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that amphibian prey rely on cues from both chewing and 
digestion of conspecifics and that the presence of cues 
from digested heterospecifics play little or no role in adding 
chemical noise or increased digestive enzymes and by-prod-
ucts that could potentially interfere with induced defenses.
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Introduction

Many organisms have evolved phenotypic plasticity as 
a strategy to cope with variable environments. For such 
plastic responses to be adaptive, organisms must discern 
information about their environment via cues from within 
a potentially noisy environment (Kats and Dill 1998; Burks 
and Lodge 2002). From the milieu of multi-sensory cues, 
organisms need to parse critical information related to 
numerous activities including mating, foraging, and preda-
tor avoidance. When environmental cues come from other 
individuals in the environment, the information provided is 
often a by-product of species interactions upon which indi-
viduals can eavesdrop, rather than information intentionally 
conveyed from a sender to a receiver (Dicke and Grostal 
2001; Magalhães et al. 2005; Wisenden and Chivers 2006; 
Dalesman et al. 2007a; Blanchet et al. 2010; Schaefer and 
Ruxton 2012). As a result, there is a substantial opportu-
nity for prey individuals to modify their phenotypes based 
on information they can receive via eavesdropping. How-
ever, we rarely have a sense of the complexity of informa-
tion that is conveyed to organisms by these cues (Bourdeau 
2010; Donaldson-Matasci et al. 2010), so we need to assess 
the degree to which organisms detect information that is 
available in their environment.

Abstract  Prey use chemical cues from predation events 
to obtain information about predation risk to alter their 
phenotypes. Though we know how many prey respond to 
predators, we still have a poor understanding of the pro-
cesses and chemical cues involved during a predation event. 
We examined how gray treefrog tadpoles (Hyla versicolor) 
altered their behavior and morphology when raised with 
cues from different stages of predator attack, predators fed 
different amounts of prey, and predators consuming differ-
ent combinations of treefrog tadpoles or snails (Helisoma 
trivolvis). We found that starved predators and predators 
fed snails induced no defensive responses whereas tadpoles 
exposed to a predator consuming gray treefrogs induced 
greater hiding, lower activity, and relatively deeper tails. 
We also found that the tadpoles did not respond to crushed, 
chewed, or digested conspecifics, but they did respond to 
consumed (i.e., chewed  plus  digested) conspecifics. When 
we increased the treefrog biomass consumed by predators, 
tadpoles frequently increased their defenses when only tad-
poles were consumed and always increased their defenses 
when the total diet biomass was held constant via the inclu-
sion of snails. When predators experienced temporal vari-
ation in diet composition, including cues from snails to 
cause additional digestive cues or chemical noise, there 
was no effect on tadpole phenotypes. Our results suggest 
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The study of inducible defenses is one realm of phe-
notypic plasticity that has provided many insights on the 
environmental cues that organisms use to match their 
phenotype to different environments. In aquatic spe-
cies, prey often rely on water-borne chemical cues that 
are produced during predation events to assess the risk 
of predation in their environment and respond accord-
ingly (Nolte et al. 1994; Dicke and Grostal 2001; McCa-
rthy and Fisher 2008). Risk assessment is a complicated 
process that requires organisms to interpret cues emitted 
by predators and by prey (both conspecific and hetero-
specific prey) over time and space and embedded within 
various chemical backgrounds (Watts 1991; Brown 2003; 
Stankowich and Blumstein 2005; Fraker 2008; Ferrari 
et al. 2010). Failure to accurately interpret this informa-
tion can result in a phenotypic mismatch (DeWitt et  al. 
1998; Donaldson-Matasci et  al. 2010). Since defenses 
are costly and an accurate assessment of risk is critical 
to survival, selection should favor prey that can fine-tune 
their defenses using cues that provide the most reliable 
information about predation risk (Harvell 1990; Clark 
and Harvell 1992; Skelly 1992; Kats and Dill 1998; 
Dicke and Grostal 2001).

