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Abstract.—Field data from a population of yellow perch Perca flavescens in Saginaw Bay, Lake
Huron, were used to evaluate the ability of two energetic models to predict consumption by yellow
perch. Field estimates of daily ration for age-1–4 fish during May through October 1987 and 1988
were compared with independent predictions made by the Wisconsin energetic model and an
energetic model developed by Karås and Thoresson. Predictions of daily ration using the Wisconsin
model were lower than daily rations estimated from field data for all ages, primarily due to poor
model–field agreement at temperatures above 228C. This caused estimates of cumulative con-
sumption from the Wisconsin model to be 25–50% lower than field estimates. Predictions of daily
ration by the Karås–Thoresson model agreed with field estimates over a temperature range of 10–
268C for age-1–3 yellow perch but not for older fish. Despite improvement, model predictions of
cumulative consumption were 2–35% lower than field estimates. Although these tests of predicted
and estimated rations may provide insight into which model produced more accurate results, it
must be emphasized that field measures of daily ration are also estimates and may be in error,
particularly at temperatures above 228C where gastric evacuation rates were estimated. The Karås–
Thoresson modification of the Wisconsin energetic model produced better fits to field ration data
and is recommended for model applications.

The ability to estimate daily ration of wild fish
is of critical importance to fisheries scientists at-
tempting to understand growth or the impact of
predatory fishes on their prey. However, daily ra-
tion estimates from field data are infrequent, high-
ly variable, and often lack confidence limits (Ad-
ams and Breck 1990). Daily ration estimates can
be influenced by factors such as predator size, prey
size, prey type, amount eaten during a given feed-
ing bout, water temperature, activity, rate of gas-
tric or gut evacuation, and prior feeding history
(Mann 1978; Windell 1978). These biases are dif-
ficult to evaluate outside of the laboratory (Mann
1978; Adams and Breck 1990). Furthermore, field

* Corresponding author: Jeffpschaeffer@usgs.gov
1 Present address: U.S. Geological Survey, Great

Lakes Science Center, 1451 Green Road, Ann Arbor,
Michigan 48105, USA.

Received July 21, 1997; accepted August 4, 1998

estimates of daily ration are labor intensive, com-
putationally demanding (Boisclair and Leggett
1988), and subject to sampling bias (Hayward et
al. 1989). One attempt to overcome these problems
has been the development of energetic models,
which predict consumption using growth, temper-
ature, and metabolic data (Kitchell et al. 1974,
1977).

Although energetic models appear to be pow-
erful tools, confirmation of model predictions us-
ing field tests has been rare, and results have been
inconsistent among taxonomic groups. Rice and
Cochran (1984) found close agreement between
observed and predicted consumption of large-
mouth bass Micropterus salmoides, and Beau-
champ et al. (1989) found that an energetic model
accurately predicted growth and consumption by
three populations of sockeye salmon Onchorhyn-
chus nerka. Using an energetic model, Hayward
and Margraf (1987) predicted that slow growth of
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FIGURE 1.—Mean water temperatures (8C) during
May–October at the Wildfowl Bay diel station, Saginaw
Bay, Lake Huron. Error bars represent temperature rang-
es encountered during a particular diel sample. Error
bars smaller than symbols are not visible.

yellow perch Perca flavescens in Lake Erie’s west-
ern basin was the result of low daily ration. Model
predictions appeared to be confirmed by field es-
timates; however, their results have been contested
(Boisclair and Leggett 1989a; Boisclair and Leg-
gett 1990; Hayward 1990). An energetic model for
sauger Stizostedion canadense accurately predicted
consumption during summer but not during winter
(Minton and McLean 1982). Poor fits between
model predictions and field estimates of growth
and consumption have been observed for northern
pike Esox lucius, muskellunge Esox masquinongy,
and their hybrids (Wahl and Stein 1991). Wahl and
Stein (1991) questioned whether laboratory-
derived physiological parameters were appropriate
for wild, free-ranging fish. Additionally, among
population differences in activity patterns may be
important (Boisclair and Leggett 1989b). More re-
cently, use of the models has been questioned be-
cause of possibly complex relationships between
growth and consumption (Boisclair and Leggett
1990; Hayward 1990; Boisclair and Leggett 1991;
Hewett et al. 1991).

The purpose of this study was to evaluate the
ability of two energetic models (Hewett and John-
son 1992; Karås and Thoresson 1992) to accurately
predict food consumption of age-1–4 yellow perch
collected from inner Saginaw Bay, Lake Huron.
Model predictions of daily ration and cumulative
consumption were compared with field estimates
obtained for the yellow perch population in inner
Saginaw Bay.

Methods

Study area.—Saginaw Bay is a large, shallow
embayment of Lake Huron. The inner bay is large
(about 1,500 km2), shallow (mean depth 5 4.5 m)
and moderately eutrophic with summer tempera-
tures exceeding 258C (Keller et al. 1987). The
large surface: volume ratio of the inner bay results
in frequent wind mixing of the water column, and
isothermal conditions are common. This study ex-
amined fish collected from Wildfowl Bay, a shal-
low sub-bay on the east shore of the inner bay.
Water quality and thermal conditions there showed
only slight differences from other areas within the
inner bay (Haas and Schaeffer 1992).

Empirical data.—All sampling was conducted
from the Michigan Department of Natural Re-
sources (MDNR) research vessel Channel Cat.
Diel collections of yellow perch were made once
each month during May through October 1987–
1988 from a fixed station in Wildfowl Bay. Diel
samples consisted of serial trawls of 10-min du-

ration every 3 h for 24 h using an otter trawl with
a 10.66-m headrope. The first sample was always
taken about 1800 hours. During May and June
1987, eight serial trawls were performed during
each survey, with the final sample being taken at
1500 hours. After June 1987, a ninth serial trawl
collection at 1800 hours was added to the design.
Temperature (8C) was recorded concurrently with
each trawl collection. Water temperatures ranged
from 108C to 268C during the growing season and
never varied more than 638C during a diel sample
(Figure 1).

Up to 52 adult and 10 yearling (,100 mm total
length) yellow perch were randomly sampled from
each trawl collection. These sample sizes were
chosen so that at least 10 yellow perch from each
age-class were collected from each serial trawl.
Sampled fish were stunned on ice for several min-
utes, frozen with liquid nitrogen, and held in a
plastic cooler. Fish were kept frozen at 2258C until
processing.

Laboratory methods.—Yellow perch were thawed
in the laboratory, measured (mm), weighed (0.01 g),
identified to sex, and scale samples were collected.
Stomach contents of each fish were excised, weighed
(0.01 g), and preserved in ethanol; later they were
counted and identified to the lowest possible taxon
(usually family for invertebrates and species for fish).
Randomly selected subsamples of individual yellow
perch were dried for 48 h at 908C, then weighed
(0.0001 g). Percent water was calculated as 100 3
(wet weight 2 dry weight)/wet weight. Scale sam-
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ples from yellow perch were pressed into acetate
slides, and ages were determined.

Growth was measured as change in mean weight
of each age-class estimated each month from the
diel collections. Body energy density of yellow
perch was estimated using the regression devel-
oped by Craig (1977), which predicted energy den-
sity of Eurasian perch Perca fluviatilis from so-
matic percent water data.

