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P. Anders Nilsson and Christer Brönmark

Nilsson, P. A. and Brönmark, C. 2000. Prey vulnerability to a gape-size limited
predator: behavioural and morphological impacts on northern pike piscivory. –
Oikos 88: 539–546.

The northern pike (Esox lucius) is a selective and important predator in lake
ecosystems. Prey size in pike is limited by pike gape size, which is a linear function
of pike body length. Here we show that the absolute gape-size limit in pike is greater
than previously considered, and that maximum ingestible prey size is limited by prey
body depth. Further, we experimentally show that pike prefer shallow-bodied roach
before deeper-bodied common bream, and small prey sizes within each prey species.
Handling time in pike increases with prey body depth, and since common bream are
deeper-bodied than roach, handling time is longer for bream than for roach of the
same length, but equal considering body depth. Prey handling time is suggested to be
a major cost to the pike, since it increases the risk of losing the prey, as well as
exposure to predation, kleptoparasitism and cannibalism. Consequently, prey vulner-
ability is determined by risk of predation and intraspecific interactions, and be-
havioural preferences in the pike, and not by pike gape-size limits. The consequences
for natural populations is evaluated by analysing size structures of predator and prey
fish populations in a eutrophic lake.

P. A. Nilsson and C. Brönmark, Dept of Animal Ecology, Ecology Building, SE-223 62
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Predation may have indirect or direct effects on prey,
and prey defence strategies, in return, may affect forag-
ing efficiency in the predator (e.g. Kerfoot and Sih
1987, Lima and Dill 1990, Fraser and Gilliam 1992).
Thus, the life-time success of individual predators and
prey depends on the characteristics of their opponents.
Different predator and anti-predator strategies may
therefore have different impacts on population and
community dynamics (Fryxell and Lundberg 1998).
Not only behavioural prey defence strategies affect
predator efficiency, but also prey size. For instance,
while large prey generally constitute large portions of
food, they may also impose a cost on attacking preda-
tors, through e.g. being too fast, strong, costly or risky
to capture (e.g. Dill and Fraser 1984, Hart and Hamrin
1990, Juanes and Conover 1994, Seed and Hughes
1995, Schatz et al. 1997). Prey selectivity in predators
may thus not always be a matter of maximising energy

intake, but a balancing of different demands (Sih 1980,
Cerri and Fraser 1983).

Predation by piscivorous fish is a major mortality
source for fish populations in many freshwater systems.
Piscivores may have direct effects on prey population
density and size structure (e.g. Tonn and Paszkowski
1986, Brönmark et al. 1995, Persson et al. 1996) and
indirect effects on prey growth rate, survival and fecun-
dity through changes in behaviours associated with
foraging, predator avoidance, or reproduction (e.g.
Fraser and Cerri 1982, Fraser and Gilliam 1992, Tonn
et al. 1992). As a result of this strong selection pressure,
prey fish have evolved a number of adaptations to
minimise the risk of being detected, caught and con-
sumed, e.g. schooling, hiding in refuges, nocturnal ac-
tivity, or toxicity (e.g. Ivlev 1961, Moody et al. 1983,
Kerfoot and Sih 1987, Fraser et al. 1993). Further, it
has been shown that a deep body may act as a morpho-
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logical defence against gape-limited piscivores (e.g.
Webb 1986, Nilsson et al. 1995). Piscivores generally
reorient their prey after catching it, to be able to
swallow it head first and lying on its side (Hoyle and
Keast 1987, Reimchen 1991). The body depth is there-
fore the greatest width of the prey fish during swallow-
ing, and should be a relevant measure of prey size
(Hambright 1991). If the body depth of the prey is
larger than the gape size of the largest individual in the
piscivore population, the prey fish is considered to
enjoy an absolute size refuge from predation (Ham-
bright 1991, Hambright et al. 1991). However, prey
may also benefit from a deep body within the gape-size
limits of the predator, since the body depth of the prey
may affect piscivore predatory behaviour and efficiency
(e.g. Hart and Hamrin 1988, Nilsson et al. 1995).

The cyprinid fishes common bream (Abramis brama
L.) and roach (Rutilus rutilus L.) are widespread in
temperate European freshwater systems (Maitland and
Campbell 1992). The two species differ morphologi-
cally in that bream have dorso-ventrally deep and
laterally compressed bodies, while roach have less
deep, less compressed, and more fusiform body shapes
(Maitland and Campbell 1992). They also differ in
foraging habits and life history strategies, governing
for a faster growth in bream (e.g. Lammens et al. 1987,
1992, Mooij et al. 1996). It is therefore plausible that
bream would reach a size refuge from gape-limited
predators, such as northern pike (Esox lucius L.), at
shorter length and younger age, than roach.