Chemical cues emitted during predation events poten-
tially include chemicals emitted by the predator, chemicals 
emitted by the prey (Wisenden 2000; Ferrero et al. 2011), 
or prey chemicals that are modified as predators digest 
the prey (Stabell et  al. 2003). During an attack sequence, 
every step could potentially produce different chemical 
cues and each cue could provide the prey with information 
about predation risk [assuming they can detect each cue 
(Wisenden and Chivers 2006)]. Chemical cues released by 
prey prior to or during an attack—commonly referred to as 
alarm cues—are thought to function like the alarm calls of 
birds and mammals that inform other prey of a predator’s 
presence (Chivers et  al. 1996; Chivers and Smith 1998; 
Summey and Mathis 1998; Wisenden et al. 2004; Jacobsen 
and Stabell 1999; Mirza and Chivers 2008; Kaliszewicz 
and Uchmanski 2009). Chemical cues released by preda-
tors—commonly referred to as kairomones—allow prey 
to potentially distinguish predator identity, predator den-
sity, and even combinations of predator species (Harvell 
1990; Tollrian and Harvell 1999; Turner et al. 1999; DeWitt 
et  al. 2000; Relyea 2003, 2004; Hoverman and Relyea 
2007). The process of digestion can release chemical cues 
that induce different defenses than either predator cues or 
prey cues (Chivers et al. 1996; Jacobsen and Stabell 1999, 
2004). We need to know how cues from different stages in 
the predation process affect the anti-predator responses of 
prey and whether this pattern is generalizable across mul-
tiple taxa. To date only a few studies have simultaneously 
examined the impact of the cues released during different 
stages of a predation event on prey defenses (LaFiandra and 

Babbitt 2004; Richardson 2006; Dalesman et  al. 2007b; 
Schoeppner and Relyea 2009a).

When prey assess their environments, they face the chal-
lenge of detecting the relevant alarm cues and kairomones 
in a complex environment containing many other chemical 
cues that potentially add noise to the chemical environ-
ment. For example, many prey defenses track quantitative 
indicators of predation risk, such as the number of preda-
tors present or the biomass of prey that a predator con-
sumes (Helfman 1989; Bouskila and Blumstein 1992). In 
aquatic species, an increase in prey consumption by a pred-
ator commonly induces prey defenses that increase asymp-
totically (Van Buskirk and Arioli 2002; Mirza and Chivers 
2003a; Schoeppner and Relyea 2008). However, such stud-
ies have always focused on predators consuming a single 
species of prey, yet most predators do not consume a single 
prey species over extended periods of time (Kats and Dill 
1998; Bolnick et al. 2007). If prey only track the consump-
tion of conspecifics and they do not respond to predators 
simultaneously eating heterospecifics, then the induced 
defenses of prey should be identical with and without the 
added consumption of heterospecific prey. Alternatively, 
the inclusion of heterospecific prey could either cause the 
predator to produce additional digestive cues that have syn-
ergistic effects on prey responses to conspecific consump-
tion or simply result in a noisier chemical environment that 
makes it more difficult for prey to respond appropriately 
(Chivers and Smith 1998; Burks and Lodge 2002). To our 
knowledge, no studies have attempted to characterize prey 
responses specific to increases in conspecific biomass with 
and without the consumption of heterospecifics.

If the consumption of alternative prey adds noise to 
a prey’s environment in ways that affect the induction of 
defenses, then we should also find these effects when prey 
experience temporal variation in predation cues (Shultz 
et  al. 2004; Chivers et  al. 2008; Pettorelli et  al. 2011). 
Though the specifics vary among organisms, there is a 
general consensus that temporal variation in predator pres-
ence or attack is an important variable of predation risk that 
affects defensive decisions (Lima and Bednekoff 1999; Sih 
et al. 2000). Most investigations of timing seek to identify 
the specific effects of timing per se on induced defenses 
(Sih and McCarthy 2002; Laurila et al. 2004; Foam et al. 
2005; Mirza et al. 2006; Creel et al. 2008), and do not con-
sider interactions between this timing and variation in other 
factors such as predator identity, diet, and risk level (but see 
Ferrari and Chivers 2009). In nature, the timing of preda-
tor attacks and which species of prey they are consuming 
almost certainly vary simultaneously, but we have virtu-
ally no idea what effect this has on prey defenses. Given 
the importance of timing and dietary cues on a prey’s abil-
ity to induce correct plastic defenses, we need to assess 
how temporal variation in the consumption of conspecific 
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and heterospecific prey affects the production of inducible 
defenses.

