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Abstract. — To examine how predator and prey body sizes, prey abundance, and prey population
structure affect piscivore—prey interactions, feeding experiments were conducted on large (> 190
mm total length, TL) and small (150-189 mm) yellow perch Perca flavescens given small (43-55
mm TL), medium (60-66 mm), and large (71-80 mm) fathead minnows Pimephales promelas as
prey. Handling costs suggested that large yellow perch should not discriminate among prey sizes,
but small yellow perch should select small fathead minnows over large. Results of feeding trials
with only one size of prey were consistent with the cost indications. Large yellow perch consumed
similar numbers and biomasses of the three size-classes of fathead minnows in trials with only
one size of prey available. Small yellow perch ate more small fathead minnows than medium and
more medium than large. Thus, small yellow perch gained less weight with large fathead minnows
than with small ones as their prey. When all three prey sizes were available, both large and small
yellow perch consistently captured more small fathead minnows than large, even when total prey
abundance or the size structure of prey populations varied. Overall consumption by large yellow
perch was not affected by prey abundance, but small yellow perch increased consumption at higher
abundances by eating more small and medium prey. Increasing the proportion of medium fathead
minnows, while decreasing the proportion of large prey, did not affect total consumption by either
large or small yellow perch. However, small yellow perch responded to this shift by eating more
medium and fewer large fathead minnows. Selection by yellow perch for prey fish smaller than
expected based on gape limitations and handling times, and the responses of yellow perch 1o
changes in their prey base under experimental conditions, help explain patterns of predation and
coexistence between this piscivore and its prey in nature.

Size selection of prey by fish that are large rel-
ative to their food organisms (e.g.. zooplankti-
vores) has been studied intensively (e.g., Wemner
and Hall 1974; Stein et al. 1984; Ryer 1988). Pis-
civores are less well studied, especially experi-
mentally. Factors presumed to affect prey size se-
lection by piscivores are often extrapolated from
data on other foragers rather than documented
from direct observation. Even among piscivorous
fish, relatively large, specialized predators (e.g.,
Micropterus and Esox spp.) have received most of
the attention (e.g., Hoyle and Keast 1988; Wahl
and Stein 1988). It is not clear how well the as-
sumptions and predictions made by studies of large
predators apply to smaller, less-specialized pisci-
vores.

Perca spp. range widely throughout North
America and Eurasia and are often the most com-
monly encountered species in lakes within a re-
gion (Harvey 1981; Appelberg et al. 1989; Tonn
et al. 1990). Although usually viewed as general-
ists (Keast 1979), yellow perch Perca flavescens or
Eurasian perch P. fluviatilis can be the most abun-
dant, or only, piscivore in small lakes. Thus, the
importance of predation by Perca spp. in the dy-
namics of fish communities should not be under-

estimated (Tonn and Paszkowski 1986; Persson
et al. 1992).

Predation patterns of Perca are known to be
affected by prey size (Popova 1967; Tonn and
Paszkowski 1986; Post and Evans 1989; Tonn et
al. 1991). This predation can, in turn, have sig-
nificant, long-lasting impacts on prey populations
by reducing densities, limiting recruitment, and
skewing size distributions toward large, less-vul-
nerable body sizes (Tonn and Paszkowski 1986;
Tonn et al. 1989, 1992). Risk of predation by Per-
ca spp. can also selectively alter habitat use and
diel activity patterns of prey fish of different sizes
(Tonn and Paszkowski 1987; Holopainen et al.
1991), and thus their availability to piscivores may
be indirectly affected.

To further understand factors shaping size-bi-
ased piscivory and its potential impacts on prey
populations, we addressed the following ques-
tions:

(1) How do postcapture handling times and re-
turn rates (biomass of prey ingested per unit
handling time) vary with prey size?

(2) Are these relationships reflected in the num-
ber and biomass of different sizes of prey con-
sumed by piscivores?
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(3) Do predation patterns change when total prey
abundance is varied but the size distribution
of prey is held constant?

(4) Do predation patterns change when the total
abundance of prey is held constant but size
distributions are varied?

(5) Do small and large piscivores respond differ-
ently to the above manipulations of prey, and
if so, how?

