Ecology, 84(3), 2003, pp. 691-700
© 2003 by the Ecological Society of America

POPULATION CONSEQUENCES OF A PREDATOR-INDUCED HABITAT

SHIFT BY TROUT IN WHOLE-LAKE EXPERIMENTS

PETER A. BIrRO,!? JOoHN R. PosT,! AND ERIC A. PARKINSON?

'Division of Ecology, Department of Biological Sciences, University of Calgary, 2500 University Drive N.W., Calgary,

Alberta, Canada T2N IN4

2Fisheries Research and Development Section, British Columbia Ministry of Fisheries, University of British Columbia,

Vancouver, British Columbia, Canada V6T 174

Abstract. In a replicated whole-lake experiment, we (a) tested for the existence of a
flexible habitat shift in response to predator presence in age-0 rainbow trout (Oncorhynchus
mykiss) at risk of cannibalism and (b) evaluated the population-level consequences of habitat
shifts in terms of growth and survival over their first growing season. Daphnid food and
adult trout predators were substantially more abundant in pelagic than in littoral habitats.
Age-0 trout used all habitats in populations without adult trout predators, whereas age-0
trout were observed only in the less profitable littoral habitat in populations with adult
trout. Consequently, mean fall mass of age-0 trout in the presence of predators was almost
half that observed in populations without adult trout. Despite the shift in habitat use, age-
0 trout experienced 90% mortality when adult trout predators were present, in comparison
to only 36% mortality when absent. We conclude that the commonly observed habitat shifts
by fish at risk of predation, observed at smaller scales, do in fact occur at the whole-system
scale over long time intervals. These results suggest that fish are able to perceive risk at
large spatial scales and thus take advantage of profitable (but normally risky) habitats when
predators are absent, or move to less profitable refuge habitats when predators are present.
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INTRODUCTION

Predators have effects on the abundance and size
structure of prey populations that can influence com-
munity structure and dynamics (e.g., Sih 1987, Lima
and Dill 1990, Lima 19984, b, Sih et al. 1998). Con-
sequently, predation is an extremely strong selective
force and is thought to be important in the evolution
of behavioral and morphological adaptations that re-
duce predation (e.g., Lima and Dill 1990). A vast num-
ber of studies show that animals can balance costs and
benefits while foraging under risk of predation (Lima
1998b). Many of these studies come from fish predator—
prey systems that are amenable to experimental ma-
nipulation. Since food abundance and risk of predation
are often correlated in aquatic systems, these studies
typically show effects of predator presence on fish prey
that include increased use of refuge habitats, decreased
growth as a consequence of using less profitable ref-
uges, reduced survival, and increased food resources
outside the refuge (see review in Diehl and Eklov
1995). Similar patterns of adaptive antipredator be-
havior have been found in both vertebrate and inver-
tebrate predator—prey systems (e.g., Sih 1987, Lima
and Dill 1990, Lima 1998b, Karels et al. 2000).

Much of the empirical literature that shows flexible
and adaptive antipredator behavior comes from labo-
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ratory or mesocosm experiments of short duration
(Lima 19984, b). It does not necessarily follow that
prey in natural environments similarly assess and re-
spond to variable risk at larger spatial and temporal
scales. Recent reviews identify this gap in our knowl-
edge and suggest that adaptive behavioral responses of
prey to risk of predation in natural conditions is poorly
documented, and that the absence of realistic field ex-
periments are a major impediment to our understanding
of how behavior influences population and community
dynamics in natural systems (e.g., Walters and Juanes
1993, Lima and Zollner 1996, Sutherland 1996, Fryxell
and Lundberg 1997, Lima 1998b, Luttbeg and Schmitz
2000, Schmitz 2001). Small-scale experiments and
even mesocosm experiments run the risk of creating
conditions where rates of interaction between predators
and prey are elevated in confinement. Furthermore, ex-
periments of short duration do not reveal whether var-
iation in behavior has effects on growth or mortality
over the long term (Lima 1998b, Schmitz 2001). Ac-
knowledging these possibilities, recent experiments
and reviews suggest that laboratory experiments may
overestimate the degree of antipredator behavior ex-
pected in the field (Abramsky et al. 1996, Irving and
Magurran 1997, Wolff and Davis-Born 1997, Lima
1998b, Lima and Bednekoff 1999). Studies conducted
at more realistic spatiotemporal scales are needed to
test results obtained at smaller scales (e.g., Schindler
1990, Carpenter 1996, see also Persson et al. 1999). In
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Treatment allocation, morphometric statistics, mean seasonal daphnid abundance (littoral and pelagic habitats),

and estimates of the number of age-O rainbow trout (Oncorhynchus mykiss) killed by bird -predators for each of the

experimental lakes in British Columbia, Canada.