In this study, we evaluate gape-size limits and prey
preference of northern pike when exposed to bream
and roach, size selection within each species, and dif-
ferences in handling time between sizes and species. We
hypothesise that pike gape-size limits and prey size are
determined by prey body depth, and that pike prefer
shallow-bodied and small prey, in order to minimise
handling time. This preference should in turn affect
behavioural, functional limits of prey vulnerability to
pike predation. The implications of our results on
potential piscivore impact on prey populations and
trophic interactions are discussed.

Materials and methods

Prey and pike morphology

Bream and roach morphology
The relationship between maximum body depth (BD;
measured dorso-ventrally just anterior to the dorsal
fin) and total body length (TL) was determined for
common bream and roach. The fish were caught with
sink and fyke nets in the Silvåkra stream during late
autumn 1995 and 1996. Body depth and total body
length were measured (to the nearest mm) on each fish
(bream: n=161; roach: n=256).

Pike gape size
In order to establish a relationship between pike gape
size and total body length we collected 49 pike from
lakes and ponds in southern Sweden. The pike ranged
in size from 128 to 685 mm total length. The increasing
cross-sectional diameter of a plastic cone (height 215
mm: base diameter 95 mm) was marked along its side
at 2-mm increments. The cone was inserted into the
mouth of the pike, and the diameter of the gape at the
corner of the mouth was registered (cf. DeMarco et al.
1985, Arts and Evans 1987).

Laboratory experiments

All experiments were conducted with individual pike
kept in 200-l aerated aquaria. The bottom of each
aquarium was covered with sand, and a stand of artifi-
cial vegetation (0.1 m2: 360 stems/m2), made of nylon
string attached to a PVC plate, covered one end of
each aquarium. Pike and prey were acclimatised to
indoor conditions for two weeks before experiments.
During the acclimatisation, pike were fed crucian carp,
and bream and roach were fed frozen chironomids.
Pike were starved for 48 h before all experiments.

Maximum prey size
To determine whether gape size, as measured above, is
a good estimate of prey-size limitation in pike, maxi-
mum ingestible prey size was estimated for pike of
different sizes. Eleven northern pike (size range: 134–
590 mm TL) were individually held in 200-l aquaria.
Each pike was given one bream or roach, which had
been measured (TL and BD to the nearest mm) before
the experiment. The fish were checked daily, and if a
prey fish had been eaten, its size was considered within
the limits of predation for that particular sized pike.
The pike was then given a somewhat larger individual
of the same prey species. If the prey had not been
eaten within a fortnight, the prey was considered too
large for the pike. Repeating this procedure, we were
able to home in on and estimate the maximum in-
gestible prey size for both species of prey, as a function
of pike size.

Species selecti6ity
Eight pike (254.696.8 mm, TL9SD) were given sets
of five bream and five roach of the same total length.
All prey fish were measured before the experiment
(total length and body depth, to the nearest mm).
Average total length for both species pooled was
10090.02 mm, whereas the average body depth was
24.192.2 and 20.091.4 mm for bream and roach,
respectively. Prey fish were introduced into the vegeta-
tion end of the aquaria and the pike were then allowed
to choose and consume three to four individuals each.
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The remaining fish of each species were recorded.
Pike selectivity was evaluated using the Manly-Chesson
a-index for prey preference (Manly 1974, Chesson
1983) and a t-test for difference from non-selectivity
(i.e. a=0.5).

Size selecti6ity
Eight pike (249.095.2 mm, TL9SD) were each
given ten individuals of one prey species. The prey
were selected to compose a size range with regards to
body depth, from the smallest possible found in the
field (bream: 9.991.1 mm, roach: 10.491.9 mm,
BD9SD), to almost the largest this size of pike were
able to ingest in the maximum prey size experiment
(bream: 30.991.5 mm, roach: 30.890.5 mm, BD9
SD). Prey sizes were sorted to form ten distinct prey
size classes. Total body length and depth (nearest
mm) of each prey fish were measured before they
were introduced into the vegetation end of the ex-
perimental aquaria. Each pike was allowed to choose
and consume three to five prey, and the remaining
fish were remeasured to identify the size of the eaten
individuals. This was done with both bream and
roach as prey, in separate experiments, using the
same pike.