Larval anurans (i.e., tadpoles) are an ideal system with 
which to address these questions. In aquatic environments, 
tadpoles rely primarily on chemical communication (Kats 
and Dill 1998; Burks and Lodge 2002; Miner et al. 2005; 
Houk 2009). They show strong responses to cues from pre-
dation events via behavioral and morphological defenses. 
Behaviorally, tadpoles typically move less and hide more, 
and this plasticity commonly comes at a cost of slower 
growth and smaller size at metamorphosis (McCollum and 
Van Buskirk 1996; Laurila et  al. 2004). Morphologically, 
tadpoles typically induce relatively deep tailfins, short bod-
ies, and other changes which improve their escape chances 
or make them harder to consume (McCollum and Leim-
berger 1997; Relyea 2001; Van Buskirk 2000; Relyea and 
Hoverman 2003; Laurila et  al. 2008). In addition, tad-
poles can discriminate among different predator diets; 
they exhibit strong responses to conspecifics being eaten 
by predators but few or no responses to distantly related 
prey, such as snails, being eaten by predators (Schoeppner 
and Relyea 2009a, c). The lack of response to predators 
consuming snails represents an experimental opportunity 
because it allows us to manipulate both the total amount of 
a predator’s diet and the portion of the predator’s diet that 
is composed of conspecific tadpoles.

Using the gray treefrog (Hyla versicolor), we sought to 
address the extent to which prey use information from dif-
ferent steps in a predation attack sequence to fine-tune their 
anti-predator defenses by testing the following hypotheses:

1.	 Prey defenses are not induced when predators are 
starved or fed heterospecifics (e.g., snails), but are 
induced by cues produced when predators consume 
and digest prey (an established, yet necessary, first 
step).

2.	 The magnitudes of prey defenses increase as prey 
gain more types of information from a predator attack 
sequence.

3a.	 Prey defenses increase as the mass of consumed con-
specific prey increases.

3b.	 Given no response to cues from consumed heterospe-
cifics alone, prey defenses increase with increased 
biomass of consumed conspecifics even if the total 
biomass consumed by the predator is held constant by 
adding heterospecifics.

3c.	 Prey defenses in response to predators consuming a 
given biomass of conspecific prey are similar to prey 
defenses in response to predators consuming a given 
biomass of consumed conspecific prey plus heterospe-
cifics such that total diet biomass is held constant.

4.	 Given no response to cues from heterospecifics alone, 
prey will respond to temporal variation in predators 

consuming only conspecifics in the same way that they 
respond to temporal variation in predators consuming 
conspecifics and heterospecifics.

Materials and methods

To test the above hypotheses, we used a completely rand-
omized design with 13 treatments: a no-predator control 
(No Predator); a starved-predator control (Starved Preda-
tor); 100 mg of crushed tadpoles daily (Crushed 100T); a 
predator only chewing 100 mg of tadpoles daily (Chewed 
100T); a predator only digesting 100 mg of tadpoles daily 
(Digested 100T); a predator consuming (i.e., chewing and 
digesting) 100  mg of tadpoles daily (Consumed 100T); 
a predator consuming 100  mg of snails daily (Consumed 
100S); a predator consuming 100 mg of tadpoles or 100 mg 
of snails on alternate days (Consumed 100T/100S); a pred-
ator consuming 100 mg of tadpoles every other day (Con-
sumed 100T/0S); a predator consuming 50 mg of tadpoles 
and 50 mg of snails daily (Consumed 50T:50S); a preda-
tor consuming 25 mg of tadpoles and 75 mg of snails daily 
(Consumed 25T:75S); a predator consuming 50  mg of 
tadpoles daily (Consumed 50T); and a predator consum-
ing 25 mg of tadpoles daily (Consumed 25T). The 13 treat-
ments were replicated five times for a total of 65 experi-
mental units. Using subsets of these treatments, we tested 
our hypotheses with specific predictions (Table 1).