Adult trout Daphnid biomass (pg/L) No. age-0
Surface Max. Mean predators trout killed
Lake area (ha) depth (m) depth (m) (treatment) Littoral Pelagic by birds
BP 1 1.9 8 2.3 present 457 2540 453
BP 2 1.4 7 3.2 present 291 2369 317
BP 3 1.4 6 NA absent 147 2406 205
SMOKE 2.0 9 2.8 absent 180 2573 723

Note: NA = not available.

some cases, this may only be achieved by whole-system
experiments that allow expression of the full suite of
spatial and temporal aspects of predator and prey be-
havior (e.g., Persson et al. 1996, 1999, Post et al. 1999).

The purpose of this study was to test for evidence
of flexible habitat use (facultative habitat use) in young
prey fish cohorts, and to evaluate its population-level
consequences at the scale of whole aquatic ecosystems.
We performed a replicated whole-lake experiment to
determine (1) whether, and to what extent, age-0 rain-
bow trout (Oncorhynchus mykiss) alter their use of hab-
itat in response to the presence of adult rainbow trout
predators, and (2) the consequences of differential hab-
itat use in terms of growth and mortality over an entire
growing season. Lakes are ideal for such experiments
for several reasons. First, each lake is a discrete and
independent replicate. Second, mortality and growth
consequences of behavioral variation can be rigorously
assessed in lakes since they are closed systems, and in
our case, fish populations are created entirely by stock-
ing. Third, there is evidence supporting the existence
of a spatial trade-off between growth and mortality
rates for age-0 trout in our study lakes and in other
lakes (e.g., Tabor and Wurtsbaugh 1991). In our lakes,
risk of predation mortality is related to the spatial dis-
tribution of adult trout, whereby deeper habitats are
more dangerous than shallow habitats (Post et al. 1998,
1999, Landry et al. 1999). Abundance of daphnid
plankton, which comprises >90% of age-0 trout diet,
also increases with depth (Landry 1997, Landry et al.
1999, Post et al. 1999). Because growth of age-0 trout
is closely related to food abundance (Post et al. 1999),
the use of inshore habitats by age-0 trout must represent
a trade-off between growth and mortality rates. How-
ever, we know of only one whole-lake study that has
examined habitat use by young fish in the presence vs.
absence of cannibalistic adults, and that study was not
replicated, nor did it quantify growth or survival (Lan-
dry et al. 1999).

We tested the following predictions: (1) The presence
of predators will restrict the distribution of age-0 trout
to the littoral zone, whereas, in the absence of trout
predators, age-0 trout will predominantly use the prof-
itable pelagic habitat; (2) growth of age-0 trout will be
lower when predators are present as a consequence of
inhabiting the less profitable littoral zone; and (3) age-

0 trout mortality will be greater in the presence of adult
trout.

METHODS
Experimental design

We implemented a single factor experiment using
four entire lakes (BP1, BP2, BP3, and SMOKE) and
manipulated predator presence (present/absent) while
keeping constant intitial prey fish density. The exper-
iment was conducted over an entire growing season
that extended from early July to mid-October 2000.
Initial prey fish density (age-0 rainbow trout) was set
at 15000 trout/ha to allow for comparisons of mortality
with earlier experiments and to allow for low-level de-
structive fish sampling during the growing season. Age-
0 rainbow trout were raised at the Fraser Valley Trout
Hatchery (British Columbia Fisheries Branch) from
eggs collected from a wild population in Tunkwa Lake,
British Columbia. Fish were stocked within several
days of absorbing their yolk at a mean fork length of
27 mm and mean mass of 0.184 g (n = 200). Stocking
took place on 13 July 2000, at a time when wild young
emerge from nest substrates in the area. Replicate batch
samples of age-0 trout were weighed, and all individ-
uals were counted to obtain a mass density used to
estimate the number to be stocked. To reduce and equal-
ize predator densities of survivors from previous ex-
periments (lakes BP1 and BP2), we began by netting
with a constant effort for five net—nights in late April
2000 (see Estimation of mortality and growth). Initial
predator density (adult rainbow trout) was estimated to
be 1000-1 200 trout/ha in the predator treatment and
zero in the predator-free treatment (Table 1). Predator
treatments consisted of adult trout ranging in size from
15 to 30 cm fork length at the time of age-O trout
stocking. Predator-free treatments were achieved by a
complete winterkill of all fish in two lakes due to an-
oxia; total absence of adults was later confirmed by
intensive gillnetting in the fall.

