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Abstract Most organisms possess traits that are sensitive
to changes in the environment (i.e., plastic traits) which
results in the expression of environmentally induced poly-
morphisms. While most phenotypically plastic traits have
traditionally been treated as threshold switches between
induced and uninduced states, there is growing evidence
that many traits can respond in a continuous fashion. In this
experiment we exposed larval anurans (wood frog tadpoles,
Rana sylvatica) to an increasing gradient of predation risk
to determine how organisms respond to small environmen-
tal changes. We manipulated predation risk in two ways: by
altering the amount of prey consumed by a constant number
of predators (Dytiscus sp.) and by altering the number of
predators that consume a constant amount of prey. We then
quantified the expression of predator-induced behavior,
morphology, and mass to determine the level of risk that
induced each trait, the level of risk that induced the maxi-
mal phenotypic response for each trait, whether the differ-
ent traits exhibited a plateauing response, and whether
increasing risk via increasing predator number or via
increasing prey consumption induced similar phenotypic
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changes. We found that all of the traits exhibited fine-tuned,
graded responses and most of them exhibited a plateauing
response with increased predation risk, suggesting either a
limit to plasticity or the reflection of high costs of the
defensive phenotype. For many traits, a large proportion of
the maximum induction occurred at low levels of risk, sug-
gesting that the chemical cues of predation are effective at
extremely low concentrations. In contrast to earlier work,
we found that behavioral and morphological responses to
increased predator number were simply a response to
increased total prey consumption. These results have
important implications for models of plasticity evolution,
models of optimal phenotypic design, expectations for how
organisms respond to fine-grained changes (i.e., within gen-
eration) in their environment, and impacts on ecological
communities via trait-mediated indirect effects.

Keywords Environmental sensitivity -
Threshold response - Graded response -
Continuous variation

Introduction

Phenotypic plasticity is a common response to changing
environments. Organisms that possess adaptive plastic
traits have the ability to alter their traits in response to envi-
ronment cues to produce phenotypes that perform better
under the new environmental conditions (Schlichting and
Pigliucci 1998; West-Eberhard 2003; DeWitt and Scheiner
2004). The range of phenotypes produced in response to
environmental changes depends upon the gradient of the
environmental factor that is experienced and the sensitivity
of the organism in detecting and responding to environmen-
tal change. If sensitivity is low, organisms may only detect
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a difference once a threshold level is encountered, resulting
in a discrete polymorphism (Moczek 1998; Lively et al.
2000). If there is genetic variability among individuals in
the point of this threshold induction, then different points
along the environmental gradient will produce different
proportions of induced and uninduced individuals (Roff
1996; Lively et al. 2000; Hazel et al. 2004). However, if
sensitivity is high, organisms may have the ability to detect
and respond to an environmental gradient with graded phe-
notypic responses, where increased cue intensity increases
the magnitude of the induction and not just the proportion
of induced individuals (Harvell 1990; 1998). Hence, detec-
tion sensitivity will determine the range of phenotypic vari-
ation that can be produced and how closely the organism
can “match” its phenotype to the environment.

The classical perception is that adaptive plastic pheno-
types are switches between induced and uninduced states
(Cook and Johnston 1968; Grant and Bayly 1981; Havel
1985; Stemberger 1988; Greene 1989; Pfennig 1990). This
perception is reflected in the early models of plasticity evo-
lution which examined two-environment scenarios for
mathematical simplicity (Via and Lande 1985; van Tiend-
eren 1991), and from the early empirical investigations of
plasticity which typically examined how organisms altered
their traits in two environments (i.e., long vs. short photo-
period, hot vs. cold temperature, high vs. low competition,
light vs. shade, predator vs. no-predator; Lively 1986; Sch-
lichting 1989; van Tienderen 1990; Blouin 1992; Spitze
1992; Andersson and Shaw 1994; Kingsolver 1995; Dudley
and Schmitt 1996; Pigliucci et al. 1997). However, there
has been an increasing appreciation that in nature most
organisms experience a wide range of environments that
can be arrayed along gradients. As a result, there has been a
move to examine how organisms respond to a range of
environments (West-Eberhard 2003; Relyea 2004a). When
experiments have been conducted at a finer scale than sim-
ply high versus low environmental state, researchers have
often discovered that many traits display graded responses
to continuous environmental changes (Gupta and Lewontin
1982; Barry and Bayly 1985; Walls and Ketola 1989;
Hanazato and Ooi 1992; Tollrian 1993; Sultan and Bazzaz
1993; Horat and Semlitsch 1994; Loose and Dawidowicz
1994; Morin etal. 1997; Pigliucci 1997; Harvell 1998;
Wiackowski and Staronska 1999; Kusch et al. 2004; Wolfe
and Mazer 2005). If graded responses to continuous envi-
ronments are common, then previous conclusions about
how organisms respond to environmental variation based
on responses exhibited in two extreme environments may
not correctly represent the true ecology and evolution of
phenotypic plasticity or the range of phenotypes available
for selection to act upon in nature (Schlichting 1989). Thus,
to determine the extent that organisms can detect and
respond to small differences among environments, we need
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to examine how multiple traits are expressed along multiple
points of an environmental gradient (Horat and Semlitsch
1994; Van Buskirk and Arioli 2002; Relyea 2004a).