Food consumption.—Daily ration was estimated
monthly for age-1–4 yellow perch during May
through October 1987 and 1988. Median and quar-
tile specific weights of stomach contents of each
age-class from each serial trawl sample were en-
tered into Elliott and Persson’s (1978) equation,
presented as

Rt 2Rt 2RtC 5 [(S 2 S e ) 1 (S 2 S e )O t 1 0 2 12Rt1 2 e

2Rt1 · · · (S 2 S e )],m m21

where Ct is daily food consumption (food
[g] · fish21[g] · d21), R is instantaneous gastric
evacuation rate, t is time between samples (h), So

is median specific food weight of the initial sample
(g · g21), and Sm is median specific food weight of
the final sample (g · g21). Medians and quartiles
were used as inputs rather than means and vari-
ances because specific food weights were not nor-
mally distributed (Kolmogorov test, D 5 0.277, P
, 0.01). These values will henceforth be called
field estimates.

The instantaneous gastric evacuation rate, R, is
a temperature-dependent exponential function de-
scribed by the following relationship:

bTR 5 ae ,

where T is temperature (8C) and a and b are con-
stants (Durbin et al. 1983). We used the relation-
ship between R and temperature developed by
Persson (1979) for Eurasian perch, with a 5
0.0182, and b 5 0.14. The gastric evacuation rate
was assumed to vary only with temperature and
to remain unaffected by fish size, food size, meal
size, or feeding frequency, and gastric evacuation
was assumed to begin immediately after food in-
gestion without an appreciable time lag (Durbin et
al. 1983). Use of the Elliott and Persson algorithm
requires that a final sample be taken 24 h after the
initial sample. Before July 1987, when only eight
serial trawls were performed, median food weights
of the final sample were assumed to be identical
to the median weight of the initial sample (Sm 5

So). After July 1987, this assumption was not need-
ed because a ninth sample was collected 24 h after
the first sample.

Cumulative consumption during May–October
of each year was estimated for age-1–4 yellow
perch from field data. Daily ration between sam-
pling dates was estimated using linear interpola-
tion between successive monthly estimates. Cu-
mulative consumption was estimated by linearly
interpolating body masses and feeding rates be-
tween sampling dates, determining the product of
mass and feeding rate for each day, and summing
the products for each sampling period.

Energetic models.—Daily food consumption
was also estimated using two energetic models:
(1) a revised fish bioenergetics model (Hewett and
Johnson 1992), which is an upgrade of an earlier
model (Hewett and Johnson 1987), hereafter re-
ferred to as the Wisconsin model, and (2) an en-
ergetic model developed by Karås and Thoresson
(1992) for Eurasian perch, hereafter referred to as
the Karås–Thoresson model. Both models were de-
rived from the energetic model for yellow perch
and walleye Stizostedion vitreum by Kitchell et al.
(1977), and take the form

G 5 C 2 (M 1 U 1 F),

where G is specific growth rate (g · g21 · d21), C is
specific rate of food consumption (g · g21 · d21), M
is specific rate of metabolism (including resting,
active, and specific dynamic action), and F and U
represent specific rates of egestion and excretion,
respectively. All units are calculated in terms of
energy (J), but growth and consumption are ex-
pressed as biomass (g), using seasonal values of
energy density (J · g21). In both models, metabolic
processes are described by temperature and mass-
specific functions. The Wisconsin model (Hewett
and Johnson 1992) allows alternative equations for
modeling consumption, respiration, and egestion–
excretion. When using this model, we specified
metabolic functions recommended by the authors.

In the Wisconsin model, slopes for temperature
dependence of consumption (CQ) and respiration
(RQ), temperature optimum (To) and maximum
(Tm), and values for egestion and excretion (F 1
U ) are constants (Table 1). In the Karås–Thoresson
model, they are power functions of weight (Table
1), which decreases daily ration at temperatures
below 188C but increases consumption at higher
temperatures (Karås and Thoresson 1992). Karås
and Thoresson (1992) also proposed a nonfeeding
restriction between sunset and sunrise that was not
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TABLE 1.—Parameter values used in the Kara ˚s–Thores-
son energetic model for Eurasian perch (Karås and Thores-
son 1992) and the Wisconsin energetic model for adult
yellow perch (Kitchell et al. 1977, Hewett and Johnson
1992); B is body mass (g).

Symbol Parameter description

Parameter value in

Karås–
Thoresson

model
Wisconsin

model

Consumption (C)

a1 Intercept for Cmax 0.40 0.25
b1 Slope for Cmax 20.27 20.27
To Optimum temperature

(8C)
28B20.43 29

Tm Maximum temperature (8C) 32B20.029 32
Q Slope for temperature de-

pendence of consump-
tion

2.8B20.07 2.3

Respiration (R)

a2 Intercept for Rmax 0.035 0.035
b2 Slope for Rmax 20.20 20.20
To Optimum temperature

(8C) for standard respi-
ration

32B2.029 32

Tm Maximum temperature
(8C) for standard respi-
ration

35B20.013 35

Q Slope for temperature de-
pendence of standard
respiration

2.0B0.07 2.1

S Specific dynamic action 0.172 0.172
Act Activity 1.0 1.0

Egestion and excretion (F 1 U)

Proportion of consumed
food

0.36B0.07 Equation (2)a

a Function of water temperature and ration (Hewett and Johnson
1992).

included. The Karås–Thoresson model was imple-
mented by modifying appropriate metabolic pa-
rameters in the Wisconsin model (Hewett and
Johnson 1992). This was consistent with the man-
ner in which Karås and Thoresson’s (1992) model
was implemented, and it facilitated direct com-
parison. Because all model inputs, calculations,
and outputs were identical, the two models differed
only in metabolic parameters (Table 1). Both mod-
els allowed us to examine effects of seasonal vari-
ation in yellow perch diet and energy density,
which varied in Saginaw Bay.

Daily food consumption of age-1–4 yellow
perch was predicted for each growing season from
growth and temperature data using both energetic
models. These values will henceforth be called
model predictions (P). The May through October
period was divided into monthly intervals and a
separate proportion of maximum consumption (P
value) was fitted to each interval using growth and

temperature data. Consumption was estimated in
a curve fitting exercise that used P as the sole
independent variable, and possible values of con-
sumption were constrained by the requirement that
simulated size must agree with measured size on
the dates of observation (Bartell et al. 1986). Each
simulation generated a daily prediction of ration
for each age-class, and summed daily predictions
to calculate cumulative consumption for May
through October. Prey availability was assumed to
be constant within a simulation interval. No at-
tempt was made to estimate growth from con-
sumption and temperature data because use of en-
ergetic models for this purpose has been discour-
aged (Kitchell et al. 1977; Bartell et al. 1986; Hew-
ett and Johnson 1992).

Model inputs.—Both energetic models required
inputs for temperature, monthly weight change of
yellow perch, energy densities of yellow perch and
their prey, and proportional contribution of indi-
vidual prey types to the total wet weight of the
diet. Water temperatures were recorded during diel
surveys, and temperature change between monthly
samples was assumed to be linear. Behavioral ther-
moregulation by yellow perch inhabiting inner Sa-
ginaw Bay was unlikely because the water column
was isothermal, and summer water temperatures
throughout the inner bay during the study were
almost uniform (Haas and Schaeffer 1992).
Growth and energy densities of each age-class
were estimated from field data. Energy densities
of prey taxa were estimated from published re-
search (See Table 2 for energy densities and
sources). Energy densities of alewife and gizzard
shad were varied seasonally, but energy densities
of other prey types were assumed to remain con-
stant. No data were available for trout-perch, so a
value of 4,184 J/g was assumed (Hewett and John-
son 1992). Although yellow perch consumed 27
distinct prey types, prey were pooled into 11 cat-
egories representing taxa with similar energy den-
sities. These were: chironomids (Insecta: Diptera),
adult insects, zooplankton, mollusks, gizzard shad,
alewife, yellow perch, trout-perch, rainbow smelt,
cyprinids Notropis spp., and unidentified fish (Ta-
ble 2). To estimate proportional contribution of
each prey type to the total wet weight of the diet,
counts of individual taxon were converted to wet
weights using median dry weights for each taxon
from Hayward and Margraf (1987) and percent
water data (Cummins and Wuycheck 1971; Rot-
tiers and Tucker 1982; Hewett and Johnson 1992).

