. G. 1967. Intralacustrine movements
of bluegill fry in Crane Lake, Indiana
Transactions of the American Fisheries
Society 96:416-420.

Werner, R. G. 1969. Ecology of limnetic
bluegill (Lepomis macrochirus) fry in Crane
Lake, Indiana. American Midland Naturalist
81:164-181.

West, G. B., J. H. Brown, and B. J. Enquist.
1997. A general modd for the origin of
allometric scaling laws in biology. Science
276:122-126.

Willis, D. W., C. S. Guy, and B. R. Murphy.
1991. Development and evauation of a
standard weight (W) equation for yellow
perch. North American Journal of Fisheries
Management 11:374-380.

Wohlschlag, D. E., and R. O. Juliano. 1959.
Seasonal changes in bluegill metabolism.
Limnology and Oceanography 4:195-209.

Wooton, R. J. 1973. Fecundity of the three-
spined stickleback, Gasterosteus aculeatus
(L.). Journal of Fish Biology 9:683-688.

Wooton, R. J. 1977. Effect of food limitation
during the breeding season on the size, body
content and egg production of female
dticklebacks  (Gasterosteus  aculeatus).
Journal of Animal Ecology 46:823-834.



Appendix 1. Dynamic model for body composition, energy density, and energy allocation of
fish during starvation and growth.

A fish’s body composition determines its energy density (kJ/g or kcal/g), influences its growth
rate and starvation time, and specifies its energy value for its predators. Predicted values of fish
growth rate that are estimated with bioenergetics models are very sensitive to the specified energy
density of the food and the fish. Body composition and energy density change dramatically during
starvation, and vary with ration level during non-starvation conditions. In fish communities, where
prey availability changes dynamically, body composition and energy density are expected to change
dynamically and influence growth and condition of predators and prey. The purpose of this appendix
is to describe a new model for simulating the dynamic changes in body compaosition, energy density,
and energy allocation during starvation and growth.

This model for energy density can explain two common observations related to body composition
of fish during starvation and growth: (1) the linear relationship between percent lipid and percent
water, and (2) the linear relationship between energy density and percent water. This model also
accounts for the changes in body composition (especially percent water and percent lipid) as fish grow
in size from larvae to juveniles to adults. Using only two state variables (length and weight), the
model predicts changes in wet weight, relative weight, body composition (lipid, protein, ash, water)
and energy density based on the net energy obtained each day during growth (or the energy used each
day during starvation).

Fraction lipid and fraction water

During fish starvation, energy used for metabolism comes predominantly from lipid, but some
also comes from protein (e.g., Niimi 1972). According to Brett and Groves (1979), an average energy
value for fish lipid is 9.45 kcal/g lipid. When measured in a bomb calorimeter, an average energy
value for fish protein is 5.65 kcal/g protein, but because proteins are not oxidized as completely when
metabolized by fish, the average metabolizable energy is 4.80 kcal/g protein (Brett and Groves 1979).

Let s represent the fraction of energy coming from lipid during starvation conditions, ands)et (1-
represent the fraction of energy coming from protein. Assume tha constant. The grams of lipid
used per kcal metabolized is, therefa®, whereD, is the energy density of lipid (kcal/g lipid).

The grams of protein used per kcal metabolized 8/Q,; whereD, is the energy density of protein
(kcal/g protein). The ratidR) of these two quantities represents the change in protein per unit change
of lipid (g protein/g lipid).
_ Dy (1- S

D S

p
Let z represent the g of water associated with each g of lipid, aiydrégiresent the g of water
associated with each g of protein. For each g of lipid metabolzegdof protein will be used, and
there will be a change in body water due to the loss of lipid-associated watamd( protein-
associated wateyR).

R

W=z+yR,
whereW is the change in water per unit change in lipid (g water/g lipid). This loss of lipid, protein,
and water produces a change in wet weight.
Q=1+R+ Y,
whereQ is the change in wet weight per unit change in lipid (g weight/g lipid); this equation makes
the reasonable assumption that the change in ash during starvation is negligible.
Let AE be the change in body energy (kcal) after 1 day of starvation. (During stardiam)
be negative.) Then the change in body ligi#,(g lipid) will be
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g U
AF = O—LNE,
an
the change in body water (AH, g water) will be
AH =W AF,
and the change in body weight (AW, g total weight) will be
AW =Q AF.