Our study used two sizes of yellow perch and
three sizes of fathead minnow Pimephales pro-
melas. “Small” yellow perch (150-189 mm total
length, TL) represented individuals at the lower
end of the size range that regularly feeds on fish
and are especially sensitive to prey size (Tonn and
Paszkowski 1986). “Large” yellow perch (190-229
mm) were expected to be able to capture and han-
dle all sizes of fathead minnows. Fathead min-
nows, like other small-bodied, soft-rayed fishes,
are particularly vulnerable to piscivores (Harvey
1981; Robinson 1989; Robinson and Tonn 1989;
Savino and Stein 1989). However, yellow perch
and fathead minnows commonly co-occur in small
lakes, where yellow perch is often the only pisci-
vore (Tonn and Magnuson 1982; Tonn et al. 1990).
Because of the fathead minnow’s sexual dimor-
phism and semelparous reproductive pattern (Scott
and Crossman 1973; Unger 1983), its populations
are characterized by seasonally distinct size dis-
tributions (Price et al. 1991). Size-selective or size-
limited piscivory, interacting with size-structured
prey populations, could therefore strongly affect
both the foraging success of yellow perch and the
impact of this predation on fathead minnow pop-
ulations.

Methods
Handing Times

To determine if patterns of prey consumption
could be related to a measure of prey profitability,
we calculated return rate, the mass of prey in-
gested per unit time spent handling the prey. Han-
dling time, from capture of prey through inges-
tion, has been used widely in evaluating foraging
behavior (e.g., Werner and Hall 1974: Stein et al.
1984). Prey handling after capture is dictated
largely by the morphologies of predator and prey
(Werner 1974), influenced little by spatial con-
straints, and thus can be observed realistically in
captivity.

Handling times were measured for yellow perch
eating fathead minnows in the laboratory (Mean-
ook Biological Research Station and Department
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of Zoology aquatic facility, University of Alberta).
Yellow perch were captured in Baptiste and Amisk
lakes near Athabasca, Alberta, from May through
September with Windermere perch traps or a beach
seine. Fathead minnows were captured with min-
now traps or a seine from several small lakes near
Athabasca. Upon capture, fish were treated with
Furan-2 (Aquarium Pharmaceuticals) for 12-24 h
to prevent bacterial and fungal infections. Yellow
perch were held individually at 15-19°C and a
photoperiod of 12 h light: 12 h darkness in aer-
ated tanks, 122 x 51 x 61 cm, with one glass
side. Before data were recorded, yellow perch were
acclimated to the observation tank for 1-2 weeks
and were presented one fathecad minnow daily.
Data collection began when a yellow perch rou-
tinely ate fathead minnows in the presence of an
observer within 30 min of prey introduction.

Handling times were determined during day-
light hours for 7 large yellow perch (198-210 mm
TL) and 15 small yellow perch (156-189 mm TL)
eating fathead minnows that were 43-80 mm TL.
Experimental yellow perch received one fathead
minnow per day based on a feeding schedule that
randomized the order in which the prey size-class-
es (see below) were presented. Prior to a trial, prey
were weighed and measured for total length.

At the beginning of a trial, a fathead minnow
was transferred into the observation tank, held for
1 min in a hand net, and then released. Timing
began when the yellow perch captured and im-
mediately ingested the fathead minnow. If the
predator repeatedly struck and released the prey
(which occurred in <5% of all ingestions ob-
served), only the final capture was used to measure
handling time. Yellow perch typically captured
fathead minnows headfirst (87% of all ingestions
observed), sunk toward the bottom of the tank,
and became immobile while handling prey. Eye
movement decreased and opercular movements
were slow and exaggerated. Handling was deemed
complete when typical eye movement, respiratory
movement, and swimming resumed (Paszkowski
et al. 1989). If a yellow perch did not capture the
prey within 30 min, the fathead minnow was re-
moved and the trial was repeated later the same
day. If a yellow perch failed to feed on a given
day, a fathead minnow of the same size was pre-
sented the next day.