It is becoming clear that organisms alter suites of traits
in dealing with environmental change and that the sensitiv-
ity to the environment can differ among traits (Schlichting
and Pigliucci 1998; Boersma et al. 1998). One way that
sensitivity can differ among traits is the point along an envi-
ronmental gradient at which a trait is induced. Given that
some traits require a bigger resource investment, if rela-
tively low-cost traits are effective in less extreme environ-
ments and the more costly traits are effective in more
extreme environments, the more costly traits should only be
induced once more extreme environments are encountered
(i.e., have a higher threshold of induction). For example,
Harvell (1998) showed that low levels of predation risk
induced bryozoans to form small corner spines but higher
levels of predation risk were required to induce larger
membranous spines. A second way that sensitivity can
differ among traits is whether traits are induced in a thresh-
old or graded fashion, and whether the function continues
to increase or plateaus. Theory predicts that threshold
response should evolve when the fitness function underly-
ing the traits is discontinuous such that, after the initial
induction, increases in the trait provide no additional fitness
benefit. In contrast, graded responses should evolve when
there is a continuous fitness function associated with the
trait such that increases in the expression of the trait are
associated with increases in fitness (Lively 1986; Roff
1996). As in the threshold response, some detectable limit
must first be met and then the magnitude of the response
can either increase with increasing cue concentration or
increase until some limit is met. For inducible defenses,
theory often implicitly assumes that prey can respond to
variation in predation risk with a graded phenotypic
response. However, traits that change in response to preda-
tion cues appear to display all three types of responses
(Loose and Dawidowicz 1994; Anholt et al. 1996; Harvell
1998; Laurila et al. 2004; Van Buskirk and Arioli 2002;
Relyea 2004a). Therefore, determining if graded responses
are common for traits involved in inducible defenses and
whether they plateau is an important step in determining
how prey balance the costs and benefits of expressing
defended phenotypes.

If plastic traits are sensitive to small changes in the envi-
ronment, then fine-scale environmental variation (i.e.,
within a generation; Levins 1968) may drastically affect
phenotypic expression. Previous work has shown that plas-
tic traits can be reversible when the environment switches
from one extreme to the other in an environmental gradient.
For example, predator-induced defenses (behavioral and
morphological) converge on the no-predator phenotype
when predators leave the environment (Van Buskirk 2002b;
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Relyea 2003). If individuals can detect and respond to
small environmental changes with different phenotypes,
prey may continually alter their phenotypes to produce the
phenotype that is optimal for the environment. For exam-
ple, if predator density or foraging efficiency varies during
the prey’s ontogeny, and the prey detect these changes and
interpret them as changes in predation risk, then fine-
grained variation in risk should affect how defensive traits
are expressed over time. Therefore, determining how traits
respond to fine-scale changes in the environment is a neces-
sary step in understanding how temporal variability in the
environment affects trait expression.

When examining how organisms respond to an environ-
mental gradient, the conclusions we make about environ-
mental sensitivity may depend on what cues we
manipulate. Many organisms use more than one cue to pre-
dict future environments. For example, most aquatic prey
use both alarm cues (from damaged prey) and kairomones
(from predators) for inducing plastic defensive traits.
Increases in the amount of prey consumed by a constant
number of predators would increase the alarm cue:kairo-
mone ratio while increases in the number of predators that
consume a given amount of prey would decrease the alarm
cue:kairomone ratio. Therefore, prey may use differences in
the ratios of these components to determine if the cues they
encounter are being produced by a single predator consum-
ing a large amount of prey or several predators that are con-
suming fewer prey per predator. Being able to detect these
differences may be important if different traits are effective
against different size classes of predators. If prey are sensi-
tive to both the amount of prey consumed and the number
of predators, then we should observe differences in the trait
inductions when we compare the same amount of prey con-
sumed by different numbers of predators.

We addressed these issues in an experiment in which we
exposed larval anurans to a gradient of predation risk via
either increasing the prey consumption by a fixed number
of predators or increasing the number of predators that are
fed a fixed amount of prey. In response to these gradients,
we measured how the tadpoles altered their behavior,
growth, and relative morphology. We tested the following
predictions: (1) all traits are induced at the same level of
predation risk, (2) all traits respond to increasing predation
risk with graded responses, and (3) the magnitude of the
response to predation risk will differ depending upon the
way that the risk is experienced (i.e., increased prey con-
sumption vs. increased predator number).