Handling time
Eight pike (249.095.2 mm, TL9SD; the same as in
the size selectivity experiment) were given individual
bream or roach, and handling time, time elapsed be-
tween striking the prey until it had been completely
swallowed, was measured from video recordings of
the trials. A total of 20 bream and 20 roach of differ-
ent total body lengths (48–121 mm and 47–144 mm
respectively) and body depths (10–30 mm and 8–30
mm, respectively) were used.

Prey vulnerability

To illustrate the effects of pike gape-size limitation
and prey preference in nature, we analysed a data set
on size frequency distributions of pike, bream and
roach from a biomanipulation program in Lake Fin-
jasjön in southern Sweden. We estimated prey vulner-
ability using Hambright et al.’s (1991) vulnerability
index, which gives an estimate of the proportion of
the pike population that can feed on prey fish of
increasing body depths. In our calculations we used
the relation between pike total length and maximum
ingestible prey size found in our experiment. We also
calculated a behaviourally mediated, functional prey
vulnerability, based on our findings in the size selectiv-
ity experiment. The resulting vulnerabilities were com-
pared with the corresponding index in Hambright et al.
(1991), since theirs has been customarily used in recent
literature.

Results

Prey and pike morphology
Body depth (BD) increased linearly with total length
(TL), for both bream and roach (BD=0.314TL
−4.523, r2=0.993, PB0.001, n=161; BD=0.265TL
−6.240, r2=0.936, PB0.001, n=256. However, for a
given length, common bream were significantly deeper-
bodied than roach (ANCOVA with TL as covariate:
PB0.001, F1,414=2397, n=417). Pike gape size, as
measured with the cone, was linearly related to total
body length (Gape=0.098TL−0.339, r2=0.987, PB
0.001, n=49; Fig. 1). The relation is similar to the one
in Hambright et al. (1991; Gape=0.087TL−1.38), but
the slopes differ, and their relation gives relatively
smaller gape sizes for pike larger than 300 mm TL.

Maximum prey size
The maximum size of prey ingested increased as a
function of pike size. When considering body depth,
there was no significant difference in maximum size
ingested between bream and roach (bream: Y=
0.127X+1.427, r2=0.967, PB0.001, n=8; roach:
Y=0.131X+0.401, r2=0.99, P=0.0014, n=6; AN-
COVA with TL as covariate: P=0.964, F1,11=0.0021,
n=14; Fig. 1). However, since bream has a deeper
body than roach for any given length, pike were able to
ingest roach with a greater total length than bream
(ANCOVA with BD as covariate: P=0.0059, F1,11=
11.60, n=14). Furthermore, pike were able to take
significantly deeper-bodied prey than estimated from
our pike mouth diameter measurements (ANCOVA

Fig. 1. Pike gape-size measurements (broken line, filled circles)
and maximum ingestible prey size as a function of pike body
length. Pike gape size was measured with a cone, whereas the
maximum ingestible prey size (solid lines) was obtained as the
body depth of the largest prey fish (common bream, filled
squares, and roach, open circles) ingested in laboratory exper-
iments.
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Fig. 2. Size selectivity in northern pike when feeding on
common bream (filled squares) or roach (open circles) of ten
size classes. Size classes range in size (i.e. body depth) from
9.991.1 to 30.991.5, and 10.491.9 to 30.890.5 mm9SD
(bream and roach, respectively).

Prey 6ulnerability
If the relative vulnerability is calculated on the basis of
Hambright et al. (1991), the complete roach population
in Lake Finjasjön is within the size range vulnerable to
predation, while bream with a body depth \80 mm
(TL:260 mm) enjoy an absolute size refuge from pike
predation (broken lines, Fig. 4). However, if the vulner-
ability index is based on the maximum ingestible prey
sizes for pike found in our experiments, almost the
complete bream population is also within risk of preda-
tion (solid lines, Fig. 4). When taking our prey size

Fig. 3. Handling time in northern pike as a function of prey
(bream, filled squares, and roach, open circles) total body
length and body depth.

with pike TL as covariate; bream: PB0.001, F1,54=
195.2, n=57; roach: PB0.001, F1,52=198.0, n=55;
Fig. 1).