Predation Experiments

General protocol. — Predation experiments were
conducted in four circular fiberglass tanks, 1.5 m
in diameter, that were filled with water to a depth
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of 0.75 m and aerated. Trials were conducted dur-
ing May-September in a room illuminated by nat-
ural daylight and isolated from other activity. Wa-
ter temperatures in tanks varied between 14 and
20°C. To compensate for seasonal changes in the
condition of the environment and the fish. differ-
ent treatments within an experiment (see below)
were assigned in a stratified random design among
the four tanks and run simultaneously.

Experimental fish came from the same lakes as
those used for handling time measurements. Yel-
low perch and fathead minnows were held sepa-
rately in outdoor tanks 1.8 m in diameter. Every
1-2d, yellow perch were fed fathead minnows and
similarly sized northern redbelly dace Phoxinus
eos. Fathead minnows received flaked fish food
daily.

The day before a trial, six yellow perch, all from
either the small or large size-class, were measured
for total length and wet mass, and each was marked
differently by severing one dorsal spine (second
through seventh). To standardize size distribu-
tions, each group of six fish comprised three sects
of pairs based on fish size (size ranges of pairs were
190-201, 202-219, and 220-229 mm for large
yellow perch and 150-162, 163-175,and 176-189
mm for small yellow perch). Large yellow perch
averaged 120.5 g (£23.6 g, SD) and small yellow
perch averaged 55.9 g (+13.9 g). Yellow perch
were introduced into the experimental tanks and
held overnight without fathead minnows to stan-
dardize hunger levels and allow acclimation.

We used three size-classes of prey that repre-
sented natural groupings found in local fathead
minnow populations, based on age and sex (Price
et al. 1991). Small fathead minnows (TL range,
43-55 mm; mean weight = SD, 1.1 * 0.3 g) cor-
responded to sexually immature age-1 fish. Me-
dium fathead minnows (60-66 mm, 2.5 = 0.4 g)
corresponded primarily to mature females but
could have been the largest juveniles and smallest
sexually mature males. Large fathead minnows
(71-80 mm, 4.3 = 0.5 g) corresponded to large
sexually mature males and females. To allow for
easy recognition of size-classes, a small nick was
cut from the upper lobe of the caudal fin of me-
dium fathead minnows. On the first day of a trial,
all prey were introduced simultaneously to the tank
containing yellow perch. We never observed yel-
low perch attacking newly introduced fathead
minnows and there was no indication of unusual
vulnerability to predation at this time. During tri-
als, fathead minnows were fed daily with flaked
fish food.
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Every 2 d, fathead minnows were captured with
large hand nets and counted by size-class. The
number eaten per size-class was recorded and new
fathead minnows were added to restore popula-
tions to their original abundances and size distri-
butions. Trials lasted 8 d. At the end of a trial all
fish were removed, fathead minnows were count-
ed by size-class, and yellow perch were weighed
individually. The total number of fathead min-
nows eaten in 8 d from each size-class was re-
corded and numbers were converted to biomass
by using mean weights for each size-class. Fish
were returned to holding tanks and, after a min-
imum of 8 d. were considered available for use in
subsequent tnals. Fish were drawn randomly from
these large stocks (50-150 yellow perch; 500-1,000
fathead minnows) when new groups of predators
and prey were assembled. Thus, we ensured that
group composition changed across trials and each
group was a unique entity.

Types of experiments.—We ran three sets of ex-
periments for each of the two sizes of yellow perch.
Replicates of a given treatment varied between 5
and 7 for large yellow perch and between 7 and
10 for small yellow perch. In experiment 1, where
we examined the effects of prey size, prey popu-
lations consisted of 90 small, medium., or large
fathead minnows. In experiment 2, where we ex-
amined the effects of prey abundance, fathead
minnow populations were composed of equal pro-
portions of the three size-classes and comprised
60. 120, or 180 fish. In experiment 3, where we
examined the effects of prey population structure,
prey abundance was held constant at 90 fathead
minnows; 30 of these were small, and the remain-
der of the population was medium and large fish
in different proportions: (1) 30 medium and 30
large. (2) 40 medium and 20 large, (3) 50 medium
and 10 large, or (4) 55 medium and § large. This
proportion series mimicked seasonal changes in
natural populations of fathead minnow, in which
large, age-2 individuals die after reproducing in
late spring and age-1 fish grow through the sum-
mer months (Price et al. 1991).