One difficulty encountered in implementing the
models was that a large proportion of the prey fish
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TABLE 2.—Energy densities of prey used as inputs to the energetic models.

Taxon
Energy density

(J/g wet weight) Source

Chironomid larvae 3,138 Cummins and Wuycheck (1971)
Adult insects 3,138 Cummins and Wuycheck (1971)
Zooplankton 2,510 Hewett and Johnson (1992)
Alewife

Alosa pseudoharengus 5,134–9,883 Flath and Diana (1985)
Gizzard shad

Dorosoma cepedianum 5,021–5,523 Pierce et al. (1980)
Rainbow smelt

Osmerus mordax 5,720 Foltz and Norden (1977)a

Trout-perch
Percopsis omiscomayus 4,184 Assumed

White perch
Morone americanab 4,456 Wissing (1974)

Emerald shiner
Notropis atherinoides 4,983 Kelso (1972)

Spottail shiner
Notropis hudsonius 4,983 c

Yellow perch 5,698 Diana and Salz (1990)
Unidentified fish 4,983 d

a Assumes 75% water.
b Data for white bass.
c Assumed to be identical to emerald shiner.
d Assumed to be identical to cyprinids.

found in yellow perch stomachs could not be iden-
tified. In many other studies of piscivores, un-
identified prey fish were excluded from analyses
because all prey fish were assumed to digest at
similar rates, which should not bias dietary pro-
portions (Swenson and Smith 1973; Hartman and
Margraf 1992). In this study, unidentified fish
made up a significant proportion of the diet in most
months when fish were consumed, and occasion-
ally no prey fish species could be identified. We
reasoned that most of the unidentified fish found
in yellow perch stomachs were spottail shiner be-
cause this species exhibits a high degree of spatial
overlap with yellow perch and is vulnerable to
predation due to small size and lack of spines.
Other prey fishes observed in stomachs possessed
distinguishing features that facilitated identifica-
tion even after considerable digestion. Spottail
shiners were also abundant consistently in trawl
samples at the diel station (Haas and Schaeffer
1992). Consequently, unidentified fish were re-
tained as a dietary component within the energet-
ics model, and were assumed to have an energy
density of 4, 983 J/g wet weight (Hewett and John-
son 1992). Kelso (1972) reported this value as the
caloric density of emerald shiner which should be
similar to that of spottail shiner.

Statistical methods.—Differences between male
and female energy densities and daily ration es-
timates were tested using one-way analysis of vari-
ance (ANOVA) for individual sexes, ages, months,

or years. The ANOVA assumptions were tested
using the Shapiro–Wilk test (normality) and Bart-
lett’s test (homogeneity of variance; SAS Institute
1987). Slopes and intercepts of model–field re-
gressions were examined using Bonferroni joint
confidence intervals (Neter et al. 1985). Differ-
ences among model–field regressions were tested
using analysis of covariance (ANCOVA; SAS In-
stitute 1987). Assumptions under ANCOVA were
tested using the Shapiro–Wilk test and Bartlett’s
test (SAS Institute 1987). All statistical compari-
sons were performed using the Statistical Analysis
System (SAS; SAS Institute 1987), with alpha set
at 0.05. Ninety-five percent confidence intervals
were computed for means.

Relationships between energetic model predic-
tions and field estimates were evaluated for each
model by comparing regressions of model predic-
tions versus field estimates. Ideally, both values
should have agreed closely, and the regression
would have had a slope of one, an intercept of
zero, with an r2 value close to one (Rice and Coch-
ran 1984). Deviation was defined as the difference
between a model prediction and a field estimate of
daily ration for a particular age-class and date and
represents the distance of an individual measure-
ment from the 1:1 regression line. For all com-
parisons, differences were judged to be significant
at P , 0.05.Model–field agreement was also eval-
uated using Theil’s (1961) decomposition of mean
square error (MSE), presented as
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n1
2MSE 5 (P 2 A )O i in i51

2 2 2 2¯ ¯5 (P 2 A) 1 (S 2 rS ) 1 (1 1 r )S ,p a a

where n is the number of paired observations, and
Pi and Ai are model predictions and field estimates;
P, A, Sp, and Sa are the means and standard de-
viations of Pi and Ai, respectively, and r is their
correlation coefficient. Decomposition of the MSE
partitions the variance around the 1:1 regression
line into three categories: M, S, and R. The mean
component (M ) results from differences between
the means of model predictions and field estimates,
while S represents the variance that results from
deviation of the slope of the model–field least-
squares regression from a 1:1 line. The residual
component (R) results from random error. Dividing
each estimate by MSE provides the proportion of
MSE attributable to each component (M, S, and
R). The ideal outcome is M 5 0, S 5 0, and R 5
1, which indicates that errors in the model are
nonsystematic.

Differences between model predictions and field
estimates of cumulative consumption were eval-
uated by calculating percent error, presented as
1003 (model prediction 2 field estimate)/field es-
timate. Percent error in cumulative consumption
was determined for each age-class during 1987 and
1988 (eight comparisons).

Results

Field Estimates of Growth and Daily Ration

Field data from trawl collections were adequate
to directly estimate daily ration for age-1–4 yellow
perch during 1987 and 1988, but sexes had to be
pooled to maintain sample size. Sample sizes al-
ways exceeded 37 fish of each age per month, and
about half the diel surveys provided more than 90
fish of each age (Table 3). Age-5 and older yellow
perch were rare in this population, and their ration
could not be estimated (Haas and Schaeffer 1992).

Seasonal growth of age-1–4 yellow perch varied
little across years, and showed similar trends
among ages and months. During both years the
majority of growth for all age-classes occurred
during May and June, and there was little somatic
addition thereafter. During 1987, all age-classes
experienced steady somatic addition during May
through August; thereafter, little or no weight in-
crease was observed for any age-class (Figure 2).
In 1988, all age-classes experienced steady growth
until July, after which age-2 and older fish stopped
growing through September (Figure 2). Growth

appeared to resume by October, because all age-
classes had regained or exceeded their July mean
weights.

Energy densities increased with age, but varied
during the growing season. Percent water was not
significantly different between males and females,
with the exception of age-3 fish collected during
1988 (ANOVA, P , 0.05, one of eight compari-
sons significant). The resulting difference in en-
ergy density between sexes would have been only
259 J/g wet weight, so sexes were pooled within
ages for estimates. Yellow perch from inner Sa-
ginaw Bay had estimated energy densities ranging
from about 4,602 to 5,857 J/g (Figure 3). During
1987, energy density of age-1 yellow perch in-
creased until September, and energy density of
age-2 and older fish peaked during July (Figure
3). During 1988, energy density of all age-classes
peaked during August and declined thereafter (Fig-
ure 3).