Species and size selecti6ity
When given a choice between prey fish that were of
equal length, pike preferred to feed on roach over
bream (bream: a=0.2590.17, roach: a=0.7590.17
mean9SD; PB0.01, t=4.079, df=7). In the size
selectivity experiment, pike had a higher foraging rate
on small prey and avoided the larger size classes (Fig.
2). The average body depth of the prey eaten by each
pike was significantly shallower than the average depth
of the surviving prey, considering both bream and
roach (paired t-test: P=0.004, t= −4.17, df=7 and
PB0.001, t= −9.74, df=7, respectively).

Handling time
The handling time increased with size for both of the
prey species (Fig. 3). At the same body length, handling
time was significantly longer for bream compared to
roach (ANCOVA with TL as covariate: PB0.001,
F1,37=16.78, n=40, Fig. 3). However, at the same
body depth, there was no difference in handling time
between the two prey species (ANCOVA with BD as
covariate: P=0.751, F1,37=0.1024, n=40, Fig. 3).
Thus, for bream and roach of equal length pike han-
dling time was larger for bream, whereas there was no
difference between species when body depth was
identical.
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Fig. 4. Distributions of
body depths of the common
bream and roach
populations in Lake
Finjasjön, Sweden, and
their relative vulnerabilities
to pike predation. The
relative vulnerability indices
are based on gape size
measurements (Hambright
et al. 1991; broken line)
and on estimates of
maximum ingestible prey
size (solid line; cf. Fig. 1).

preference results into consideration, functional prey
vulnerabilities agree with the gape-size based vulnera-
bilities in Hambright et al. (1991).

Discussion

Body morphology and size

For the pike in our experiments, the maximum in-
gestible prey body depths are the same for bream and
roach, while maximum body lengths differ between
species. Therefore, body depth, and not body length,
determines prey size refuge against predation. This
corroborates previous suggestions, i.e. that the body
depth of a prey fish is a crucial measure of morpholog-
ical defence against gape-size limited piscivores (e.g.
Hambright 1991, Hambright et al. 1991, Nilsson et al.
1995). The vulnerability to pike piscivory differs be-
tween species (Mauck and Coble 1971), and we suggest
that prey morphology and size contribute to this differ-
ence, since a deep body substantially decreases vulnera-
bility to pike predation.

Hambright et al. (1991) measured jaw dimensions of
pike preserved in alcohol and established a body length
to jaw width relation. Since we in previous experiments
have shown that pike are able to take larger prey than
estimated from such gape size to body length relations
(Nilsson et al. 1995), we decided to measure live indi-
vidual pike, using a slightly different method. There
was no major difference between the methods consider-
ing the relation between pike body length and mouth
size for small pike, while the estimated gape sizes of
larger pike from Hambright et al. (1991) deviate out of
the 95% confidence interval of our measures. Further,
our experiments on maximum prey size show that
northern pike are able to swallow larger prey than
suggested from gape measurements. Direct measures of
pike gapes thus result in underestimates of gape-size
limits, and the relation between body length and exper-
imentally measured maximum ingestible prey depth
should be used to estimate absolute gape-size limits.