Statistical Analyses

We used one-way analysis of variance coupled
with Tukey-Kramer multiple-comparison tests to
analyze handling times and return rates, changes
in weight for yellow perch, and the results of ex-
periment 1. We examined effects of prey size, pop-
ulation-level treatments, and the interactions of
these factors in experiments 2 and 3 by two-way
analysis of variance. Data were log;o-transformed
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FIGURE |.—Mean handling times and return rates (biomass of prey consumed per unit handling time) for large
(198-210 mm total length, TL) and small (156—189 mm) yellow perch consuming small (43-55 mm TL), medium
(60-66 mm), and large (71-80 mm) fathead minnows. Error bars = 95% confidence intervals (calculated from
logo-transformed data). Sample sizes (V) represent the number of individual yellow perch observed; for each yellow
perch, we used the median value from multiple trials (the mean number of trials = SD for an individual yellow
perch handling a given size of prey was 4.1 * 3.5). Means labeled with the same letter did not differ significantly

from each other (Tukey-Kramer tests, P = 0.05).

to homogenize variance. In all cases, P < 0.05
was considered statistically significant.

Results
Handling Times and Return Rates

We observed the 7 large yellow perch capture
and ingest 39 fathead minnows (14 small, 12 me-
dium, and 13 large) and the 15 small yellow perch
capture and ingest 184 fathead minnows (80 small,
73 medium, and 31 large). For individual yellow
perch, we calculated median handling times and
return rates for each prey size and we used these
median values for analysis. For both large and
small yellow perch, handling time differed signif-
icantly with size-class, increasing with prey size
(Figure 1).

In terms of return rate, however, the perfor-
mances of large yellow perch did not vary signif-
icantly with prey size (Figure 1). Return rate dif-
fered with prey size for small yellow perch: small

fathead minnows offered significantly higher re-
turns than large ones (Figure 1).

Experiment 1: Effects of Prey Size

The total number of and biomass of prey cap-
tured and consumed by large yellow perch did not
differ with prey size in experiment 1 (Figure 2).
Correspondingly, mean weight change (= SD) of
individuals within groups of large yellow perch
did not differ across treatments (small prey of-
fered, —1.6 = 2.0 g; medium, —0.9 = 2.3 g; large,
0.8 + 3.6 g).

As suggested by return rates, small yellow perch
proved more sensitive to prey size. Both the total
number of prey captured and the total biomass
consumed differed significantly across treatments
in experiment | (Figure 2). Most notably, small
yellow perch ate significantly less biomass when
only large prey were available than under the other
treatments. Mean weight change of individuals
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FIGURE 2.—Mean values for the total number and total biomass of fathead minnows eaten by groups of six large
yellow perch (190-229 mm TL) or six small yellow perch (150-189 mm) in 8 d when presented 90 fathead minnows,
either all small, all medium, or all large (experiment 1). Sample sizes (N) represent the number of groups of yellow
perch tested. Error bars = 95% confidence intervals (calculated from logjo-transformed data). Means labeled with
the same letter did not differ significantly from each other (Tukey-Kramer tests, P = 0.05).

within groups of small yellow perch differed sig-
nificantly with prey size, and weight gain (mean
+ SD) was greater when small fathead minnows
were available than when large ones were offered
(small-prey treatment, 0.7 + 1.4 g; medium, 0.3
+ 1.2 g; large, — 1.5 = 1.7 g).

Experiment 2: Effects of Prey Abundance

Total prey abundance did not affect the number
of fathead minnows eaten by large yellow perch
in experiment 2. Prey size, however, did affect
numbers eaten. Large yellow perch ingested sig-
nificantly more small fathead minnows than me-
dium or large fathead minnows, even though the
size-classes were equally available (Figure 3). The
interaction between size and abundance was not
significant. Biomass of prey eaten by large yellow
perch in this experiment was not significantly af-
fected by prey size, abundance, or their interac-
tion. Large yellow perch did not display significant
differences in weight change across the three levels
of prey abundance.