The diet of age-1–4 yellow perch varied with
age, but little across years, and only a few prey
types made up most of the wet weight of diets
(Table 3). Age-1–3 yellow perch consumed zoo-
plankton during May or June, and fish were oc-
casionally consumed during summer or autumn;
however, chironomid larvae were the most im-
portant food item for these age-classes for nearly
all months during both study years. Age-4 yellow
perch relied on chironomid larvae during both
study years, but fish constituted 30–40% of their
diet during August and September of 1987, and
they were almost completely piscivorous during
October 1988. Prey fish were numerically rare in
stomachs but predominated in the diets due to their
large size compared with chironomid larvae (es-
timated median wet weight of a single prey fish
5 0.4 g; estimated median wet weight of a single
chironomid larvae 5 0.01 g).

Field estimates of consumption did not vary sig-
nificantly among ages or years (ANOVA, F 5
1.15, P . 0.33), but there were seasonal changes.
During May, field estimates of daily ration were
low (about 0.02 g · g21 · d21) for all age-classes,
but daily rations increased sharply by June (about
0.07–0.12 g · g21 · d21; Figures 4, 5). After June,
daily ration declined steadily for age-1 yellow
perch, but older age-classes appeared to maintain
high feeding rates until July or August. Daily ra-
tion decreased for all age-classes during Septem-
ber of each year, and by October, low daily rations
of about 0.01 g · g21 · d21 were observed for all
age-classes.

Yellow perch consumed forage fish during late
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TABLE 3.—Food habits of age-1 through age-4 yellow perch from Wildfowl Bay, Saginaw Bay, Lake Huron. Values
represent estimated percent contribution of individual prey categories to total wet weight of the diet; N 5 number of
fish sampled (in parentheses).

Prey type and
fish sample size May Jun Jul Aug Sep Oct

Age 1, 1987

Chironomids
Zooplankton
Insects
Unidentified fish
N

83.0
17.0
0
0

(61)

85.2
11.3
0.5
3.0

(59)

93.7
0.2
0.8
5.3

(76)

81.9
0.4
1.0

16.7
(52)

82.4
0.9
0

16.7
(42)

94.6
4.2
1.2
0

(67)

Age 1, 1988

Chironomids
Zooplankton
Insects
Unidentified fish
N

92.9
6.5
0.6
0

(84)

57.7
25.7
1.4

15.2
(86)

92.5
6.0
1.5
0

(74)

81.2
0.2
6.8

11.8
(128)

96.1
0.9
3.0
0

(126)

23.0
3.4

16.0
57.6

(110)

Age 2, 1987

Chironomids
Zooplankton
Insects
Unidentified fish
N

97.4
2.4
0.2
0

(132)

93.0
3.4
1.8
1.8

(125)

96.0
0
0.2
3.8

(156)

85.7
0
1.7

12.6
(190)

90.1
0.3
0.3
9.3

(249)

98.9
1.0
0.1
0

(161)

Age 2, 1988

Chironomids
Zooplankton
Insects
Cyprinids
Unidentified fish
N

97.5
2.5
0
0
0

(73)

93.3
5.7
1.0
0
0

(64)

97.0
0.2
2.8
0
0

(88)

70.4
0
9.5

10.0
10.1

(84)

98.8
0.4
0.8
0
0

(82)

18.5
0.3
7.0
0

74.2
(108)

Age 3, 1987

Chironomids
Zooplankton
Insects
Alewife
Yellow perch
Trout-perch
Rainbow smelt
Unidentified fish
N

99.7
0.3
0
0
0
0
0
0

(129)

95.4
1.9
1.3
0
0
0.7
0
0.7

(142)

89.5
0
0.1
1.6
3.3
0
0
5.5

(165)

75.0
0
1.4
1.6
0
0
0

22.0
(204)

80.7
0.3
0.5
0
0
4.6
4.6
9.3

(114)

83.1
0.3
0.1
0
4.8
0
0
1.7

(110)

Age 3, 1988

Chironomids
Zooplankton
Insects
Alewife
Yellow perch
Cyprinids
Unidentified fish
N

99.4
0.3
0.3
0
0
0
0

(207)

91.3
3.2
3.0
0
0
0
2.5

(227)

88.5
0.1
8.2
0
2.5
0
0.7

(243)

50.2
0.1
3.8
0
5.3
2.5

38.1
(182)

81.2
0.2
1.8
2.8
0
0

14.0
(144)

26.6
0.6
8.0
0
0
0

64.8
(133)

Age 4, 1987

Chironomids
Zooplankton
Insects
Alewife
Yellow perch
Cyprinids

93.5
0
0
0
0
4.8

99.3
0.5
0.2
0
0
0

82.7
0
0.3
3.8
0
0

62.1
0
0.7

22.3
0
0

69.4
0.2
0
0

30.4
0

85.4
0.9
0
0
0
0

Rainbow smelt
N

1.7
(92)

0
(89)

13.2
(61)

14.9
(51)

0
(53)

13.7
(49)
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TABLE 3.—Continued.

Prey type and
fish sample size May Jun Jul Aug Sep Oct

Age 4, 1988

Chironomids
Zooplankton
Insects
Alewife
Yellow perch
Cyprinids
Trout-perch
Rainbow smelt
N

97.7
0
0.6
0
0
0
0
1.7

(122)

96.0
0.9
1.3
1.8
0
0
0
0

(83)

95.6
0
2.9
0
0
0
0
1.5

(86)

33.0
0
1.6
0
0
0
7.3

58.1
(61)

98.8
0.3
0.9
0
0
0
0
0

(37)

5.9
0
0.1
0

24.2
11.6
0

58.2
(54)

FIGURE 2.—Seasonal change in mean weight (g) of
age 1–4 yellow perch collected with bottom trawls dur-
ing 1987 and 1988 from the Wildfowl Bay diel station
in Saginaw Bay, Lake Huron. Error bars represent 95%
confidence intervals. Error bars smaller than symbols
are not visible.

summer or autumn, but piscivory did not increase
daily ration above summer levels. Because sam-
pling was performed only once each month, short-
term increases in daily ration due to pulses of for-
age fish recruitment may have gone undetected.
However, piscivory did not improve growth be-
cause there was little or no weight increase for any
age-class after July of each year, with the exception
of age-4 yellow perch during September–October
1988. The diet of these individuals consisted al-
most entirely of fish during September and Oc-
tober, and they gained weight, but daily ration ap-
peared to be low on both sampling dates.

Model Predictions of Daily Ration

Predictions of consumption by both models did
not follow field estimates closely (Figures 4–7).
For the Wisconsin model, predictions of daily ra-
tion were generally lower than field estimates dur-
ing both years (Figures 4, 5) This was particularly
evident during June, July, and August, when model
predictions of daily ration for age-2–4 yellow
perch were 30–50% lower than field estimates, and
differences exceeded even quartile estimates of
daily ration (Figures 4, 5). Model predictions tend-
ed to be closer to field estimates during spring and
autumn for all age-classes during both years (Fig-
ures 4, 5).

Predictions by the Karås–Thoresson model fol-
lowed field estimates more closely than Wisconsin
model predictions. As with the Wisconsin model,
Karås–Thoresson predictions of daily ration were
often lower than field estimates during summer,
with closer agreement during autumn (Figures 6,
7). Agreement during spring differed among years.
In 1987, model–field agreement was close, but dur-
ing 1988, the Karås–Thoresson model predicted
daily rations that were much higher than field es-
timates (Figures 6, 7).