Materials and methods

We used a completely randomized design consisting of 11
treatments replicated 4 times for a total of 44 experimental

units to quantify the magnitude of tadpole defensive
responses across a range of predation-risk environments.
The experiment was conducted in pond mesocosms (cattle
watering tanks) located at the Pymatuning Laboratory of
Ecology’s Aquatic Research Laboratory in northwestern
Pennsylvania. The 11 treatments included a no-predator
treatment, seven treatments in which we fed four caged pre-
dators a constant mass of prey each day (50, 100, 200, 300,
400, 700, or 800 mg), and three additional treatments in
which we fed one, two, or six predators a constant amount
of prey (200 mg) each day. This design allowed us to
manipulate predation risk in two different ways (via
increased prey consumption and via increased predator
number) and make several treatment comparisons in which
the total amount of prey consumed was the same but the
number of predators consuming prey was varied (e.g., one
predator consuming 200 mg prey vs. four predators each
consuming 50 mg prey). The pair-wise comparisons among
the means were done using Fisher’s least significant differ-
ence (LSD). Such comparisons allowed us to determine
whether responses to increased predator number were sim-
ply responses to the higher total consumption of prey.

To simulate natural pond conditions, we used 800-1 mes-
ocosms (cattle tanks) containing 7001 aged well water,
200 g leaf litter, 15 g rabbit chow (as an initial nutrient
source), and an aliquot of pond water containing algae and
zooplankton. All components were added to the
mesocosms 10 days prior to the start of the experiment to
allow algal growth. Six predator cages, constructed of 10-
cm black plastic drainpipe and covered on both ends with
fiberglass mesh screens, were placed into each tank. The
cages allowed chemical cues, which are released when the
predators consume prey, to diffuse throughout the tank
while preventing the predator from consuming the tadpoles
in the experiment. All tanks were covered with 67% shade
cloth lids to prevent colonization by any predatory insect or
amphibian larvae during the experiment.

Depending on the treatment, each cage was either empty
or contained a single larval beetle (Dytiscus sp.) that was
fed wood frog tadpoles daily. All predators were fed in the
afternoon each day. Almost all of the tadpoles were con-
sumed daily for all of the treatments. When the tadpoles
were not completely consumed by the next day, the next
day’s ration was still added to the cage. In most cases
where the tadpoles were not consumed, the beetle larvae
had died, and it was replaced.

We used wood frog tadpoles (Rana sylvatica) that were
collected as hatchlings from a nearby pond (Shrub Pond;
Crawford County, Pa.) on 24 March 2005. The tadpoles
were newly hatched from a group of more than 50 egg
masses and had not yet left the egg masses. To prevent
exposure to predation cues prior to the experiment, we
reared the hatchling tadpoles in pools containing aged well
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water where they were fed rabbit chow ad libitum. We
haphazardly selected groups of 30 tadpoles and added them
to each mesocosm on 13 May 2005 (mean mass + SE
=61 =4 mg).

Behavioral observations were conducted on 5 different
days of the experiment (days 7, 10, 13, 19, and 20) where
each tank was observed 12 times over a period of 2 h (three
observations by four observers). Using established observa-
tion protocols (Relyea and Werner 1999), we counted the
number of visible tadpoles in each mesocosm and the num-
ber of visible tadpoles that were moving. Thus, our behav-
ioral response variables were the mean number of tadpoles
observed (the inverse of tadpole hiding) and the mean pro-
portion of active tadpoles in each tank. The data were ana-
lyzed with a repeated-measures ANOVA to test for an
effect of treatment, day, and their interaction. When a sig-
nificant effect was found, we conducted pairwise compari-
sons using Fisher’s LSD test.

After 24 days, all tadpoles were removed from the meso-
cosms, euthanized, and preserved in 10% formalin for sub-
sequent morphological measurements (mean survival =
93 £ 0.73%). Tadpole morphology was measured using an
image analysis system (Optimas Bioscan; Bothell, Wash.).
We weighed each tadpole and then measured eight mor-
phological dimensions: body depth, length, and width;
tail length and depth; tail muscle depth and width, and
mouth width (see Fig. 1 in Relyea 2000). Because the
tadpole’s body is round we placed a glass plate under the
tadpole’s tail to bring both structures into the same plane
of focus and ensure that we obtained an undistorted lateral
image.

Because we were interested in changes in tadpole shape
independent of differences in overall tadpole size (i.e., big-
ger tadpoles have bigger bodies and tails), we calculated
size-adjusted estimates of all the morphological traits. The
size-adjusted estimates were obtained using a multivariate
analysis of covariance (SPSS version 11.0.2 for Mac OS X)
with mass as the covariate. To improve the linearity of the
mass—trait relationship before the analysis, tadpole mass
was log-transformed when necessary. We found no mass-
by-treatment interactions for any of the traits, indicating
that the regression lines among treatments were parallel for
each trait (a requirement for making the size adjustment).
To produce the size-adjusted measurements of each mor-
phological trait, we added the residuals from the within-
group regression to the estimated marginal mean for the
appropriate treatment and averaged the measurements for
all tadpoles in each tank for each of the eight traits. We then
used a multivariate ANOVA to examine the effect of prey
consumption and predator number on wood frog mass and
the eight mass-independent morphological traits using tank
means as our response variables. For significant univariate
effects, we compared treatment means using Fisher’s LSD.