Behaviour and prey selectivity

All the prey individuals in our selectivity experiments
were within the prey size limits, but the present study
demonstrates that pike show preference for shallow-
bodied roach over deeper-bodied common bream (see
also Webb 1986, Wahl and Stein 1988, Hambright
1991). Further, a larger prey item should contribute a
greater foraging return than would a small (Nursall
1973, Hart and Connellan 1984). In spite of this, our
pike fed on the smaller individuals within each prey
species. This is consistent with other studies that have
shown that pike prefer prey far smaller than ingestible,
and even smaller than predicted from optimal foraging
theory (Beyerle and Williams 1968, Hart and Connellan
1984, Hart and Hamrin 1988, 1990, Juanes 1994; but
see Einfalt and Wahl 1997). Potentially, this preference
for shallow and small prey could be a result of differ-
ences in behavioural characteristics among the prey (cf.
Einfalt and Wahl 1997). However, in this experiment,
the experimental arena was relatively small, which re-
strains anti-predator behavioural differences between
species and sizes of prey fish (e.g. schooling, habitat
choice or evasive behaviour; cf. Christensen 1996, Ja-
cobsen and Perrow 1997, Dettmers et al. 1998). The
‘‘sit-and-wait’’ or ‘‘ambush’’ (Webb and Skadsen 1980)
predatory behaviour of the pike, on the other hand, is
hardly affected by the small size of the arena. Recently,
we have shown that predator-induced, deep-bodied cru-
cian carp are avoided by pike, and that shallow cru-
cians are preferred (Nilsson et al. 1995). Since pike
prefer shallow-bodied prey also within a species, it is
feasible to presume that the species and morph selectiv-
ity is not due to differences in prey behaviour. Further,
prey escape probability is likely to increase with prey
size, thereby potentially affecting our results. However,
remaining prey from the selectivity experiments had no
marks or injuries, indicating no differences in escape
rate between prey categories. Thus, any preference for
prey exhibited in this experiment should be due to
behavioural characteristics of the pike.
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The hunting procedure in pike is characterised by
localisation of the prey, decision to strike, a short
distance attack, and the subsequent manipulation, swal-
lowing, and digestion of the prey (e.g. Webb and
Skadsen 1980, Moody et al. 1983, Wahl and Stein 1988,
Hart and Hamrin 1990, Nilsson et al. 1995). The forag-
ing behaviour of pike could potentially be altered at
each of these stages as an effect of prey size/species.
However, since the northern pike is a sit-and-wait
predator, pre-attack events should not be as important
to pike as it would be to mobile predators, such as
perch (Christensen 1996). Experimental studies in fact
show that pre-attack behaviours in pike are not affected
by prey size (Nilsson and Brönmark 1999). Thus, the
answer to prey-size preference in pike should be sought
for in post-attack events, such as handling time. How-
ever, it may be argued that the handling time in north-
ern pike rarely becomes long enough to seriously affect
the pike regarding energetic costs and gain from the
predatory event, since pike spend little time foraging
(e.g. Breck 1993). For example, if 40-cm pike eat prey
40 mm deep instead of 20 mm, they increase their
handling time with over 600%. However, this would
only increase handling time from 17 to 103 s (recalcu-
lated from Nilsson et al. 1995). In the total time budget
of a pike that forages maybe only once every or second
day, 17 or 103 s would not make a major difference.
However, handling time may have important effects on
other traits than the time budget. During handling, pike
may be exposed and vulnerable to attacks from other
fish. Pike may be preyed upon by other species (e.g.
largemouth bass, Wahl and Stein 1988, Szendrey and
Wahl 1995) or by conspecifics (e.g. Giles et al. 1986,
Bry et al. 1995, Grimm and Klinge 1996). It has been
shown that prey fish that excrete alarm substances
when attacked by piscivores attract other predators
(Mathis et al. 1995). Secondary pike, or other pisci-
vores, that are attracted to a pike that has captured a
prey may interfere with the first pike and increase the
opportunity for the prey to escape (Chivers et al. 1996).
The intruder may even take over the prey, or feed on
both the pike and the prey (Grimm and Klinge 1996,
Nilsson and Brönmark 1999). Since pike are attracted
to prey by visual, chemical and mechanical cues (e.g.
Raat 1988), a long handling time that emits such signals
should be avoided. As handling time increases with
prey size, i.e. body depth (Hoyle and Keast 1987,
Nilsson et al. 1995), the risk of losing the prey, and/or
exposure to eventual predators, cannibals or kleptopar-
asites, should increase along with it. Consequently, risk
of kleptoparasitism and predation increases with han-
dling time and prey size, as has been shown by Nilsson
and Brönmark (1999). Thus, given a choice, pike
should prefer to eat shallow-bodied and small prey to
minimise risk, as they indeed did in our experiments.

In the reasoning above, handling time includes the
time between a successful strike and complete swallow-

ing of a prey item. It has been suggested that handling
time should also include digestion time (Hart and Ham-
rin 1990, Hart and Gill 1992). A small prey item
constitutes a larger surface to body mass ratio, and
should be digested faster per prey mass (e.g. Jobling
1981, Bromley 1994). A reduced digestion time could
potentially explain pike prey-size preference, but some
facts argue against this. First of all, the surface of both
small and large prey is comprised of scales that should
be hard to digest (e.g. Bromley 1994). Therefore, an
increased surface to mass ratio would potentially de-
crease prey profitability. Also, recent experiments have
shown that pike digest equal-mass rations of small or
large prey at the same rate (P. A. Nilsson and C.
Brönmark unpubl.). Thus, neither pre-attack behaviour
nor gastric evacuation rate could explain pike prey
selectivity. Instead, we suggest that costs associated
with post-attack manipulation events, e.g. risk of pre-
dation or kleptoparasitic interactions, determine prey
selectivity in pike.