Predictions of daily ration differed between en-
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FIGURE 3.—Seasonal change in energy density (J · g21) of age 1–4 yellow perch collected with bottom trawls
during 1987 and 1988 from Wildfowl Bay diel station in Saginaw Bay, Lake Huron, estimated from somatic percent
water data and Craig (1977).

ergetic models. During both years, predicted daily
rations made by the Karås–Thoresson model for
age-1 and age-2 fish were usually 0.01–0.02
g · g–1 · d–1 greater than those predicted using the
Wisconsin model. For age-3 and age-4 yellow
perch, model predictions by the Wisconsin and
Karås–Thoresson models were similar, probably
because power functions in the Karås–Thoresson
model approached constants used in the Wisconsin
model asymptotically as fish increased in size.

Model Predictions Compared with Field
Estimates

Agreement between model predictions and field
estimates, evaluated through least-squares regres-
sions of model predictions on field estimates of
daily ration, was not significantly different among
years for slopes or intercepts of either regression.
Consequently, data from 1987 and 1988 were
pooled.

Linear models adequately defined both model–
field regressions; for the Wisconsin model

2Y 5 0.0093 1 0.586 3 X (r 5 0.724),1 1

and for the Karås–Thoresson model

2Y 5 20.0046 1 0.996 3 X (r 5 0.744),2 1

(r2 5 0.744); where X1 represents field estimates
of daily ration (g · g21 · d21), Y1 represents predic-
tions from the Wisconsin model, and Y2 represents
predictions from the Karås–Thoresson model. Var-
iances of the two regressions were not significantly
different (Bartlett’s test) and there were no serious
violations of the assumption of normality (Shapiro–
Wilk test), so ANCOVA was used to evaluate dif-
ferences between model–field regressions.

Slopes and intercepts of the two regressions
were significantly different (ANCOVA), and age
or size effects were present in both model–field



423ENERGETICS MODELING OF YELLOW PERCH

FIGURE 4.—Food consumption (g · g21 · d21) on a wet weight basis of age 1–4 yellow perch during 1987 from
Wildfowl Bay, estimated from median field estimates of daily ration (open circles), and the Wisconsin energetic
model (dotted lines). Error bars represent quartiles (25th and 75th percentiles) of field estimates.

regressions. For the Wisconsin model, slopes of
the model–field regression did not vary with age,
but intercepts differed significantly (ANCOVA).
For the Karås–Thoresson model, both slopes and
intercepts varied significantly with age. Conse-
quently, both model–field regressions were ex-
amined separately to evaluate differences among
individual age-classes.

As field estimates of daily ration increased, the
Wisconsin model predictions were increasingly
lower than field estimates. Joint tests of the hy-
pothesis that model–field regressions of individual
age-classes had a slope of 1 and intercept of 0
were rejected (age-1–4, four comparisons, P ,
0.05). Slope estimates ranged from 0.65 (age-2) to
0.44 (age-4), and the trend toward underestimation
of daily ration by the energetic model generally
increased with age (Figure 8). Some Wisconsin
model predictions were 30–50% lower than com-
parable field estimates, particularly for age-2–4
yellow perch.

Karås–Thoresson model predictions showed better
agreement with field estimates for age-1–3 yellow
perch, but not for age-4 fish (Figure 9). Model–field
regressions for ages 1 through 3 had slopes and in-
tercepts not significantly different from 1 and 0, re-
spectively (joint test, P . 0.05, three comparisons),
while age-4 fish had significant deviations (joint test,
P , 0.05, two comparisons). As with the Wisconsin
model, Karås–Thoresson model predictions for age-
4 yellow perch were lower than field estimates, but
slope estimates were somewhat higher than those
obtained for age-4 fish using the Wisconsin model
(Figure 9). For age-4 yellow perch some Karås–
Thoresson model predictions were about 30% lower
than field estimates.

Theil’s (1961) decomposition of MSE suggested
that random error was the greatest source of dis-
agreement between model predictions and field es-
timates for both models, but some systematic error
was present. In the Wisconsin model most varia-
tion from the 1:1 line was due to random error,
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FIGURE 5.—Food consumption (g · g21 · d21) on a wet weight basis of age 1–4 yellow perch during 1988 from
Wildfowl Bay, estimated from median field estimates of daily ration (open circles), and the Wisconsin energetic
model (dotted lines). Notation is the same as in Figure 4.

but systematic error increased from 0.02 for age-
1 fish to about 0.23 for age-4 fish (Table 4). With
the Karås–Thoresson model, the proportion of
variance due to systematic errors was smaller, but
increased to about 0.12 for age-4 fish (Table 4).

Deviation (model prediction minus field esti-
mate) was highest for both models when field es-
timates of daily ration were high, and high daily
rations occurred at temperatures above 228C.
Within the 10–228C range, differences between
predicted and observed values often fell within a
range of 60.02 g · g21 · d21 for both model–field
comparisons, but at higher temperatures we ob-
served differences as large as 0.05–0.06
g · g21 · d21 for the models (Figures 10, 11). Least-
squares simple linear regression of deviation ver-
sus temperature (8C) indicated that temperature ef-
fects were present in the Wisconsin model, but not
the Karås–Thoresson model. For the Wisconsin
model, differences between model predictions and
field estimates increased with temperature for age-

1–4 fish (Figure 10). For the Karås–Thoresson
model, there was no significant relationship be-
tween deviation versus temperature (Figure 11).
Although age and temperature affected agreement
between model predictions and field estimates for
both models, there was no interaction between
temperature and age (F-test).

Because temperature effects were quite large at
temperatures exceeding 228C, deviation was re-
evaluated using data only from samples taken in
the 10–228C range. Removal of observations taken
at temperatures greater than 228C improved agree-
ment between both model predictions and field es-
timates. For the Wisconsin model, there were no
violations of ANCOVA assumptions with the re-
duced data set and no significant differences in
model–field agreement between years, so the data
were again pooled to examine age effects. Slopes
of model–field regressions for individual ages
were not significantly different, but intercepts were
significantly different, suggesting that age effects
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FIGURE 6.—Food consumption (g · g21 · d21) on a wet weight basis of age 1–4 yellow perch during 1987 from
Wildfowl Bay, estimated from median field estimates of daily ration (open circles), and the Karås–Thoresson
energetic model (dotted lines). Notation is the same as in Figure 4.

remained. Over the range of 10 to 228C, regres-
sions of model–field estimates for age-1–3 fish ex-
hibited a slope of one and intercept of zero (joint
test: P . 0.05, three comparisons). However, Wis-
consin model predictions were significantly lower
than field estimates for age-4 fish (P , 0.05). De-
composition of MSE suggested that random effects
were again the most important source of error in
the Wisconsin model over the restricted temper-
ature range; very little systematic error remained
for age-1–3 fish, and systematic errors were re-
duced for age-4 fish (Table 4).

The Karås–Thoresson model also had improved
agreement with field estimates within the range of
10–228C. There were no significant differences in
model–field agreement between years or ages.
Consequently all data were pooled. A significant
linear regression described the relationship be-
tween model predictions and field estimates over
10–228C, with a slope of 1.09 and intercept of
20.01 (r 5 0.762).

Over the range of 10 to 228C, regression of mod-

el–field estimates for the Karås–Thoresson model
revealed a slope of 1 and intercept of 0, indicating
model–field agreement in this range of tempera-
tures. Decomposition of MSE suggested that ran-
dom effects were the only important source of er-
ror in the Karås–Thoresson model over the re-
stricted temperature range (Table 4).