@ Springer

These pairwise comparisons were used to assess the evi-
dence for either a threshold or graded responses to predator
cues. We concluded that the response to increased prey
consumption or predator number was not a threshold
response when we found significant differences between
any of the caged-predator treatments as the amount of risk
increased. We summarize our results for each trait and both
types of increasing predation risk below. To characterize
the differences in sensitivity among the traits with increas-
ing predation risk we also tested for differences in the rate
at which each trait accelerated to reach its maximum induc-
tion (see “Appendix A”).

Results

We found significant effects of the predator on wood frog
tadpole behavior, mass, and morphology. We found that
chemical cues released by the predators induced the tad-
poles to remain less active and to hide. Using a repeated-
measures ANOVA on tadpole activity, we found an effect
of treatment (Fjo33=21.0, P<0.001) and time
(F529=125.5, P <0.001) but no treatment-by-time interaction
(Fs0.136 = 1.3, P=0.125). The tadpoles in the no-predator
treatment were more active than in any of the caged-predator
treatments throughout the experiment (P < 0.001; Fig. la,b).
Compared to the no-predator treatment, tadpole activity
decreased by 33% when exposed to 50 mg consumed prey
(P <0.001). In response to increasing numbers of predators,
tadpole activity decreased by 38% when exposed to one
predator, and increasing the number of predators did not
further decrease tadpole activity (P > 0.494).

In the repeated-measures ANOVA on the number of tad-
poles observed (i.e., not hiding), we found an effect of pred-
ator treatment (Fj 33 = 5.7, P < 0.001), time (F5 5 = 139.1,
P <0.001), but no treatment-by-time interaction
(Fs0136=1.5, P=0.09). The tadpoles in the no-predator
treatments hid less than the tadpoles in any of the predator
treatments  throughout the experiment (P < 0.001;
Fig. lc,d). The number of tadpoles observed decreased by
11% when exposed to 50 mg consumed prey (P = 0.038;
Fig. 1c) and an additional 12% when exposed to 200 mg
consumed prey (P = 0.05). The number observed decreased
even further (13%) in response to 800 mg consumed prey
(P =0.05). Thus, tadpole hiding did not exhibit a plateau-
ing response to increased prey consumption by predators,
although the magnitude of the change per milligram con-
sumed prey grew weaker at higher amounts of consumed
prey. In response to increasing numbers of predators, the
number of tadpoles observed decreased by 13% in response
to one predator (P =0.008) and decreased an additional
10% in response to four predators (P =0.04). However,
there was no difference between four and six predators
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Fig. 1 The a, b behavior, ¢, d number, and e, f mass of wood frog (Ra-
na sylvatica) tadpoles when exposed to treatments that varied along an
increasing gradient of predation risk (means £ 1SE). We simulated
increasing predation risk by either increasing the amount of prey con-
sumed daily by each of four predators (a, ¢, e) or the number of preda-
tors fed a constant daily amount (200 mg) of prey (b, d, f). The three
open symbols in each panel correspond to the treatments which con-

(P =0.706). Thus, in response to predator number, tadpole
hiding exhibited a graded response (Fig. 1d).

We found a multivariate effect of the treatments on tad-
pole mass and morphology (Table 1). Univariate analysis
(Table 1) indicated differences in final mass, body dimen-
sions (length, depth, and width), and tail dimensions
(Iength and depth). Tadpoles exposed to any of the predator
treatments had lower mass than the no-predator control
(P <0.043; Fig. le,f). Tadpole mass was also affected by
increases in prey consumption (Fig. le). Tadpoles mass
was 6% lower when they were exposed to 50 mg consumed
prey (P = 0.04). Tadpole mass decreased an additional 16%
when exposed to 200 mg consumed prey (P < 0.001) and
decreased even further (16%) when exposed to 700 mg
consumed prey (P <0.001). At 800 mg consumed prey,
there was no further decline in mass (P = (0.385). Tadpole
mass was also affected by increasing numbers of predators

tained the same total mass of prey consumed but different numbers of
predators consuming prey. For example one predator consuming
200 mg prey (right-hand panels) versus four predators each consum-
ing 50 mg prey (left-hand panels) are indicated by triangles. To aid vi-
sual comparisons, two treatments are presented in both left and right
columns, zero prey with zero predators and 200 mg prey consumed by
four predators

Table 1 Results of a multivariate ANOVA and subsequent univariate
tests that examined the effects of cue concentration and predator num-
ber on the mass and seven morphological traits of wood frog tadpoles

Multivariate test daf F P

Treatment 90,180 4.0 <0.001

Univariate test Predation risk

Mass <0.001
Body length <0.001
Body width 0.021
Body depth <0.001
Tail length <0.001
Tail depth <0.001
Mouth width 0.259
Muscle width 0.352
Muscle depth 0.078
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(Fig. 1f). Tadpoles mass was 11% lower in response to one
predator (P =0.001) and an additional 11% lower in

response to four predators (P < 0.001).