Lake selection

The four lakes used for our experiment were all lo-
cated within 5 km of one another in south-central Brit-
ish Columbia, Canada (49°50'-49°56’ N, 120°33'—
120°34' W). The lakes were small, lack natural repro-
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duction of trout, and contain no other fish species. The
lakes were 1.4-2.0 ha in size and were relatively shal-
low (maximum depths 7-9 m; Table 1). The lakes had
4 to 6 m of pelagic habitat above the thermocline, below
which is anoxic during summer stratification and thus
unavailable to fish. Additional physical and biological
descriptors of the lakes can be found in Post et al.
(1999).

These lakes were chosen from a larger set of exper-
imental lakes because they have all experienced peri-
odic winterkills in recent years that allowed us to have
a treatment free of adult trout predators. In addition,
the lakes also have very similar productivity and zoo-
plankton abundance. We did not quantify plankton
abundance in the present experiment. However, zoo-
plankton data collected the previous year (1999) in our
lakes showed no significant differences in daphnid
abundance among the lakes (F,, = 0.47, P > 0.65)
and showed that daphnid abundance in pelagic habitats
is ~11 times greater on average than in littoral habitats
(Fy48 = 9.3, P < 0.0005; Table 1). In addition, similar
patterns of plankton abundance between and within
these lakes have been demonstrated in 1994 (Landry
1997, Landry et al. 1999). Finally, greater plankton
abundance in pelagic waters is a general feature of lake
ecosystems (Wetzel 1983).

These lakes were also chosen because bird predation
on age-0 trout is low, and especially for the fact that
the common loon (Gavia immer), a potentially signif-
icant predator on age-0 trout, was unable to access these
small lakes and was never observed there for over eight
years prior to and including our experiment. In 1999,
we quantified bird predation on age-0 trout stocked into
these lakes at a density of 15000 trout/ha that contained
adult trout, and found that birds killed only a small
proportion. Loons were an important factor to control
for because loons swallow prey underwater, making it
impossible to know how many age-0 trout they might
consume. We surveyed for the presence of potential pi-
scivorous birds from dawn to dusk, every second day,
from the time of stocking until the fall population as-
sessments. In addition, detailed focal animal observa-
tions of bird predators were performed from dawn to
dusk to determine species-specific ingestion rates of age-
0 trout. Average ingestion rates were then combined
with the frequency of occurrence of each piscivorous
bird species for each lake over the season to estimate
total number of age-0 trout killed (Table 1). The most
common and important piscivores were Great Blue Her-
on (Ardea herodias) and Belted Kingfisher (Ceryle al-
cyon). The estimated total number of age-0 trout killed
by bird predators in these lakes in 1999 is presented in
Table 1; these values represent 1-2.5% of the initial age-
0 trout population (C. Beckmann, unpublished data).
Predation by wading and perching bird predators, such
as herons and kingfishers, is therefore unlikely to have
been a significant source of age-0 trout mortality during
the present experiment.
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Estimation of mortality and growth

We estimated fall population size by intensive gillnet
sampling during the first 2.5 wk of October. Gillnet
densities were standardized among lakes based on lake
area and ranged from 400 to 500 m?-ha-night, following
the identical netting effort and protocol used by Post
et al. (1999) in these same lakes. We set sinking and
floating experimental gillnets with graded, stretched
mesh ranging in size from 13 to 89 mm for five nights
in all habitats. Nets were set during the day and re-
trieved ~24 h later. All captured fish not already dead
were euthanized. In order to assess the relative pro-
portion of the age-0 trout cohort inhabiting pelagic vs.
littoral habitats, we also set a standardized effort of
fine-mesh floating gillnet for one net-night in the pe-
lagic zone, because our standard netting protocol uses
fine-mesh gillnets that sample to a maximum depth of
2.5 m. Fork length (FL) of captured fish was measured
to the nearest 1 mm, and a subsample of not less than
500 individuals was weighed to the nearest 0.1 g.