Estimates of cumulative consumption by the Wis-
consin model during May–October were 16–45%
less than field estimates (Table 5), and were the
result of the consistent tendency for Wisconsin
model predictions to be lower than field estimates
at high temperatures. Despite better agreement be-
tween model predictions and field observations,
predictions by the Karås–Thoresson model using
the full data were 2–35% lower than field esti-
mates; however, agreement was better than that
obtained by the Wisconsin model for all compar-
isons (Table 5).

Discussion
We evaluated the ability of the Wisconsin and

Karås–Thoresson energetic models to predict field
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FIGURE 7.—Food consumption (g · g21 · d21) on a wet weight basis of age 1–4 yellow perch during 1988 from
Wildfowl Bay, estimated from median field estimates of daily ration (open circles), and the Karås–Thoresson
energetic model (dotted lines). Notation as in Figure 4.

estimates of consumption for age-1–4 yellow
perch collected during the May–October growing
season from Saginaw Bay, Lake Huron. Over a
temperature range of 10–268C, predictions of daily
ration from the Wisconsin energetic model were
consistently lower than field estimates. Agreement
between model predictions and field estimates dif-
fered among age-classes and was influenced
strongly by temperature. For the Karås–Thoresson
model, agreement between model predictions and
field estimates was good for age-1–3 fish, but not
for age-4 yellow perch. Some age effects were
present, but they were less important, and tem-
perature did not significantly influence results.

Within a temperature range of 10–228C, model–
field agreement of the Wisconsin model improved.
Wisconsin model predictions were not signifi-
cantly different from field estimates for age-1–3
yellow perch, but were lower than field estimates
for age-4 fish. The Karås–Thoresson model also
performed well within a temperature range of 10–
228C. No age effects were present, and model pre-

dictions of daily ration using pooled data were not
significantly different than field estimates. Wis-
consin model predictions for cumulative con-
sumption of prey were 16–45% lower than field
estimates; Karås–Thoresson estimates were 2–
35% lower than field estimates. For all compari-
sons, Karås–Thoresson predictions were closer to
field estimates.

Efforts to corroborate energetics models for yel-
low perch have had mixed results. Mills and For-
ney (1981) reported close agreement between ob-
served and predicted weights of age-0 yellow
perch in Oneida Lake, New York, but did not per-
form statistical analysis. Hayward and Margraf
(1987) suggested that field data corroborated Wis-
consin model predictions that slow growth of yel-
low perch in the western basin of Lake Erie was
the result of low consumption rates. However, their
methods and conclusions have been debated
strongly (Boisclair and Leggett 1989a, 1990; Hay-
ward 1990). Karås and Thoresson (1992) sug-
gested that their modification of the Wisconsin
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FIGURE 8.—Wisconsin energetic model predictions of daily ration versus median field estimates of daily ration
for age 1–4 yellow perch collected from Wildfowl Bay. Data from 1987 and 1988 were pooled. If agreement were
perfect (model predictions 5 field estimates), all data points would fall on the dotted line.

model was corroborated because the model ac-
curately predicted growth of age-0 Eurasian perch,
but this suggestion was based solely on graphical
evaluation of observed versus predicted seasonal
growth. Efforts to corroborate the Wisconsin mod-
el for three age-classes of yellow perch in 12 Ca-
nadian lakes failed (Boisclair and Leggett 1989b).
Field estimates of cumulative consumption for the
12 populations of age-1 yellow perch were almost
identical to model predictions, but model predic-
tions for age-2 and age-3 fish were 34% and 51%
lower than field estimates, respectively. As with
this study, Wisconsin model predictions tended to
be lower than field estimates, and differences in-
creased with age (Boisclair and Leggett 1989b).
Boisclair and Leggett (1989b) suggested that vari-
ation in activity among populations was the pri-
mary cause of lack of agreement between model
predictions and field estimates.

Potential Errors in Model Parameters
Errors in model parameters could have caused

the lack of agreement between model predictions

and field estimates. Complete laboratory data on
consumption and growth of yellow perch were not
available to Kitchell et al. (1977); consequently,
a mixture of data for Eurasian perch, yellow perch,
and other species was used to develop the original
Wisconsin model (Kitchell et al. 1977; Karås and
Thoresson 1992). Karås and Thoresson (1992) refit
parameters to the Wisconsin model using con-
sumption, respiration, and egestion–excretion data
collected by Lessmark (1983) for captive 2–80 g
Eurasian perch consuming a diet of mixed inver-
tebrates over a temperature range of 4–288C.

Use of both energetic models assumed that lab-
oratory derived metabolic parameters used in the
models were applicable to wild fish, and that met-
abolic relationships for yellow perch were similar
to those obtained for Eurasian perch. Although it
is possible that the metabolic characteristics of
wild fish could have been different from fish con-
fined in a laboratory; to our knowledge, this as-
sumption remains untested. The latter assumption
appeared reasonable because Eurasian perch and
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FIGURE 9.—Kara ˚s–Thoresson energetic model predictions of daily ratio versus median field estimates of daily
ration for age 1–4 yellow perch collected from Wildfowl Bay. Notation as in Figure 8.

yellow perch appear to be overwhelmingly equiv-
alent biologically (Thorpe 1977a) and share sim-
ilar thermal niches (Hokanson 1977).

Lack of agreement between model predictions
and field estimates was consistent with Boisclair
and Leggett’s (1989b) hypothesis that activity
costs can be a large and variable component of
energy budgets. Decomposition of MSE suggested
that in most cases greater systematic biases were
present when observations at higher temperatures
were included, and bias increased with age. If ac-
tivity were a greater proportion of the yellow perch
energy budget and positively correlated with tem-
perature or age, both models would have probably
underestimated metabolism, underestimated ra-
tion, and caused model predictions to be lower
than field estimates of ration at high temperatures.

For both energetic models, we believe that ac-
tivity bias was minimal, at least for temperatures
of 10–228C, because most model predictions of
daily ration were not significantly different from
field estimates. This is likely due to the fact that

the metabolic parameters for respiration used in
both models were derived using laboratory aquaria
that permitted some activity (Solomon and Bra-
field 1972). Possibly, activity may increase at high
temperatures. In that case, variation in activity
could have influenced model predictions and model–
field deviations at temperatures greater than 228C
(Boisclair and Leggett 1989b).

Potential Errors in Model Inputs

Five inputs were required to implement each
energetic model: water temperature, growth, per-
cent contribution of each prey type to the total wet
weight of the diet, energy density of yellow perch,
and prey energy density. Water temperatures were
measured monthly in an isothermal environment
that eliminated the possibility of temperature ref-
uges or behavioral thermoregulation. We also
made several assumptions about model inputs for
predator and prey energy density, growth, and the
proportional contribution of individual prey types
to the total wet weight of the diet.
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TABLE 4.—Proportion of mean square error due to sys-
tematic (mean and slope) and random (residual) error for
the relation between daily ration estimates from two bio-
energetic models compared with field estimates of daily
ration. The ideal outcome is mean 5 0, slope 5 0, and
residual 5 1, which indicates that errors in the model are
nonsystematic.