All of the predator treatments also induced relatively
shorter and deeper tails (P < 0.001, Fig. 2a—d) and shorter
and deeper bodies (P < 0.001, Fig. 2e—f) than the no-preda-
tor treatment. Tadpole tails were 5% shorter when exposed
to 50 mg consumed prey (P < 0.001; Fig. 2a). Tail length
decreased an additional 2% when exposed to 100 mg con-
sumed prey (P =0.038), and decreased even more (2%)

Fig. 2 The relative morphology
of wood frog (R. sylvatica) tad-
poles when exposed to treat-
ments that varied along an
increasing gradient of predation
risk (means £ 1SE): a, b tail
length, ¢, d tail depth, e, f body
length, g, h body depth, i, j body
width. We simulated increasing
predation risk by either increas-
ing the amount of prey con-
sumed daily by each of four
predators (a, c, e, g, i) or the
number of predators fed a con-
stant daily amount (200 mg) of
prey (b, d, f, h, j). The three
open symbols in each panel cor-
respond to the treatments which
contained the same total mass of
prey consumed, but different
numbers of predators consuming
prey. For example one predator
consuming 200 mg prey (right-
hand panels) versus four preda-
tors each consuming 50 mg prey
(left-hand panels) are indicated
by triangles. To aid visual com-
parisons, two treatments are pre-
sented in both left and right
columns, zero prey with zero
predators and 200 mg prey con-
sumed by four predators
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when exposed to 200 mg consumed prey (P =0.033). In
environments with greater than 200 mg consumed prey, tail
length exhibited small increases compared to 200 mg con-
sumed prey (e.g., 400 or 800 mg consumed prey), but tad-
pole tails in these environments were always shorter than
the tails observed for 50 mg consumed prey (P < 0.05).
Therefore, tail length was not consistent with a simple
threshold response across an increasing gradient of preda-
tion risk; however, we did not find clear evidence that the
response was plateauing either. Tadpole tails were 6%
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shorter in response to one predator (P <0.001) and
decreased an additional 2% in response to four predators
(P =0.002; Fig. 2b). Tadpole tails were 11% deeper when
exposed to 50 mg consumed prey (P < 0.001; Fig. 2¢) and
increased an additional 3% in response to 200 mg con-
sumed prey (P < 0.001). For increasing predator number,
tadpole tails were 10 % deeper when exposed to one preda-
tor (P<0.001) and increased an additional 2% when
exposed to two predators (P = 0.039; Fig. 2d).

The amount of prey consumed by predators also affected
the relative size of the tadpole body. Tadpole bodies were
5% shorter when exposed to 50 mg consumed prey
(P <0.001; Fig.2e). The bodies became even shorter in
several of the higher consumption treatments (200, 300,
700, and 800 mg; P < 0.05). However, the body length of
tadpoles in the 100- and 400-mg treatments was not differ-
ent from that in the 50-mg treatment (P > 0.457). Tadpole
bodies were 3% shorter when exposed to one predator
(P>0.001; Fig. 2f) and became even shorter (2%) when
exposed to four predators (P = 0.013). Tadpole bodies were
5% deeper when exposed to 50 mg consumed prey
(P <0.001; Fig. 2g). Body depth increased even more in
response to 200 mg consumed prey (P = 0.031). At greater
amounts of prey consumption, body depth exhibited a small
gradual decline until the 800-mg treatment induced shal-
lower bodies than the 200-mg treatment (P = 0.022). Tad-
pole bodies were 6% deeper when exposed to one predator
(P<0.001) and became an additional 2% deeper when
exposed to four predators (P =0.049) (Fig. 2h). Tadpoles
exposed to 50 mg consumed prey did not change body
width compared to the no-predator treatment (P = 0.077;
Fig. 2i). In fact, it required at least 200 or 300 mg con-
sumed prey to induce an increase in body width
(P <0.003) and these two treatments were not different
from each other (P =0.753). Tadpole body width did not
respond to one or two predators (P > 0.1) but tadpoles were
3% wider when exposed to four predators (P =0.001)

Table 2 Summary of the responses observed for the behavioral and
morphological traits in response to different amounts of consumed prey
or number of predators. The responses were classified as either thresh-

(Fig. 2j). Body width did not increase further when exposed
to six predators (P = 0.845).

Trait sensitivity

For those traits that exhibited graded responses, we tested
for differences in the sensitivity among traits (see “Appen-
dix A”). We found differences among the traits in the rate
of change with increasing predation risk (k) for increasing
amounts of prey consumed (F3 ;, = 71.6, P < 0.001) and for
increasing numbers of predators (Fs;=38.6, P <0.001).
When we increased the amount of consumed prey, tail
depth was the most sensitive trait (i.e., most rapidly
responding) followed by activity, mass, and the number of
tadpoles observed (Fig. Al). When we increased the num-
ber of predators, tail depth was still the most sensitive trait
with a significantly greater slope than all of the other traits
(Fig. A2). Tail length, body length, mass, and the number
of tadpoles observed all changed at similar rates as the
number of predators increased (P > 0.05), while tadpole
body depth increased more slowly than all other traits
(P <0.01) except tadpole mass and the number observed
(P > 0.069).