As was observed for large yellow perch in this
experiment, prey size affected significantly the
number of fathead minnows eaten by small yellow
perch (Figure 3). Consumption differed signifi-
cantly between each prey size not only in terms
of numbers, but also in terms of biomass. In con-
trast to the results for large yellow perch, prey
abundance significantly affected predation pat-
terns of small yellow perch in terms of prey num-
ber, and in terms of biomass, the effect was almost
significant (P = (0.08). Total biomass (mean + SD)
consumed by small yellow perch was 20.7 = 7.4
g with 60 prey present and increased to 66.3 *
19.4 g with 120 prey and 66.1 * 24.4 g with 180
prey present. Prey abundance interacted signifi-
cantly with prey size. Small yellow perch captured
more small and medium fathead minnows, but
not more large prey, at the two higher levels of
prey abundance (Figure 3). Small yellow perch did
not, however, display significant differences in
weight change across the three levels of prey abun-
dance.
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FIGURE 3.—~Mean numbers of small, medium, and large fathead minnows eaten in experiment 2 by groups of
six large yellow perch or six small yellow perch in 8 d under three prey abundances (60, 120, or 180 fish, divided
equally among the size-classes). Sample sizes (V) represent the number of groups of yellow perch tested. Error bars
= 95% confidence intervals (calculated from log;p-transformed data).

Experiment 3: Effects of Prey
Population Structure

The number (Figure 4) and biomass of fathead
minnows eaten by large yellow perch did not differ
in response to changes in the overall structure of
the prey population in experiment 3, but were af-
fected significantly by prey size. The number of
fathead minnows eaten differed significantly be-
tween each prey size, and greater biomass of small
and medium fathead minnows than of large prey
was consumed. The interaction between prey size
and population structure was not significant. Large
yellow perch did not display significant differences
in weight change in response to changes in prey
population structure.

As in the case of large yellow perch, prey pop-
ulation structure did not affect the total number
and biomass of fathead minnows eaten by small
yellow perch in experiment 3, but prey size had
significant effects (Figure 4). Consumption by

numbers differed significantly between each prey
size, and greater biomasses of small and medium
fathead minnows were eaten than large. Unlike
the pattern for large yellow perch, predation by
small yellow perch displayed a significant inter-
action between prey size and population structure
for both numbers and biomass of prey consumed.
As medium fathead minnows became more com-
mon within a prey population and large fathead
minnows became rarer, consumption of medium
fathead minnows increased while the consump-
tion of large prey decreased (Figure 4). Thus, total
biomass consumed by small yellow perch for all
sizes combined remained relatively stable, aver-
aging 58.6 g (£31.6 g, SD) with 30 medium fat-
head minnows available, 41.8 g (£12.3 g) with
40, 52.3 g (=37.1 g) with 50, and 61.6 g (£23.7
g) with 55 medium prey. Small yellow perch did
not display significant differences in weight change
across the series of treatments,
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FIGURE 4.—Mean numbers of small, medium, and large fathead minnows eaten in experiment 3 by groups of
six small yellow perch or six large yellow perch in 8 d. Prey populations consisted of 90 fish and had one of four
size distributions (small : medium : large). Sample sizes (V) represent the number of groups of yellow perch tested.
Error bars = 95% confidence intervals (calculated from logg-transformed data).

Discussion

Return rates based on handling times indicated
that large vellow perch feeding on fathead min-
nows should be insensitive to prey size, whereas
small yellow perch should discriminate, specifi-
cally between small and large prey. Return rates
proved to have some utility in predicting feeding
patterns of yellow perch in experiments 1-3, but
also showed appreciable shortcomings.

The clearest agreement between predictions and
results occurred in experiment 1, where only one
prey size was available. Larger yellow perch ad-
justed the number of small, medium, or large fat-
head minnows eaten in order to maintain a con-
stant intake of biomass and constant weight
change. However, when only large fathead min-
nows were available, small yellow perch were un-
able to attain this “‘balance” and had significantly
less growth. These differences between large and
small yellow perch are consistent with the simple
explanation that the larger the body and gape sizes
of the predators, the greater their handling effi-
ciency of large prey.