Age Mean Slope Residual

Wisconsin model (10–268C)

1
2
3
4

0.006
0.065
0.098
0.166

0.014
0.012
0.022
0.066

0.980
0.923
0.880
0.768

Karås–Thoresson model (10–268C)

1
2
3
4

0.004
0.052
0.012
0.114

0.063
0.015
0.100
0.008

0.933
0.938
0.888
0.878

Wisconsin model (10–228C)

1
2
3
4

0.012
0.001
0.015
0.058

0.002
0.001
0.001
0.048

0.986
0.998
0.984
0.884

Karås–Thoresson model (10–228C)

1–4 0.024 0.082 0.894

Estimates of energy density assumed that the
relationship between energy density and percent
water of somatic tissue, developed by Craig (1977)
for Eurasian perch, was appropriate for yellow
perch. The Craig (1977) regression appeared to
provide realistic estimates of energy density of Sa-
ginaw Bay yellow perch for four reasons: (1) es-
timates of energy density were within the range
determined by calorimetry for Saginaw Bay yel-
low perch (Diana and Salz 1990); (2) energy den-
sities generally increased whenever yellow perch
experienced somatic addition during May–October;
(3) energy densities generally declined during
months when yellow perch did not experience a
weight increase; and (4) the technique considered
seasonal changes in percent water, which varied
even when weight did not. Although the exact re-
lationship between percent water and energy den-
sity could differ for yellow perch, this should have
had little effect on the age and seasonal trends in
energy content because percent water is inversely
related to energy content (Niimi and Beamish
1974; Elliott 1976), and yellow perch are a lean
species which do not exhibit large seasonal
changes in energy density as do species such as
alewife (Flath and Diana 1985). Thus, even if the
assumption was violated, seasonal patterns should
have been similar, and there would have been rel-
atively small errors in monthly point estimates.

We also assumed that lack of growth in age-2
and older yellow perch during late summer was
real and assumed no change in weight in calcu-
lations of daily ration and as inputs to the energetic
models. However, this could have been caused by
differential mortality of large individuals, dis-
persal of larger individuals in each age-class, or
sampling error. Back-calculated lengths at age of
yellow perch from Saginaw Bay exhibited strong
reversed Lee’s phenomenon (Salz 1989), which
suggested that only the largest individuals of each
year-class survived to maturity. This was incon-
sistent with the hypothesis of higher mortality for
large individuals. Emigration of yellow perch from
the Wildfowl Bay area was possible, but the trawl
catch per unit effort (CPUE) of all age-classes re-
mained high through September (Haas and Schaef-
fer 1992), suggesting that yellow perch remained
in the study area. It is also highly unlikely that a
migratory response would have occurred among
only the largest individuals of three age-classes.
Had the growth cessation been due to sampling
error or loss of large individuals, we would have
expected to see concurrent decreases in length and
weight during those times. This did not occur; with
the exception of age-4 yellow perch collected dur-
ing October 1988, successive monthly estimates
of mean length always increased during May–
October for all age-classes. Consequently, we con-
clude that the growth cessation observed during
August and September each year was real.

The proportional contribution of individual prey
types to total wet weight of the diet was estimated
by converting counts of prey items into wet
weights using dry-weight data from Hayward and
Margraf (1988) and percent water data from a va-
riety of published sources. Differences in prey
weights from these estimates could have influ-
enced the proportion that individual prey types
contributed to the diet of yellow perch, hence in-
fluencing predictions of daily ration by the ener-
getic models. The accuracy of this method was
evaluated by reestimating dietary proportions of
prey while varying prey weights. Varying dry
weights of invertebrate prey by a factor of two
never produced more than a 3% change in the pro-
portion that individual invertebrate prey types con-
tributed to the total wet weight of the diet during
a given month for any age-class. This occurred
because invertebrates were numerically abundant
and suggested that the use of median dry-weight
data for invertebrates was appropriate because
even potentially large changes in median dry
weights had little effect on dietary proportions.
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FIGURE 10.—Deviations between Wisconsin model predictions and field estimates versus temperature (8C). If
agreement were perfect (model predictions 5 field estimates), all data points would fall on the dotted line.

However, varying the median dry weight of prey
fish by a factor of two influenced their dietary
proportion by up to 15% during some months be-
cause fish were relatively large and rare in diets
compared with invertebrates. This suggested that
the assumption of 0.1 g as the median dry weight
of an individual prey fish was critical. We evalu-
ated this assumption by reexamining the stomach
contents of piscivorous yellow perch. These in-
dividuals rarely consumed more than a single for-
age fish, and their stomachs almost always con-
tained few or no invertebrates. The median wet
weight of food from the stomachs of piscivorous
yellow perch was 0.406 g, which corresponds
closely to the value of 0.40 g obtained from an
estimated dry weight of 0.1 g for prey fish, and
an assumed percent water content of 75%. The
value of 0.1 g as the median dry weight of indi-
vidual fish prey appears reasonable, and the esti-
mated proportional contribution of individual prey
types was close to what would have been observed
had prey items been weighed individually.

Potential Errors in Field Estimates of Daily
Ration

We assumed that the gastric evacuation rate de-
veloped for Eurasian perch (Persson 1979) was
applicable to yellow perch. This assumption was
probably not violated at temperatures of 10–228C
because the two species have identical temperature
optima and preferences (Hokanson 1977), and the
Persson (1979) gastric evacuation rate is consistent
with yellow perch gut evacuation rates obtained
by Boisclair and Leggett (1988) and digestion
times for yellow perch observed by Schneider
(1973). However, the relationship between R and
temperature for Eurasian perch was only estimated
for the temperature range of 4–21.78C (Persson
1979). To estimate consumption at higher temper-
atures, the function had to be extrapolated. During
midsummer, temperatures up to 268C were ob-
served at our diel station, and high corresponding
values of R from these dates were used to estimate
daily ration. If R was overestimated, then daily
ration would have been overestimated.
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FIGURE 11.—Deviations between Kara ˚s–Thoresson model predictions and field estimates versus temperature (8C).
Notion as in Figure 10.

Several lines of evidence suggested that field
estimates of daily ration may have been too high
at higher temperatures. Virtually all serious dis-
agreements between the models and field data oc-
curred at temperatures where extrapolated values
of R were used (Figures 10, 11), suggesting that
Persson’s (1979) equation for Eurasian perch may
not be applicable to yellow perch at high temper-
atures. Boisclair and Leggett (1988) also estimated
the relationship between whole-gut evacuation
rates (Rg) of yellow perch and temperature. Using
their model and allowing for an estimated three-
fold difference between gastric evacuation and
whole-gut evacuation (Boisclair and Leggett
1988), gastric evacuation rates of yellow perch
they examined would have been somewhat lower
than estimates based on Persson’s (1979) data for
Eurasian perch, particularly at temperatures above
208C. This also suggests that field estimates of
daily ration in Saginaw Bay may have been over-
estimated at high temperatures.

Field estimates of consumption suggested that
summer daily ration consistently exceeded about

6% body weight per day. Estimates of median daily
ration (7.0 and 12.0% body weight per day) con-
sistently exceeded those reported for wild Eurasian
perch (Thorpe 1977b) and consistently exceeded
field estimates for most other yellow perch pop-
ulations that exhibited at least some growth (Na-
kashima and Leggett 1978; Hayward and Margraf
1987; Boisclair and Leggett 1989a). Yellow perch
from inner Saginaw Bay are stunted and exhibit
energy depletion (Diana and Salz 1990), which
appears to result from high population density and
food limitation caused by a lack of large benthic
prey (Haas and Schaeffer 1992). This is particu-
larly true for age-4 fish, which experience more
severe energy depletion than younger age-classes
(Salz 1989). Field estimates of daily ration for age-
4 fish ranged from 0.05 to 0.07 g · g21 · d21 during
June–August 1987, and from 0.08 to 0.11
g · g21 · d21 during June–July 1988, but these yel-
low perch gained less than 11 g in body weight
during May–September of both years. Metabolic
or activity costs may have been high during mid-
summer (Boisclair and Leggett 1989b), and growth
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TABLE 5.—Energetic model predictions and field esti-
mates of individual cumulative consumption of age-1–4
yellow perch during May–October 1987 and 1988 from
the Wildfowl Bay, Saginaw Bay, Lake Huron.