Prey consumed versus predator number

There were two traits (activity and body width) that did not
exhibit graded responses to increased predator number but
did exhibit graded responses to increased amounts of con-
sumed prey (Table 2). These differences can be explained
by the fact that the total amount consumed in the prey-con-
sumption treatments (200-3,200 mg) spanned a much
wider range than the predator-number treatments (200-
1,200 mg). This wider range of chemical cue allowed the
induction of more extreme phenotypic changes that could
fully demonstrate the trait’s ability to exhibit a graded
response.

old, graded, or neither. The plateau and P-values reported indicate the
treatment at which no further trait changes were detected

Trait Amount of prey consumed Number of predators
Classification Plateau level P value Classification Plateau level P value

Percent active Graded 300 mg P>0.214 Threshold - -
Number observed Graded - - Graded 4 Predators P =0.706
Mass Graded 700 mg P=0385 Graded 4 Predators P=0.563
Tail length Neither - - Graded 4 Predators P =0.685
Tail depth Graded 200 mg P>0.315 Graded 2 Predators P >0.100
Body length Neither - - Graded 4 Predators P=0.521
Body depth Neither - - Graded 4 Predators P =0.586
Body width Neither - - Threshold - -
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Because we manipulated both the amount of prey con-
sumed and the number of predators, we could determine
whether the response to increased numbers of predators
was simply reflecting the greater prey consumption that
occurred when there were more predators. We compared
treatments that contained different numbers of predators but
the same total mass of consumed prey (i.e., four predators
each consuming 50 mg prey vs. one predator consuming
200 mg prey, four predators each consuming 100 mg prey
vs. two predators each consuming 200 mg prey, and four
predators each consuming 300 mg prey vs. six predators
each consuming 200 mg prey). We found no differences in
the magnitude of the defensive trait for any of the compari-
sons made for the behavioral traits (P > (0.214), mass
(P > 0.090) and the morphological traits (P > 0.170). This
suggests that the tadpole response to increased predator
number was simply reflecting the increased amount of prey
being consumed.

Discussion

The results of this study demonstrate that tadpoles alter a
suite of traits in response to predation risk and that both the
initiation and magnitude of the defensive responses depend
upon the level of predation risk and the trait in question.
The anti-predator responses that we observed were consis-
tent with past studies and are thought to be adaptive
(McCollum and Van Buskirk 1996; Van Buskirk et al.
1997'; Van Buskirk and Relyea 1998; Anholt et al. 2000;
Laurila 2000; Relyea and Werner 2000; Relyea 2002; Van
Buskirk 2002a). The reduction in activity and increase in
hiding makes prey less noticeable to predators and this can
translate into a reduction in predation (Sih 1992; Skelly
1994; Relyea 2001), but comes at a cost of reduced forag-
ing and, therefore, reduced growth (Skelly and Werner
1990; Skelly 1992; DeWitt 1998; Relyea 2002a). The mor-
phological responses also appear to be adaptive because
tadpoles with deeper tails and shorter bodies escape preda-
tion better than tadpoles with the opposite morphology
(Van Buskirk et al. 1997; Van Buskirk and Relyea 1998);
while tadpoles with large tails and short bodies experience
slower growth because they have relatively smaller mouth-
parts for scraping periphyton and relatively shorter (and
likely less efficient) intestines (Relyea and Auld 2004,
2005). Moreover, in wood frog tadpoles, we know that
these traits and, in some cases, the plasticity of these traits
contain substantial additive genetic variation which allows
them to be subject to selection in predator and no-predator
environments (Relyea 2005).

While most studies of predator-induced defenses have
taken a two-environment approach (e.g., predators present
and absent; Tollrian and Harvell 1999), it is clear that this is
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rarely the reality that most prey species face in nature
(reviewed in Relyea 2004b). Indeed, prey can experience
and respond to a wide range of predation risk that can man-
ifest itself in several ways. First, a number of studies have
found that prey can respond to different species of predators
that vary in riskiness (Phillips 1976; Marko and Palmer
1991; Black 1993; Turner et al. 1999; Relyea 2001; Vilhu-
ren and Hirvonen 2003; but see Langerhans and DeWitt
2002). Second, prey appear to assess differences in preda-
tion risk when a given predator consumes conspecific ver-
sus heterospecific prey, with prey typically responding
more strongly to the consumption of conspecifics (Wilson
and Lefcort 1993; Laurila etal. 1997; Pettersson et al.
2000; Smith and Belk 2001; Schoeppner and Relyea 2005).
Third, a limited number of studies (including the current
study) have examined prey responses to different predator
densities and found that prey are able to detect and respond
appropriately to increased predator numbers (Barry and
Bayly 1985; Harvell 1998; Van Buskirk and Arioli 2002;
Relyea 2004a). Fourth, prey detect and respond to differ-
ences in risk when a predator consumes more prey (Barry
and Bayly 1985; Walls and Ketola 1989; Anholt et al.
1996; Van Buskirk and Arioli 2002; see also Petranka 1989
for similar response to increased amounts of crushed prey).
Consistent with previous work using tadpoles (Van Buskirk
and Arioli 2002), we found that wood frog tadpoles were
quite sensitive to differences in prey consumption and they
were capable of exhibiting more extreme defenses when
predators consumed more prey. Thus, the collective evi-
dence is that aquatic prey are generally capable of assessing
different levels of predation risk including detecting differ-
ent species of predators, different predator diets, different
densities of predators, and different amounts of prey con-
sumption. The fact that all of this occurs via water-borne
chemical cues suggests that aquatic prey are attuned to an
impressive diversity of cues and cue concentrations.