In experiments 2 and 3, where yellow perch for-

aged under a more complex, realistic prey regime
and choices among prey sizes were possible, return
rates were less effective in predicting feeding pat-
terns. In these experiments, large as well as small
yellow perch displayed a dichotomy: high con-
sumption of small fathead minnows, in terms of
numbers and biomass, and low consumption of
large fathead minnows. Although neither size of
yellow perch was expected to discriminate inter-
mediate-sized fathead minnows from small or
large, they often did in ways that varied with treat-
ment and size of predator (Figures 3, 4). Concen-
tration on smaller-than-expected prey, often the
smallest available, is a consistent attribute of Per-
ca feeding on fishes (Tonn and Paszkowski 1986;
Tonn et al. 1991, 1992) and of other predatory
fishes feeding on vertebrates (e.g., Mauck and Co-
ble 1971; Gillen et al. 1981; Hamilton and Powles
1983; Hoyle and Keast 1987; Schlosser 1988; Hart
and Hamrin 1990; East and Magnan 1991; Ham-
bright 1991). This is especially true when the pre-
dicted size of prey is based soley or partially on
postcapture handling time. Similar trends have
been observed for some predatory invertebrates
(e.g., decapod crustaceans eating molluscs; Juanes
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1992). Numerous explanations have been pro-
posed. but none are completely satisfactory. Hoyle
and Keast (1987). for example. related differences
between observed and expected prey size for large-
mouth bass Micropterus salmoides 10 the relative-
ly greater availability of small prey because of
population structure and seasonal patterns in na-
ture. However, this cannot adequately account for
our results in experiments 2 and 3, which suggest
a more active role for piscivores in shaping their
diets (see below).

Escape behavior of prey fish also deserves con-
sideration. The assumption that stages of the
predatory process other than handling (e.g., pur-
suing or subduing prey) represent negligible in-
vestments in time or energy (Werner 1974) may
be applicable to planktivores but not to piscivores.
Fast-start performance (Webb 1978), maneuver-
ability (Moody et al. 1983), and schooling skills
and position (Pitcher and Parrish 1993) improve
with increased age and size and thus may contrib-
ute 1o better escape capabilities and lower capture
probabilities for larger prey fish. Nonrandom cap-
ture success could explain many patterns observed
in our experiments, even if yellow perch attacked
prey of different sizes at random. We did not
quantify attack rates. but selective attack on prey
of sizes that are likely to be captured and handled

*efficiently has been reported for other piscivores

(East and Magnan 1991), and represents a possible
tactic of yellow perch as well.

Large yellow perch were apparently effective
enough as piscivores to be insensitive to our ma-
nipulations of their food base in experiments 2
and 3. In contrast, feeding patterns of small yellow
perch were clearly affected by changes in prey
abundance and size distribution. In experiment 3,
shifts in the relative abundance of different sizes
of prey affected the diet of small yellow perch, not
in terms of total number or biomass of prey, but
by altering dietary composition. Medium prey were
substituted for large prey as the medium ones be-
came increasingly more common and as the large
ones became more rare. In 10 of 16 trials where
large fathead minnows composed 11% or less of
the population, they disappeared completely from
the diet of small yellow perch. Hart and Hamrin
(1988) reported similar responses by northern pike
Esox lucius capturing rudd Scardinius erythroph-
thalmus from schools with different size struc-
tures.

In experiment 2, small yellow perch foraged
more successfully when total prey numbers were
doubled or tripled. However, equivalent increases
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in consumption of all three prey sizes, implying
nonselective predation driven primarily by in-
creased rates of prey encounter and detection
(Magnhagen 1985), were not observed. Only the
number of small and medium fathead minnows
eaten increased, supporting the proposal that yel-
low perch selectively pursue prey of different sizes.
Yet even in the presence of elevated concentra-
tions of smaller prey. which offered higher returns,
small yellow perch ate large fathead minnows in
13 of 16 trials conducted at the two higher prey
abundances. Foraging experiments have demon-
strated repeatedly that, although fish may concen-
trate on particularly profitable food types, they
rarely restrict their diet to the *‘best” prey, even
if it is abundant enough to meet energetic de-
mands (e.g., Werner and Hall 1974). This pattern
could be due to imperfect discrimination among
prey types by foraging fish, “*deliberate’ sampling
by foragers, or prey selection based on criteria not
measured by the investigator (Stephens and Krebs
1986).