The summed catch over five nights of netting was
adjusted to account for the size-dependent probability
of capturing fish in gillnets. To do this, we estimated
a mean capture probability model that expresses the
proportion of fish of a particular size captured over the
five nights of netting. This model was estimated from
mark and recapture data collected in 1993 and 1994 in
these same lakes. A total of 7503 fish ranging in size
from 50 to 328 mm were captured, marked, and re-
leased just prior to fall netting in lakes with age-0 trout
densities that varied from 500 to 12 000 trout/ha. The
proportion of marked fish in each 5-mm size interval
recaptured over the five nights of netting follows a
binomial probability distribution into which we could
substitute various models to predict the probability of
capture. The most likely model describing the data was
determined by maximum likelihood and comparison of
AICc statistics for each (Burnham and Anderson 1998).
The most parsimonious model was a four-parameter
logistic function as follows:

1

Peaprure = 0'431([1 + e—(—l36+1‘18FL)]0.02>

where P, is the proportion of fish of a given FL
interval captured over five consecutive nights of gill-
netting. This algorithm describes a steeply increasing
function between 50 and 125 mm FL and a constant
capture probability for fish >125 mm (A. J. Paul, un-
published data). Because the mean capture probability
was estimated using data from lakes with predators that
largely restrict age-0 trout distribution to the littoral
zone, we further adjusted our estimate of the total num-
ber of survivors by the proportion of individuals es-
timated to inhabit the pelagic zone vs. the littoral zone
(i.e., habitats <2.5 m deep, see Results). We used mean
fall mass as a surrogate for seasonal growth rate. Mean
fall mass was calculated by dividing the sample of
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weighed fish into 10-mm size bins, calculating a mean
mass for each, then multiplying by the estimated num-
ber of survivors in each size bin (after adjusting the
catch for the mean capture probability in each size
interval).

Spatial behavior of age-0 and adult trout

Three different gillnet types (1.5 m, 2.5 m, and 5 m
deep) were used to sample shallow littoral, deep littoral,
and pelagic habitats, respectively. Each net consisted of
graded mesh sizes in the following order: 13-, 16-, 20-,
and 25-mm stretched mesh. We likely underestimated ab-
solute numbers of fish in any given habitat, because age-
0 trout <45 mm FL are not vulnerable to the nets during
the summer. This bias will therefore underestimate age-
0 trout size distributions in lakes with lower growth.
However, this netting bias does not affect our fall es-
timates of growth and survival, because we captured
no age-0 trout <50 mm FL. Despite the small mesh
sizes in these nets, we captured many adult trout, which
provided information on their relative spatial distri-
bution as well. Nets were set on bottom, parallel to the
shoreline along the 1.5- and 2.5-m depth contours using
the 1.5-m and 2.5-m nets, respectively. The 5-m deep
net was set as a floating net in the pelagic zone in areas
not less than 6 m deep. Nets were set midday, for 1 h
in August and 0.5 h in early September. Captured fish
were removed, and nets were re-set for the next ‘“‘net
trial.”” The modal number of net trials was eight (range
= 6-8). Two measures of spatial distribution were used:
(1) probability of capture, defined as the proportion of
net sets that caught at least one fish, and (2) relative
habitat use, defined as the catch-per-unit-effort (number
of fish per square meter of net per hour) in a particular
habitat multiplied by the volume of that particular hab-
itat divided by the total volume-corrected catch on that
lake—day (see Landry et al. 1999). This second measure
provides an estimate of the proportion of the age-0 trout
cohort that inhabit different habitats within a given
lake. This measure was used to describe the spatial
behavior of the adult trout that were captured in the
same nets.

Statistical analysis

Working at the scale of whole-systems necessitates
loss of statistical power associated with few replicates
and the potential for an inflated type II error rate. Con-
sequently, we used maximum likelihood techniques to
find the most likely model given the data rather than
relax the traditional (and arbitrary) level of significance
of a = 0.05 (Hilborn and Mangel 1997, Burnham and
Anderson 1998). Significance of treatment effects was
determined by a likelihood-ratio test that is asymptot-
ically x? distributed (Hilborn and Mangel 1997). There-
fore, a x2 result with P < 0.05 is interpreted as being
significantly more likely than a null model, where the
effect is constant. Age-0 trout mortality and mean fall
mass was analyzed assuming normally distributed er-

PETER A. BIRO ET AL.