Define f, asthe fraction lipid and h, as the fraction water at some reference condition:

S

fo=-2,

E—

W,

where F, is the amount of lipid (g), H, is the amount of water (g), and W, is the wet weight (g) at the
reference condition. As starvation proceeds, the body composition will change, and the new values
for fraction lipid (f) and fraction water (h) will be

_ R, +AF
W, AW

hO:

_ H,+AH
W, AW
If s, z and y are constants, then the above assumptions produce a linear relationship between
fraction lipid (f) and fraction water (h) as starvation proceeds. The linear relationship can be

determined from two poaints, representing the fraction lipid and fraction water at some reference time
(f,, h,) and after some starvation (f, h).

f =hm +b,
where the slope (m) is
_ f—f,
rn.l. - h- )
and after some algebra,
— foQ_l
" ho-w
and theintercept (b)) is
— foLP_ho
" Tho-w

To my knowledge, this is the first time that someone has derived an equation based on underlying
mechanisms to explain the commonly observed linear relationship between fraction lipid and fraction

water.
According to the linear relation given above, the fraction lipid will reach zero when the fraction
water reaches the threshold value h,..
— foLIJ — ho

ho=" go1



Energy density and fraction water

There is a decrease in energy density during starvation because of the changes in the amounts of
lipid, protein and water (but not ash). The above assumptions imply a linear relationship between
energy density (d) and fraction water (h) during starvation. The energy density (d,, kcal/g) at some
reference timeisthe total energy contained in lipid and protein, divided by body weight.

FD; +RD,
d, = T,
where P, is the amount (g) of body protein at the reference time. The energy density after some
starvation is

| (F, +&F)D, +(R, +4P)D,

W, + AW ’
where AP = RAF . Note that during starvation all the deltas (AF, AP, AW) will be negative. After
some algebra, alinear relation is derived between d and h based on the two points (d,, h,) and (d, h).

d=hm, +b,,
where the slope (m,) is
— d-d,
m, = h- )
and after some algebra
d,®-1
" ho-p
and the intercept (b,) is
h —do5
bZ = CD _o '
h® -3
where [3 represents the change in water per unit change in energy (g water/kcal),
g2 o9
D, D

p
and @ represents the change in wet weight per unit change in energy (g weight/kcal), and is the sum
of changesin water, lipid, and protein per unit change in energy.
s (1-9

=f+—+
q)'BDf D

p
_d1+2) . (1- s)(1+ )
D, D

Note that both 3 and ® are constant if s, z, and y are constant. Again, to my knowledge, this is the

first time that someone has derived an equation based on underlying mechanisms to explain the
commonly observed linear relationship between energy density and fraction water.

p
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Energy allocation

If a fish ingests less than a maintenance ration, then the fish uses some energy stored in body
reserves, and the body composition changes as described above. If a fish ingests more than a
maintenance ration, then some of that energy can be allocated to increasing body reserves and some
can be allocated to increasing body structure. This section describes the method used to allocate
energy to body reserves and body structure. It isan extension of the model developed by Broekhuizen
et al. (1994).

Following Broekhuizen et al. (1994), | assume that all fish tissue can be categorized as either
body reserves or body structure. Body reserves are those tissues that can be mobilized to supply
energy during starvation; this includes nonpolar lipids, some body protein, and associated water.
Tissues making up the body stucture are not mobilized during starvation. Structural tissues include
the remaining body protein, body ash, and associated water. Body structure could also include polar
phospholipids that make up cell membranes.

The second assumption is that the allocation of energy depends on the current ratio (p) of reserve
energy to structural energy.

E

'OZE’

S
where E, is the energy value of body reserves (kcal), and E_ is the energy value of body structure
(kcal).

Let AE be the daily net energy intake, the difference between the daily total ingested energy and
total energy losses and expenditures. If AE is positive, then it may be termed excess assimilate.
Expressing the model of Broekhuizen et a. (1994) as a difference equation (because of the daily time
step used in LakeMod),

AE, = C(p) max(AE,0) ,

where AE_ is the amount of energy (kcal) allocated to structural tissues, C(p) is the fraction of excess
assimilate alocated to structural tissues, and max(AE, 0) is excess assimilate. The expression
max(AE, 0) is used to ensure that AE_ is never negative, to be consistent with the assumption that fish
do not metabolize body structure and do not shrink in length. After specifying the amount of energy
allocated to structural tissues, the remainder goes to reserve tissues.