Effects in natural ecosystems

Piscivory may have profound effects down food chains
(e.g. Carpenter and Kitchell 1993, Ramcharan et al.
1995), and may e.g. skew prey size and species distribu-
tions away from normal, subsequently affecting lower
trophic levels and ultimately community structure.
However, most piscivores are gape-size limited, and the
effect of their predation on prey populations and food
chains should be determined by the size ratio between
predators and prey (Hirvonen and Ranta 1996, Persson
et al. 1996). Therefore, a gape-size limit creates an
upper limit of the food window for the predator, and
narrows its potential impact on prey stock. Conse-
quently, a limited impact on the prey population,
through for instance gape-size limits, may decouple the
effects of predation down the food chain, and thus also
community dynamics (e.g. Hambright et al. 1991, Ham-
bright 1994, Brönmark and Weisner 1996). For exam-
ple, predation by piscivores may result in prey fish
populations dominated by deep-bodied and/or large-
sized individuals (Brönmark and Miner 1992, Ham-
bright 1994, Brönmark et al. 1995). These large,
deep-bodied fish, such as bream, may then continue
feeding on lower trophic levels and, further, producing
new recruits, resulting in a decoupling of trophic cas-
cades. The data from Lake Finjasjön show that only a
minority of the largest bream are in an absolute size
refuge from predation, i.e. there is no definite decou-
pling of cascading trophic interactions in this lake.
However, the effective vulnerability of the larger size
classes of bream is very low, due to the low densities of
large pike and their selectivity against large and deep-
bodied prey. Also, pike prefer to feed on smaller prey
than they can actually ingest (B maximum prey size).
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As an example, in our selectivity experiments a substan-
tial part of the prey that had been eaten, 76% of the
bream and 72% of the roach, were less than half as
deep as the maximum prey size for the pike (Fig. 2). If
preference for prey this small is a general pattern (cf.
Beyerle and Williams 1968, Maitland and Campbell
1992), this behaviour would result in a functional size
refuge for prey fishes, resembling the size refuge found
by Hambright et al. (1991) (Fig. 4). Therefore, at
normal bream and roach population densities and size
structures, there are probably sufficient numbers of
small prey to put the larger bream in an effective,
functional size refuge through size and morph selectiv-
ity by pike, although pike are morphologically capable
of taking them. Subsequently, since pike feed on small
sizes of prey, and avoid feeding on deep-bodied individ-
uals and species, bream, to a larger extent than roach,
may well have the decoupling effects on trophic interac-
tions and ecosystem appearance suggested above. Thus,
the balancing of different demands in prey size selectiv-
ity in pike, i.e. maximising energy intake rate and
minimising post-attack risk, may affect behavioural size
refuges for prey, and subsequently affect dynamics and
composition of populations and communities in lake
ecosystems.
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References
Arts, M. T. and Evans, D. O. 1987. Precision micrometer

measurements of mouth gape of larval fish. – Can. J. Fish.
Aquat. Sci. 44: 1786–1791.

Beyerle, G. B. and Williams, J. E. 1968. Some observations of
food selectivity by northern pike in aquaria. – Trans. Am.
Fish. Soc. 97: 28–31.

Breck, J. E. 1993. Foraging theory and piscivorous fish: are
forage fish just big zooplankton? – Trans. Am. Fish. Soc.
122: 902–911.

Bromley, P. J. 1994. The role of gastric evacuation experi-
ments in quantifying the feeding rates of predatory fish. –
Rev. Fish Biol. Fish. 4: 36–66.

Brönmark, C. and Miner, J. G. 1992. Predator-induced pheno-
typical change in body morphology in crucian carp. –
Science 258: 1348–1350.

Brönmark, C. and Weisner, S. E. B. 1996. Decoupling of
cascading trophic interactions in a freshwater, benthic food
chain. – Oecologia 108: 534–541.

Brönmark, C., Paszkowski, C. A., Tonn, W. M. and Hargeby,
A. 1995. Predation as a determinant of size structure in
populations of crucian carp (Carassius carassius) and tench
(Tinca tinca). – Ecol. Freshw. Fish 4: 85–92.