Ecology, Vol. 84, No. 3

rors on data that were arcsine square-root transformed
and log, transformed, respectively. Analysis by maxi-
mum likelihood was done in PROC GENMOD (SAS
version 8.0; SAS Institute 1998). In addition, we also
provide parametric R? values to express effect sizes for
the most likely model. The probability of capturing
age-0 trout in the pelagic habitat was analyzed using
PROC GENMOD by assuming binomial distributed er-
rors for the raw data. We similarly analyzed the pro-
portion of the age-0 trout cohort caught in each habitat
using GENMOD, but assumed normal errors on data
that were arcsine square-root transformed. Finally, we
assessed the cost of predator presence to age-0 trout
in terms of foregone growth by comparing observed
changes in mean mass over successive sampling pe-
riods to a predicted maximum mean mass. We used the
growth equation of Iwama and Tautz (1981) developed
from hatchery-raised rainbow trout fed to satiation.
Changes in mean mass over each period were expressed
as a percentage of the predicted maximum mass in-
crease over that period given observed mean water tem-
peratures in the littoral zone. Differences between treat-
ments in the percentage of maximum mean mass
achieved were determined by likelihood ratio tests, and
95% confidence intervals for each treatment mean were
determined from likelihood profiles. If the confidence
interval included the predicted maximum growth (i.e.,
100%), we considered it not statistically different. This
was done since a one-sample ¢ test on so few replicates
has very low power. Body size variation of age-0 trout
between habitats within lakes was analyzed using in-
dividuals as replicates.

RESULTS
Evidence for flexible habitat use

Age-0 trout were observed in both littoral and pe-
lagic habitats of predator-free lakes, but their distri-
bution was restricted to the less profitable littoral zone
(Table 1) in lakes where adult trout were present (Fig.
1). No age-0 trout were captured in the pelagic habitat
in August or in September in lakes with trout predators
(Fig. 1). By contrast, 53% and 69% of pelagic net-sets
captured at least one age-0 trout in lakes without trout
predators in August (x2 = 16, P < 0.0001) and Sep-
tember (x> = 21, P < 0.0001), respectively. A greater
proportion of the age-0 trout cohort used shallow hab-
itats than deep littoral and pelagic habitats in August
and in September (x2 = 45, P < 0.0001 and x2 = 8.3,
P < 0.02, respectively; Fig. 1). However, age-0 trout
used shallow habitats less and deep littoral and pelagic
habitats more in the absence of adult trout predators,
resulting in the significant interaction between predator
presence and habitat in August and September (x> =
16, P < 0.001 and x* = 7.5, P < 0.025, respectively;
Fig. 1). Age-0 trout did not distribute themselves ac-
cording to the distribution of food abundance (towards
the pelagic habitat) when in the absence of adult trout
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presence or absence of trout predators and sampling date, and the proportion of adult rainbow trout cohorts captured in each
of three habitats in the study lakes. Each bar represents the mean + 1 SE of two populations (lakes).

predators in August as predicted, but they did have a
more even distribution among habitats in September
(Fig. 1). In contrast, the entire age-0 trout cohort in-
habited the littoral zone in lakes that possessed adult
trout predators (Fig. 1).

The distribution of age-0 trout was in the opposite
direction to the distribution of adult trout predators that,
when present, were captured in deep littoral and pelagic
habitats exclusively (Fig. 1). In fact, not a single adult
trout was captured in the shallow littoral habitat in any
of the net trials during August or September (Fig. 1).

There was no evidence to support the alternate hy-
pothesis that differential use of pelagic habitats by age-
0 trout between predator treatments was due to a size-
dependent (ontogenetic) habitat shift associated with
higher growth rates in lakes without adult trout. In
August, age-0 trout in littoral habitats in lakes with
trout predators were just as large as age-0 in pelagic

. habitats in lakes without trout predators (Fig. 2). There
also was no evidence of size-dependent use of deep
littoral or pelagic habitats in the absence of predators,
but some evidence for it in the presence of predators
_(Fig. 2). The fork length of age-0 trout did not differ
among habitats within predator-free lakes during Au-
gust or September (BP3: August, F, 3s = 1.0, P > 0.3
and September, F, 5, = 2.4, P > 0.08; SMOKE: Au-
gust, F, 357 = 1.5, P > 0.2 and September, F,,, = 1.7,
P > 0.1). Size of age-0 trout did not differ among
habitats in BP1 (August, F, ,3 = 0.4, P > 0.5 and
September, not applicable), but larger individuals were
captured in deeper habitats in September.in BP2 (Au-
gust, F,;, = 3.9, P > 0.05 and September, F|, = 11.8,
P < 0.005).