Fish age
(years)

Cumulative consumption (g)

Model
prediction

Field
estimate

Difference of
model prediction

from field
estimate (%)

Wisconsin model, 1987

1
2
3
4

89.6
137.8
158.3
181.7

106.7
194.8
233.7
303.7

216.02
229.26
232.26
240.17

Wisconsin model, 1988

1
2
3

97.4
142.4
156.4

128.4
194.0
246.0

224.14
226.60
236.42

4 181.2 330.7 245.20

Karås–Thoresson model, 1987

1
2
3
4

103.8
160.6
177.9
217.3

106.7
194.8
233.7
307.7

22.71
217.55
223.87
229.37

Karås–Thoresson model, 1988

1
2
3
4

109.7
165.5
181.3
214.6

128.4
194.0
246.0
330.7

214.56
214.69
226.42
235.10

may not be well correlated with consumption
(Boisclair and Leggett 1989a); however, the slow
growth and energy depletion of this population
was inconsistent with high daily ration suggested
by field estimates. In fact, the only evidence of
high consumption by yellow perch in this system
was the high point estimates of consumption ob-
tained during June, July, or August.

Piscivory by yellow perch could have also bi-
ased estimates of daily ration. The gastric evac-
uation rate used in field estimates (Persson 1979)
was based on experimental meals of small inver-
tebrate prey such as zooplankton, Gammarus spp.,
and chironomid larvae. Some yellow perch in the
sample had consumed fish, which are digested at
a slower rate than small invertebrate prey (Durbin
et al. 1983), and evacuation rates of prey fish may
be linear rather than exponential (Swenson and
Smith 1973; Jobling 1986). Had this occurred, dai-
ly ration would have been overestimated. To ex-
amine the potential bias, piscivorous yellow perch
were deleted from the field data, and field estimates
were recalculated. Recalculated field estimates of
consumption were within 1–2% of the original data
set. Furthermore, lack of agreement between mod-
el predictions and field estimates was generally not
associated with ages and months having large pro-

portions of fish in the stomachs. Consequently, pis-
civory by yellow perch was probably not an im-
portant factor in model–field agreement.

Estimates of cumulative consumption were up
to 25% lower than field estimates for age-1–3 fish.
This may not be surprising because even slight
differences between model predictions and field
estimates can become significant when integrated
over the entire growing season. Furthermore, field
estimates were derived from a single sample taken
about once a month and are influenced strongly by
variation in prey availability. Prey availability in
Saginaw Bay appeared to vary temporally due to
chironomid emergence and pulses of forage fish
recruitment (Haas and Schaeffer 1992) and may
have influenced this comparison.

Use of The Energetic Models

Our results suggest that managers should be ex-
tremely cautious when estimating consumption
rates of yellow perch at high temperatures. Over
a temperature range of 10–268C, the Karås–
Thoresson model produced predictions of con-
sumption that were not significantly different from
field estimates for age-1–3 fish, while model pre-
dictions of consumption of age-4 fish were lower
than field estimates. Within the same temperature
range, Wisconsin model predictions were lower
than field estimates for all age-classes. However,
there was considerable evidence that field esti-
mates were too high. Consequently, we were un-
able to determine whether lack of agreement was
the result of improperly defined model parameters
(particularly activity), improperly estimated gas-
tric evacuation rates, or some combination of both
factors.

Within a reduced temperature range (10–228C),
agreement between both model predictions and
field estimates improved for both models. Predic-
tions generated from the Wisconsin model were
not significantly different from field estimates for
age-1–3 yellow perch, but model predictions were
significantly lower than field estimates for age-4
fish. For the Karås–Thoresson model, there were
no significant differences between model predic-
tions and field estimates for any age-class. How-
ever, managers should note that yellow perch in
Saginaw Bay grew slowly (Diana and Salz 1990).
The largest fish we modeled achieved a total length
of about 175 mm and weight of about 45 g. Model
performance for larger fish or older yellow perch
has not been evaluated.

Both the Wisconsin and Karås–Thoresson mod-
els appear to be adequate to address the energetics
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of age-1–3 yellow perch in aquatic systems that
do not exceed 228C or in systems where fish have
access to (and use) a thermal refuge. The Karås–
Thoresson model may have some advantage for
older or larger fish, and situations where yellow
perch experience warm summer temperatures.
However, the Karås–Thoresson model may over-
estimate consumption at high temperatures.

An additional issue regarding the use of ener-
getic models is the difference between absolute
and relative comparisons. In this study, we focused
on absolute comparisons of model predictions and
field estimates of daily ration, and there was un-
certainty regarding exactly how much food was
consumed by yellow perch. However, using the
models provided insight. Both models indicated
that the feeding experience of age-1 and age-2 fish
was extremely different from older fish, and sug-
gested increased food limitation with age. These
results were consistent with findings by Diana and
Salz (1990) that yellow perch in Saginaw Bay were
stunted and with other field data suggesting that
stunting was a result of food limitation caused by
lack of large benthic invertebrates (Haas and
Schaeffer 1992). Thus, predictions from both mod-
els were supported strongly by independent field
data, other than field estimates of ration.

Future development of energetic models for yel-
low perch should examine metabolic parameters,
gastric evacuation rates, and activity patterns of
North American populations across a wide tem-
perature range, particularly for age-5 and older fish
that exceed 80 g. However, field tests of energetic
models are clearly not ‘‘model versus data’’ prob-
lems but are ‘‘model versus model’’ problems. Un-
certainty regarding field estimates of daily ration
is an important but overlooked problem, particu-
larly when gastric evacuation rates are considered.
Furthermore, we wish to point out that differences
in model performance do not represent failures but
rather represent refinement. The Wisconsin model
was proposed in 1977; the Karås–Thoresson model
was developed in 1992 and had the benefit of 15
years of data. The Wisconsin model performed
quite well considering the limited data available
to its original developers. Model developers and
users should expect continual refinement of mod-
els and uses as new information becomes avail-
able.

Future attempts to corroborate energetic models
should consider the laboratory approach used by
Whitledge and Hayward (1997) in which fish are
fed a known daily ration. This would eliminate
uncertainty regarding food intake, growth, and

thermal experience of fish. Assumptions about en-
ergy density and prey availability could be tested
by treatments that vary feeding rates temporally,
and there is potential for control of even contro-
versial parameters such as activity. Model inputs
could be measured accurately, and errors in pre-
diction should arise solely due to improper param-
eters, equations, or assumptions within the models.
This approach would gain credibility through the
use of double-blind experimental designs in which
one group of researchers would feed captive fish
a known ration, which could be compared with
ration predicted by independent researchers using
energetic models and having access only to typical
model inputs. The issue of whether laboratory-
derived physiological parameters can be applied
to wild, free-ranging fish remains (Wahl and Stein
1991), but at present there are few if any effective
methods for gathering the requisite data. Until bet-
ter methods are available, studies in small systems
such as mesocosms or experimental ponds may
provide a way to bridge the gap between laboratory
and field studies.
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