The results of our study shed light onto how tadpole prey
use these chemical cues in making their defensive pheno-
types. We recently demonstrated that the kairomones from
starved predators alone or the alarm cues from damaged
prey alone fail to induce the full suite and magnitude of
anti-predator defenses (Schoeppner and Relyea 2005). In
that paper we found that the most extreme induction of
behavioral defense and any morphological defense require
both cue components in combination. In the current study,
we found that increased prey consumption by a fixed num-
ber of predators and increased predator number (consuming
a fixed per capita prey ration) both induced more extreme
defenses. This suggests that the increased prey defenses
could be either due to greater concentrations of kairomones
or greater concentrations of alarm cues or both. By making
several comparisons of different numbers of predators con-
suming the same total amount of prey, we found that the
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response to increased predator density was apparently not
due to predator number per se, but rather to the greater con-
sumption of prey that was occurring with more predators.
This conclusion is in agreement with Van Buskirk and Ari-
oli’s (2002) conclusions on tadpole behavioral defenses but
is in contrast with their conclusions concerning tadpole
morphological defenses. Van Buskirk and Arioli (2002)
found that morphological traits were more sensitive to the
number of predators that were present because starved pre-
dators induced morphological defenses. Our results are also
consistent with the hypothesis that prey recognize predators
through the way the predator modifies the alarm cues dur-
ing digestion and not by compounds that they emit them-
selves. However, more studies addressing this question
using different model systems are needed before we can
arrive at any general conclusions.

The tadpole responses to increasing predation risk were
not typically simple “on-off switches” that exhibited
threshold responses, but were instead fine-tuned, graded
responses to prey consumption, which likely are induced at
very low concentrations of predation cues. This is precisely
what one would predict when organisms experience a con-
tinuous range of spatial environmental heterogeneity and
when more extreme responses are associated with greater
costs (Houston etal. 1993; Werner and Anholt 1993).
Moreover, the result is in general agreement with most anti-
predator traits examined in previous studies (Van Buskirk
and Arioli 2002; Laurila etal. 2004; Relyea 2004a)
although threshold responses were observed for tail length
(Van Buskirk and Arioli 2002) and body length (Relyea
2004a). The differences among these studies and the current
study may lie in the fact that the current study examined a
wider range of prey consumption and predator numbers
(200-3,200 mg total consumed prey and from zero to six
predators) than the earlier studies (Van Buskirk and Arioli
2002 used 200-800 mg total consumed prey and from zero
to three predators; Relyea 2004a used 0-1,200 mg total
consumed prey and from zero to four predators). This wider
range of treatments would be more likely to detect graded
responses where they truly exist. Loose and Dawidowicz
(1994) demonstrated that cladocerans exhibit threshold-
type responses that then continue to intensify until a plateau
is reached. These results clearly show that there is a lower
limit to either the organism’s ability to detect the cue or
profitability to respond to such low levels of cue. However,
the question remains as to whether the range of cue concen-
trations span the actual concentrations encountered in
nature in the work to date. This may be a particularly
important question if the concentrations of cues detected in
nature fall into the range below what was used in this
experiment. If predation cues in nature are typically at a
concentration far below what was used in our experiment,
the traits may already have reached the maximum induction

at the lowest amount of prey consumed. Research which
focuses on determining the chemical identity of the preda-
tion cues involved in the induction and the ecologically rel-
evant concentrations of the cues is needed to address these
questions.

Because behavioral traits are easily altered and do not
require morphological remodeling, it has been proposed
that behavioral traits should be more sensitive to changes in
predation risk (West-Eberhard 1989; Padilla and Adolph
1996; Gabriel 1999; VanBuskirk 2002b). Our study did not
support this proposition. For increasing prey mass, tadpole
tail depth achieved maximum induction more quickly than
both behavioral traits (see “Appendix A”). While there
were differences in how quickly the trait values increased,
most of the traits exhibited a large amount of induction
when exposed to the lowest level of predation risk (four
predators each consuming 50 mg prey or one predator con-
suming 200 mg prey), suggesting that the chemical cues
emitted by aquatic predators are effective at very low con-
centrations (i.e., one predator in 700 1 water). In contrast,
body width did not exhibit any significant induction until
the tadpoles were exposed to four predators consuming
200 mg prey. This indicates that different plastic traits can
have unique sensitivities to an environmental gradient. To
better assess this situation, we need to more intensively
explore the sensitivity of prey at even lower levels of preda-
tion risk than we have explored in the current experiment.
Only by examining very low levels of predation risk could
we determine if the other behavioral and morphological
traits are induced at different levels of the predation risk
gradient.