By early October, patterns of habitat use by age-0
trout among predation treatments were unchanged, but
with one exception: There was evidence of size-related
use of pelagic habitats in one of the lakes with trout
predators (Fig. 3). Overnight gillnetting revealed that
the proportion of age-0 trout in pelagic vs. littoral hab-
itats was significantly greater in populations without
adult trout than in populations with adults (x2 = 12.2,
P < 0.0005). On average, 44% of age-0 trout inhabited
the pelagic zone in populations without adult trout
(BP3 = 51%, SMOKE = 37%) in comparison to 2%
in populations with adults present (BP1 = 0%, BP2 =
4%). Low use of the pelagic habitat by young trout in
the presence of adult trout in BP2 was the result of a
small number of captures (n = 8) that was linked to
greater growth in BP2 as compared to BP1, where none
were captured in the pelagic habitat (Fig. 3). Young
trout reached a maximum fork length of only 82 mm
in BP1, and none were captured in the pelagic zone.
By contrast, fish reached 108 mm in BP2, and the small-
est individual captured in the pelagic habitat was 84
mm (Fig. 3). Age-0 trout captured in the pelagic habitat
in BP2 were significantly larger than those in the littoral
zone (mean difference = 14 mm longer, separate var-
iances t; = 7.3, P < 0.001). In contrast, there were no
biologically significant differences in body size of age-
0 trout between littoral and pelagic habitats in popu-
lations without trout predators (Fig. 3). Mean fork
lengths of age-0 trout were no different between littoral
and pelagic habitats in BP3 (mean difference = 0.5
mm, separate variances tsz = 0.88, P-> 0.3), but were
slightly smaller in SMOKE (mean difference = 2 mm,
separate variances 55 = 7.3, P < 0.001).
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FIG. 2. Mean fork length of age-0 trout (mean * 1 SE) in each lake in relation to sampling date (dashed series = August;
solid series = September), habitat, and predation treatment. The total sample size of trout captured in each habitat is given

beside each mean fork length.

Population-level consequences of flexible habitat use

Exclusive use of the less productive littoral habitat
by age-0 trout in lakes with adult trout led to reduced
growth and survival over the growing season (Fig. 4).
Age-0 trout experienced high mortality when in the
presence of adult trout despite the fact that they resided
primarily in the shallowest habitats where adults were
never captured (Fig. 4A). In fact, 95% of the variation
in age-0 trout mortality could be explained by the pres-
ence or absence of adult trout (F,; = 38.3, P < 0.03).
That statistical model predicts that mortality in the ab-
sence of adult trout is 36% (95% ci 20-53%) in
comparison to 90% in the presence of adults (95% cI1
= 81-96%). These mortality values translate to in-
stantaneous mortality rates of 2.8% and 0.5% per day
for populations with and without adult trout, respec-
tively.

In the presence of adult trout, mean fall mass of age-
0 trout (a surrogate for growth rate) was reduced by
almost one-half (Fig. 4B). Eighty-three percent of the
variation in mean autumn mass of age-0 trout could be
explained by the presence or absence of adult trout,
but this result was not significant at the a = 0.05 level
(F,; = 10.0, P > 0.05). However, this statistical model
was significantly more likely than a null model de-

scribing constant mass of age-0 trout in October (x> =
7.2, P < 0.01), and predicts a mean autumn mass of
7.3 g in the absence of adult trout (95% c1 = 5.1-10.3
g) compared to only 4.0 g in the presence of adult trout
(95% c1 = 3.1-5.0 g).

The growth cost incurred by age-0 trout in the pres-
ence of adult trout predators increased steadily over
time (Fig. 5). Age-0 trout grew at maximum rates in
all populations over the early summer period (Fig. 5),
and the proportion of maximum mean mass achieved
did not differ between predator treatments (x? = 2.9,
P > 0.09). Later, age-0 trout grew below maximum
rates over the late summer period in lakes with adult
trout, whereas growth was still maximal in populations
without adult trout (Fig. 5). Age-0 trout achieved only
66% of maximal growth in lakes with predators during
this period in contrast to 89% in lakes without predators
(x? = 5.6, P < 0.02). During early autumn, young trout
grew below maximum rates in all lakes (Fig. 5), al-
though young trout growth was nearer the maximum
in lakes without adult trout than in lakes with adults
(x* = 6.7, P < 0.01).