Our study offers several insights into the nature
of piscivory by Perca spp. and its potential impact
on fathead minnows and other prey fishes. First,
even when prey are continually available, pisciv-
ory by perch is a relatively uncommon event; in
all 135 trials, individual yellow perch captured an
average of only one fathead minnow every 35 h.
The infrequency of successful piscivory might ex-
plain the scarcity of fish remains in the guts of
yellow perch of even larger size-classes collected
in dietary studies (e.g., Keast 1977; Jansen and
MacKay 1992). Small yellow perch, being partic-
ularly sensitive to the size of prey and the size
structure of prey populations, may do poorly as
piscivores in communities dominated by larger
prey fishes, even if they are ultimately capable of
capturing and handling these prey. In such envi-
ronments, small yellow perch might concentrate
their foraging efforts on benthic invertebrates or
seasonally available age-0 fish (Tonn et al. 1992).

Small yellow perch also appear to be less-effec-
tive piscivores at lower overall prey abundances,
which may help explain why the ontogenetic shift
to a piscivorous diet is more difficult for perch
species in less-productive lakes (Alm 1946; Deed-
ler 1951). Our results from experiment 2 suggest
that, in addition to a scarcity of benthic and pe-
lagic invertebrates in such lakes (e.g., Rask 1983;
Persson 1987), low densities of fish prey may con-
tribute to stunting of Perca.

Unlike changes in prey abundance, changes in
prey population structure that simulated seasonal
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shifts in natural populations of fathead minnows
(shifts caused by the death of large individuals
after reproduction; Price et al. 1991) did not affect
1otal consumption by yellow perch. Both large and
small predators were able to track the progressive
increase of medium prey and decrease of large
prey. In these manipulations the abundance (ab-
solute and relative) of small fathead minnows re-
mained constant. However, in another experi-
ment on piscivory by yellow perch, in which the
population structure of the prey (central mudmin-
now Umbra limi) shifted from predominantly
small (vulnerable) to predominantly large (invul-
nerable) individuals, the results were different; to-
tal predation, especially by small yellow perch,
declined (Tonn and Paszkowski 1986). Predation
levels by Perca spp.. and the impact of that pre-
dation on prey populations, should be even more
sensitive to population structures of large-bodied
prey, such as many species of European cyprinids
that can achieve absolute refuges from piscivory
by perch through growth (Holopainen et al. 1991).

Perca spp. are less specialized and have rela-
tively smaller mouths than many piscivores (Keast
1985). Therefore, as with other prey species (e.g.,
central mudminnow, Tonn and Paszkowski 1986;
yellow perch, Post and Evans 1989), the impact
of yellow perch piscivory was strongest on small
fathead minnows corresponding in size 1o sexually
immature fish. In nature, predation by Perca may
actually be concentrated on fish even smaller than
those used in this study and thus may have its
largest effect through limiting recruitment (Tonn
et al. 1992).

Other piscivores, such as Jargemouth bass and
northern pike, reach large body sizes, have rela-
tively larger gapes, display their highest return
when handling large prey fish, and will feed pref-
erentially on larger fathead minnows (Hambright
1991). Fathead minnows from populations sym-
patric with large piscivores display well-devel-
oped predator recognition and antipredator re-
sponses (Mathis et al. 1993), but surveys have
repeatedly shown that fathead minnows are typ-
ically absent from lakes where large predators are
present (Harvey 1981; Tonn and Magnuson 1982;
Robinson and Tonn 1989). Strong predation pres-
sure on large, sexually mature individuals by Esox
or Micropterus spp. might interfere with the com-
plex reproductive behavior of the fathead min-
now, particularly obligate parental care (Mc-
Millan and Smith 1974), and ultimately drive
populations to extinction. Predation by yellow
perch, concentrated on smaller individuals, would
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be less likely to supress reproduction and recruit-
ment totally. Thus, the yellow perch and the fat-
head minnow may have morphological and be-
havioral characters, undoubtedly evolved
independently under different selective regimes,
that permit them to live together in appropriate
habitats. In light of the varied and unique distri-
butions and histories of temperate freshwater fish
species during and following the Pleistocene, this
type of “permissive coexistence™ is probably a
common process shaping fish assemblages.
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