Bry, C., Bonamy, F., Manelphe, J. and Duranthon, B. 1995.
Early life characteristics of pike, Esox lucius, in rearing
ponds: temporal survival pattern and ontogenetic diet
shifts. – J. Fish. Biol. 46: 99–113.

Carpenter, S. R. and Kitchell, J. F. 1993. The trophic cascade
in lakes. – Cambridge Univ. Press, Cambridge.

Cerri, R. D. and Fraser, D. F. 1983. Predation and risk in
foraging minnows: balancing conflicting demands. – Am.
Nat. 121: 552–561.

Chesson, J. 1983. The estimation and analysis of preference
and its relationship to foraging models. – Ecology 64:
1297–1304.

Chivers, D. P., Brown, G. E. and Smith, R. J. F. 1996. The
evolution of chemical alarm signals: attracting predators
benefits alarm signals senders. – Am. Nat. 148: 649–659.

Christensen, B. 1996. Predator foraging capabilities and prey
antipredator behaviours: pre- versus post capture con-
straints on size-dependent predator-prey interactions. –
Oikos 76: 368–380.

DeMarco, V. G., Drenner, R. W. and Ferguson, G. W. 1985.
Maximum prey size of an insectivorous lizard, Sceloporus
undulatus garmani. – Copeia 1985: 1077–1080.

Dettmers, J. M., Stein, R. A. and Lewis, E. M. 1998. Potential
regulation of age-0 gizzard shad by hybrid striped bass in
Ohio reservoirs. – Trans. Am. Fish. Soc. 127: 84–94.

Dill, L. M. and Fraser, A. H. G. 1984. Risk of predation and
the feeding behavior of juvenile coho salmon
(Oncorhynchys kisutch). – Behav. Ecol. Sociobiol. 16: 65–
71.

Einfalt, L. M. and Wahl, D. H. 1997. Prey selection by
juvenile walleye as influenced by prey morphology and
behavior. – Can. J. Fish. Aquat. Sci. 54: 2618–2626.

Fraser, D. F. and Cerri, R. D. 1982. Experimental evaluation
of predator-prey relationships in a patchy environment:
consequences for habitat use patterns in minnows. – Ecol-
ogy 63: 307–313.

Fraser, D. F. and Gilliam, J. F. 1992. Nonlethal impacts of
predator invasion: facultative supression of growth and
reproduction. – Ecology 73: 959–970.

Fraser, N. H. C., Metcalfe, N. B. and Thorpe, J. E. 1993.
Temperature-dependent switch between diurnal and noc-
turnal foraging in salmon. – Proc. R. Soc. Lond. B Biol.
Sci. 252: 135–139.

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

Giles, N., Wright, M. R. and Nord, M. E. 1986. Cannibalism
in pike fry, Esox lucius L.: some experiments with fry
densities. – J. Fish. Biol. 29: 107–113.

Grimm, M. P. and Klinge, M. 1996. Pike and some aspects of
its dependence on vegetation. – In: Craig, J. F. (ed.), Pike:
biology and exploitation. Chapman & Hall, London, pp.
125–156.

Hambright, K. D. 1991. Experimental analysis of prey selec-
tion by largemouth bass: role of predator mouth width and
prey body depth. – Trans. Am. Fish. Soc. 120: 500–508.

Hambright, K. D. 1994. Morphological constraints in the
piscivore-planktivore interaction: implications for the
trophic cascade hypothesis. – Limnol. Oceanogr. 39: 897–
912.

Hambright, K. D., Drenner, R. W., McComas, S. R. and
Hairston, N. G. Jr. 1991. Gape-limited piscivores: plankti-
vore size refuges, and the trophic cascade hypothesis. –
Arch. Hydrobiol. 121: 389–404.

Hart, P. J. B. and Connellan, B. 1984. Cost of prey capture,
growth rate and ration in size in pike, Esox lucius L., as
functions of prey weight. – J. Fish. Biol. 25: 279–292.

Hart, P. and Hamrin, S. F. 1988. Pike as a selective predator.
Effects of prey size, availability, cover and pike jaw dimen-
sions. – Oikos 51: 220–226.

Hart, P. J. B. and Hamrin, S. F. 1990. The role of behaviour
and morphology in the selection of prey by pike. – In:
Hughes, R. N. (ed.), Behavioural mechanisms of food
selection. NATO ASI Series, Vol. G 20, pp. 235–254.

Hart, P. J. B. and Gill, A. B. 1992. Constraints on prey size
selection by the three-spined stickleback: energy require-
ments and the capacity and fullness of the gut. – J. Fish
Biol. 40: 205–218.