DiscussioN

Our manipulations of predators revealed that (1)
young trout have flexible and adaptive habitat use at
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the whole-system scale, and (2) cohorts experienced
large differences in growth and mortality during their
first growing season as a result of differences in habitat
use. Age-0 trout used all habitats in the absence of
adult trout predators, but restricted their habitat use to
the less profitable, but safer, littoral zone when adult
trout were present. Thus, use of nearshore habitats by
age-0 trout in lakes represents a facultative behavior
whereby individuals assess variation in food avail-
ability (Table 1) and predation risk (Fig. 1), and ap-
parently trade-off benefits of rapid growth with risk of
predation mortality. Consequently, mean autumn mass
of age-0 trout cohorts was almost two times greater
when predators were absent. Nonetheless, age-0 trout
experienced high mortality in the presence of adult
trout, but had they occupied the pelagic habitat, pred-
ator encounter rates and predation mortality would
have been higher. In fact, there were six times as many
survivors when adult trout were absent (autumn pop-
ulation densities of 9600 and 1500 trout/ha in predator-
free and predator lakes, respectively). Our study pro-
vides a valuable large-scale test of the classic study by
Werner et al. (1983) showing flexible habitat use by
young centrarchid fish in response to predation risk;
their study was conducted in a single small pond and
was unreplicated. Our findings are also consistent with
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those obtained from other smaller scale experiments
(see Diehl and Eklov 1995, and Lima 1998b).

Early in the experiment, age-0 trout did not distribute
themselves according to the distribution of food re-
sources (Table 1) in lakes without trout predators. By
September, young trout used the pelagic habitat con-
siderably more. The low use of the pelagic habitat early
in the season stands in contrast to findings from smaller
scale experiments in which fish rapidly used the open
and more profitable habitat (Diehl and Eklov 1995,
Lima 1998b), perhaps because confined fish more rap-
idly assess risk and/or experience food resource limi-
tation. For instance, in an 11-d pond experiment, Tabor
and Wurtsbaugh (1991) found that 78% of age-0 rain-
bow trout occupied “‘offshore’ areas when trout pred-
ators were absent. The “underuse’ of pelagic habitats
in our study was evident almost one month after stock-
ing, and given the low mortality in these predator-free
lakes, densities of age-O trout in the littoral habitats
were likely greater than in lakes with trout predators.
However, initial underuse of the pelagic habitat in the
absence of predators may be explained by conservative,
or relatively fixed, antipredator behavior. Initially con-
servative, or fixed, antipredator behavior is expected
to evolve if gathering information about the predation
environment increases vulnerability (Sih 1987). Since
mortality of age-0 trout is strongly size dependent in
our lakes when in the presence of adult trout (Landry
1997, see also Johnsson 1993), we might also expect
the cost of gathering information is high. Eklov and
Persson (1996) provide an example -of a fixed anti-
predator behavior in young fish and suggest that it is
adaptive given that adult fish predators are always pres-
ent in natural populations. However, given that age-0
trout were growing at maximum rates in all populations
during the early summer, there was little réason for
them to leave the littoral zone at that time. Later, growth
was less than maximum in all populations, and there
was a corresponding increase in the use of the pelagic
habitat in lakes without predators. However, this would
not explain the use of pelagic habitats by age-0 trout
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absent

Fic. 5. Growth of age-0 trout expressed as
a percentage of the predicted maximum (from
Iwama and Tautz 1981; see Methods) during
three successive time intervals through the
growing season. Each bar represents the mean
+ 95% c1 of two lakes.

present

when they were growing at maximum rates in the ab-
sence of predators. The relatively few individuals in
the pelagic habitat may therefore represent those that
have assessed absence of risk.