AE, = AE - AE

If AE is negative, then AE_is zero, and AE, will be negative, representing the energy shortfall to be
made up from body reserves.
Broekhuizen et a. (1994) define the following relationship for C(p):

C(p) = min{1, C;max[0,1+ (L~ £,)]}

where C, = 1/(1 + p,), the fraction allocated to structural tissues when p = p,; p, istheidea or nominal
ratio of reserve energy to structural energy; and 0 is a parameter influencing how quickly p
approaches p,. Figure 7 shows how C(p) changes with p, for p, = 1.5, so that C, = 0.4. Broekhuizen
et a. (1994) use avaue of 8 = 3.0, but my simulations suggest that a lower vaue (perhaps 1.0 or 0.3)
may be more appropriate for representing growth of fish under field conditions.

In attempting to apply this approach to an entire fish population, it became clear that the model
needed to be extended to alow p, to vary with fish size. Body composition changes dramatically
from larval fish and small juveniles to adults. In very small fish the energy reserves are relatively
low, the fraction water is relatively high (80-90%), and the time to starvation is just a few days. In
adults the energy reserves are much greater, the fraction water is closer to 75%, and the time to
starvation is afew weeks or even months.
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In extending this approach to a full range of fish sizes, | made some simplifying assumptions. |
assumed that all body lipid is included in reserve tissues, all ash isincluded in structural tissues, and
that structural protein was a constant fraction of standard weight.

If nolipid isincluded in structural tissues, then al energy in structural tissue comes from protein.

P.=k W

ps" 'std !
E.=RD,,
where P, is the amount of protein in structural tissues (g), k, is a constant, W, is standard weight (g)
(Murphy et al. 1991).
loglOVVStd =a+ bloglo L '
where L isfish length (mm), and for bluegill, a =-5.374 and b = 3.316 (Murphy et al. 1991).

McComish (1974; Niimi 1974) documents that the amount of ash (A, g) in bluegillsincreases with
fish length:

A =exp(-16.309 +3459InL).
Assume that the nominal fraction lipid (f,, fraction wet weight) increases with fish length:
f, =exp(a; +b; InL),
where a. = -4.740 and b, = 0.401 for the case that the fraction lipid increases from 0.022 in 10-mm
bluegill to 0.080 in 250-mm bluegill. Then the nominal amount of lipid (F,,, g) will be
Fro = foW,-

Because al lipid is assumed to be in reserve tissue, with a body composition as given above, the total
nominal energy in reservetissueis

ro?

F,Q
ErO = (;)) !
and the nominal energy ratiois
- ErO
pO_ E !

s
or

_ 0 o U4
po_fo%%-

Note that the term in parentheses is independent of fish length. So under these assumptionsit is only
f, that causes p, to increase with fish length.

Two state variables

Given the assumptions made above, the changes in fish body composition and energy density
during starvation and growth can be computed using just two state variables. wet weight (W, g) and
length (L, mm). As described above, length alone (using various constant parameters) determines
standard weight (W,,), nominal fraction lipid (f;), nomina energy ratio (p,), amount of structural
protein (P), amount of ash (A), nominal weight of reserve tissues (W_),

VVresO = QfOWstd '
and weight of structural tissues (W):
W =Wy =W

S esO "
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The second state variable (W) is also needed to compute the current weight of reserve tissues (W_):

W, =W-W,
and relative weight (W):
W
W - W '

std
Using various constant parameters and the two state variables L and W, current values can be
computed for body components as follows:
fraction lipid (f):

A
QwW’
fraction protein (p):
R
kpsvvstd + WS
P= W :
fraction ash (a):
_A
a= W'
fraction water (h):
h=1-(f +p+a),
and energy density (d):
d=fD; +pD,.

So in this model, two state variables, length and weight, contain all the information necessary to
specify relative weight, energy density, and proximate composition of a simulated fish.
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