The graded responses mostly exhibited plateaus at high
levels of predation risk. Such a relationship is relatively
common in studies of plasticity (Schlichting and Pigliucci
1998; West-Eberhard 2003) and is thought to be due to
either physical or physiological limits of plasticity or due to
the continually increased costs that typically accompany
more extreme phenotypes (Werner and Anholt 1993;
DeWitt et al. 1998; Kats and Dill 1998). Interestingly, there
were a few traits that did not respond in this way. For
example, body width showed generally weak responses to
the predator environments by exhibiting an initial increase
and then a decrease with greater prey consumption. While
this pattern of response confirms the continuous nature of
the response, it does not suggest a plateauing response. The
reasons underlying such response patterns remain unclear,
but one possible explanation is that only the traits that are
under the strongest direct selection (e.g., activity, tail
depth) show a clear plateauing pattern.

While most of the traits that exhibited plateauing
responses had reached the maximum induction in response
to 200 or 300 mg consumed prey, two of the traits exhibited
distinctively different responses. In the first case, tadpole
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hiding continued to increase across the entire range of pre-
dation risk, although it did exhibit a pattern of change that
suggested a plateau would exist somewhere just beyond the
maximum level of predation risk. In the second case, tad-
pole mass continued to decline until the second highest
level of predation risk (700 mg). As noted earlier, reduced
mass is commonly associated with predator-induced behav-
ior and morphology. However, all of the morphological
variables and one of the two behavioral traits plateaued at a
much lower level of predation risk. This suggests either that
the one non-plateauing response (tadpole hiding) was
responsible for the continual mass loss with increased pre-
dation risk or that there were additional (i.e., unmeasured)
traits that were also changing at the higher levels of preda-
tion risk that caused a loss of mass.

Implications of understanding how prey respond
to gradients in predation risk

The ability of prey to sense small differences in predation
risk has a number of interesting implications for the ecol-
ogy of predator—prey interactions and for the larger ecolog-
ical community. Sensitivity to differences in predator
number and predator consumption means that prey can
attempt to balance the costs and benefits of their defenses
and potentially arrive at an optimal solution. While we have
shown the phenomenon using a single predator species
(beetle larvae), the phenomenon likely exists with many
other species of predators as well. This ability means that
prey can detect small changes in predation risk even at the
microhabitat level providing that predators and their cues
are not well mixed throughout the aquatic habitat and that
the cues do not persist for long periods (i.e., <1 day). Under
these conditions, prey could tailor an appropriate defensive
phenotype to the riskiness of their particular microhabitat.

Possessing the ability to detect and respond to small
differences among different constant predation risk environ-
ments also means that prey should be able to detect tempo-
ral changes in predation risk within a given environment. If
prey experience pulses of risk instead of a chronic level of
risk and can reverse the induction of their defensive traits,
prey may be able to exploit periods of low risk by adjusting
their phenotype (Lima and Bednekoff 1999). By quantify-
ing how prey alter their traits at each level of predation risk,
we can then make quantitative predictions about how prey
should respond to temporal variation in predation risk using
a variety of potential decision rules. In a separate study, we
use this approach to examine how temporal variation in
predation risk impacts the anti-predator traits of wood frog
tadpoles when mean risk is held constant (N. M. Schoeppner
and R. A. Relyea, unpublished data).

Graded responses across a range of predation risk also
have potential effects on the larger ecological community.
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For example, ecologists are growing to appreciate the
importance of trait-mediated indirect effects in aquatic sys-
tems in which there is a change in interaction strength
between two species because the traits of one species are
altered (without altering its density; reviewed in Werner
and Peacor 2003). Given that prey can adjust their traits in a
very fine-tuned fashion with changes in predator number
and the amount of consumed prey, this suggests that the
strength of these trait-mediated indirect effects should also
vary with predator number and the amount of consumed
prey. This prediction appears to have not yet been tested,
but it should be a profitable topic of future investigations.

Conclusion

The results of this study indicate that prey can be highly sen-
sitive to the number of predators in their environment and
the amount of prey being consumed. The most sensitive
range appears to be within a very narrow window of low
predation risk, consistent with the expectation that aquatic
prey detect the chemical cues of their predators at very low
concentrations. While both kairomones and alarm cues are
important for inducing prey defenses, our results suggest
that more extreme behavioral and morphological defenses
are a function of the total amount of prey consumed and not
a function of predator number per se. Future studies should
examine how this sensitivity affects prey at the microhabitat
scale, how risk-response curves can be used to predict
responses to temporal variation in predation risk, and how
different magnitudes of risk translate into different magni-
tude of trait-mediated effects in the community.
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