We found evidence suggesting that age-0 trout are
sensitive to size-dependent risk of predation. In the
presence of adult trout, larger age-0 trout were more
likely to inhabit the deep littoral habitat than the shal-
low littoral habitat. At the end of the growing season,
a small percentage of age-0 trout in one of the lakes
with adult trout occupied the pelagic zone. Young trout
in this lake were larger than individuals in the other
lake containing adult trout. Indeed, the likelihood of
age-0 trout being captured and eaten by adult trout is
strongly size dependent, whereby smaller (Johnsson
1993, Landry 1997) and slower growing (Post et al.
1999) individuals experience greater mortality. Our es-
timate of the growth effect due to the presence of adult
trout is likely conservative, with mean mass estimates
biased upwards as a result of smaller individuals being
removed from the population at high rates.

Age-0 trout experienced high mortality from adult
trout despite the shift in habitat use towards shallow
littoral areas with low food abundance (Table 1), but
few or no predators (Fig. 1). We could not confine age-
0 trout to the pelagic region to quantify mortality as-
sociated with that habitat, but we can infer mortality
must be higher in the pelagic habitat given higher en-
counter rates with adult trout (Fig. 1). Antipredator
behavior (habitat shifts) often reduces, but does not
prevent, mortality in fish predator—prey systems (e.g.,
Tonn et al. 1992, Diehl and Eklov 1995 and citations
therein, Persson et al. 1996, 1999, Post et al. 1999) and
other predator—prey systems (Lima 1998b). Tabor and
Waurtsbaugh (1991) found that 96% of age-0 rainbow
trout were located inshore when in the presence of trout
predators, but still experienced six times greater mor-
tality and 24% lower growth than young trout in en-
closures lacking predators. We speculate that high mor-
tality of age-0 trout in lakes with adult trout is the result
of increased foraging effort (risk-taking) by individuals
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that are constrained by a short growing season in which
to accumulate sufficient lipid reserves to survive winter
(e.g., Werner and Anholt 1993, McNamara and Hous-
ton 1994). We are currently exploring these hypotheses
in an effort to gain a mechanistic understanding of the
large variation in young prey fish mortality seen in our
lakes (Post et al. 1999).

Our experiment does not allow us to precisely quan-
tify mortality from cannibalism. Yet, differences in
mortality between treatments must have been propor-
tional to the magnitude of cannibalism. Furthermore,
the direction of habitat shift by prey fish indicates the
relative risks of fish vs. avian predation in aquatic sys-
tems (Crowder et al. 1997). Prey fish move to shallow
water and/or complex habitats offering refuge in re-
sponse to piscivorous fish, but, when the dominant
predators are wading or perching birds, the shift is
towards deeper water (Crowder et al. 1997 and refer-
ences therein). Estimates of bird predation during the
previous year indicate that bird predators are unlikely
to account for much of the between-lake or between-
treatment differences in age-0 trout mortality given that -
<3% of age-0 trout were eaten by birds, even when
young trout were largely confined to shallow areas in
the presence of adult trout.

Reduced growth is a common indirect (nonlethal)
consequence of predation risk in aquatic and terrestrial
systems (Sih 1987, Lima and Dill 1990, Diehl and Ek-
16v 1995, Lima 1998b). Differential mortality could
result in a “thinning effect” that yields negligable
growth differences among cohorts (e.g., Walters and
Juanes 1993, Van Buskirk and Yurewicz 1998). It is
notable, therefore, that between-treatment differences
in both growth and mortality were large by the end of
the growing season. Reduced growth of age-0 trout in
the presence of adult trout could result not just from
lower daphnid abundance in shallow habitats, but also
from reduction of lake-wide daphnid abundance by
adult trout (Post et al. 1999). Nonetheless, observed
differences in the mean mass of age-0 trout at the end
of the growing season appeared to result from increas-
ing food limitation over the season that was greater in
lakes with adult trout than in lakes without them (Fig —
5). The growth differences may have even longer term
consequences for survival if the probability of over-
winter starvation mortality is size dependent (Post and
Evans 1989, Post and Parkinson 2001) and given that
growth and survival of the cohort the following season
is size and density dependent (Post et al.1999).

Our results show that rapid and flexible habitat shifts
previously observed for prey at smaller spatial and tem-
poral scales also occur at the whole-system scale, but
with one caveat: Antipredator behavior may be con-
strained for early developmental stages. In addition =+
habitat shifts by prey have population-level conse-
quences in terms of growth and survival that develop
and persist over long time scales. Demonstration of
large-scale and long-term consequences of flexible hab-
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itat use stresses the importance of behavior in predator—
prey interactions.
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