Hirvonen, H. and Ranta, E. 1996. Prey to predator size ratio
influences foraging efficiency of larval Aeshna juncea drag-
onflies. – Oecologia 106: 407–415.

OIKOS 88:3 (2000) 545



Hoyle, J. A. and Keast, A. 1987. The effect of prey morphol-
ogy and size on handling time in a piscivore, the large-
mouth bass (Micropterus salmoides). – Can. J. Zool. 65:
1972–1977.

Ivlev, V. S. 1961. Experimental ecology of the feeding of
fishes. – Yale Univ. Press, New Haven, CT.

Jacobsen, L. and Perrow, M. R. 1997. Predation risk from
piscivorous fish influencing the diel use of macrophytes by
planktivorous fish in experimental ponds. – In: The struc-
turing effect of submerged macrophytes on fish interactions
in lakes. PhD thesis, Biologisk Institut, Afdeling for Zo-
ologi, A, rhus Universitet og Danmarks Fiskeriun-
dersøgelser, Afdeling for Ferskvandsfiskeri, Silkeborg.

Jobling, M. 1981. Mathematical models of gastric emptying
and the estimation of daily rates of food consumption for
fish. – J. Fish Biol. 19: 245–257.

Juanes, F. 1994. What determines prey size selectivity in
piscivorous fishes? – Belle W. Baruch Libr. Mar. Sci. 18:
79–100.

Juanes, F. and Conover, D. O. 1994. Piscivory and prey size
selection in young-of-the-year bluefish: predator preference
or size-dependent capture success? – Mar. Ecol. Prog. Ser.
114: 59–69.

Kerfoot, W. C. and Sih, A. 1987. Predation: direct and
indirect impacts on aquatic communities. – Univ. Press of
New England, London.

Lammens, E. H. R. R., Geursen, J. and McGillavry, P. J.
1987. Diet shifts, feeding efficiency and coexistence of
bream (Abramis brama), roach (Rutilus rutilus) and white
bream (Blicca bjoerkna) in hypertrophic lakes. – Proc. V
Congr. Europ. Ichtyol. 1985: 153–162.

Lammens, E. H. R. R., Frank-Landman, A., McGillavry, P. J.
and Vlink, B. 1992. The role of predation and competition
in determining the distribution of common bream, roach
and white bream in dutch eutrophic lakes. – Environ. Biol.
Fish. 33: 195–205.

Lima, S. L. and Dill, L. M. 1990. Behavioral decisions made
under the risk of predation: a review and prospectus. –
Can. J. Zool. 68: 619–640.

Maitland, P. S. and Campbell, R. N. 1992. Freshwater fishes.
– Harper Collins, London.

Manly, B. F. J. 1974. A model for certain types of selection
experiments. – Biometrics 30: 281–294.

Mathis, A., Chivers, D. P. and Smith, R. J. F. 1995. Chemical
alarm signals: predator deterrents or predator attractants?
– Am. Nat. 145: 994–1005.

Mauck, W. L. and Coble, D. W. 1971. Vulnerability of some
fishes to northen pike (Esox lucius) predation. – J. Fish.
Res. Board Can. 28: 957–969.

Moody, R. C., Helland, J. M. and Stein, R. A. 1983. Escape
tactics used by bluegill and fathead minnows to avoid
predation by tiger muskellunge. – Environ. Biol. Fish. 8:
61–65.

Mooij, W. M., Densen, W. L. T. van and Lammens, E. H. R.
R. 1996. Formation of year-class strength in the bream
population in the shallow eutrophic Lake Tjeukemeer. – J.
Fish. Biol. 48: 30–39.

Nilsson, P. A. and Brönmark, C. 1999. Foraging among
cannibals and kleptoparasites: effects of prey size on pike
behavior. – Behav. Ecol. in press.

Nilsson, P. A., Brönmark, C. and Pettersson, L. B. 1995.
Benefits of a predator-induced morphology in crucian carp.
– Oecologia 104: 291–296.

Nursall, J. R. 1973. Some behavioral interactions of spottail
shiners (Notropis hudsonius), yellow perch (Perca fla6es-
cens), and northern pike (Esox lucius). – J. Fish. Res.
Board Can. 30: 1161–1178.

Persson, L., Andersson, J., Wahlström, E. and Eklöv, P. 1996.
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