The experimental units were 100-L outdoor mesocosms 
set up on tables at the University of Pittsburgh’s Pymatun-
ing Laboratory of Ecology. On 15 and 16 June 2010, pools 
were filled with well water and covered in 60 % shade cloth 
to prevent colonization by insects and other amphibians. 
The pools were inoculated with 100 g of leaf litter (mostly 
Quercus spp.), 5  g of rabbit chow as an initial nutrient 
source, and an aliquot of zooplankton and algae that had 
been collected from three local ponds, screened for inver-
tebrate predators, and pooled. The pools were then allowed 
to sit for 2 weeks to allow the algae and zooplankton popu-
lations to grow.

On 2 July, a predator cage was added to each mesocosm. 
The predator cages were constructed of black plastic drain-
pipe with nylon window screen on both ends. Mesocosms 
assigned a treatment that involved a predator contained a 
late-instar dragonfly nymph (Anax junius) in the cage. 
All other treatments contained an empty cage. The cages 
allowed predator cues to diffuse out into the mesocosm but 
prevented predators from preying on our focal tadpoles.

Fourteen pairs of amplecting pairs of gray treefrogs were 
collected during 17–24 June and allowed to oviposit their 
eggs in wading pools that had been filled with well water 
and covered with a 60 % shade cloth lid to prevent preda-
tors from colonizing. Once the eggs hatched, the tadpoles 
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were fed rabbit chow ad libitum. On 1 July, tadpoles were 
selected from a mixture of the 14 clutches and added to the 
experimental pools. The tadpoles were in early develop-
ment [Gosner stage 24–25 (Gosner 1960)] with an initial 
mass of 15 ± 1 mg (mean ± SE). To assess the possibility 
of mortality due to handling, 20 tadpoles were placed in a 
7-L plastic tub (24-h survival = 100 %).

The next day we applied the predator-cue treatments. 
Starved predators had not been fed for 5 days prior to addi-
tion into the mesocosms, and they were replaced with new 
starved predators after being in the experiment for 5 days. 
We applied the Crushed 100T treatment by adding 100 mg 
of tadpoles (killed via cranial concussion) to 30 mL of fil-
tered well water. The crushed animals were homogenized 
individually using a mortar and pestle. The Chewed 100T 
and Digested 100T treatments were carried out by allowing 
predators in the Chewed 100T pools to consume the entire 
100  mg of tadpoles. Once the tadpoles were consumed, 
we transferred the predators, while still in their cage, to 
the Digested 100T pools and left them in these pools until 
the next feeding. An empty cage was placed in the Chewed 
100T treatment pools. Predators in any of the snail treat-
ments were fed ramshorn snails (Helisoma trivolvis). Drag-
onflies only consume the soft parts of a snail, so we cal-
culated the total mass of snails for feeding based only on 
the mass of soft body parts [estimated from shell length-
body mass regressions (Turner 2008; E. Cholak, personal 
communication)]. Across all treatments, the predators 

consumed their prey diet within 1 day. Any predators that 
died during the experiment were replaced with new starved 
predators or predators that had only been fed gray treefrogs 
(depending on the treatment).

We took behavioral observations on 3 different days dur-
ing the experiment. During each observation, we quietly 
approached each pool and recorded the number of indi-
viduals visible (i.e., not hiding beneath the leaf litter) and 
the number of those visible animals that were moving. We 
defined tadpole activity as the number of active tadpoles 
divided by the number of visible tadpoles (Van Buskirk 
2001; Schoeppner and Relyea 2009a). All observations 
were conducted before the predators were fed that day. On 
10 July (nine observations) and 14 July (ten observations), 
predators in the Consumed 100T/100S treatment were fed 
snails the previous day and predators in the Consumed 
100T/0S treatment were fed nothing the previous day. On 
13 July (eight observations), predators in the Consumed 
100T/0S and Consumed 100T/100S treatments were fed 
tadpoles the previous day. Four to five people collected data 
on a given day between 0900 and 1100 hours; each person 
observed all pools. We then calculated the mean activity for 
each observation day to minimize differences in the num-
ber of observations and any individual observer bias.

We ended the experiment on 17 July 2010 when tadpoles 
across treatments entered Gosner (1960) stage 43, which 
was 16 days after they were placed in the experiment. At this 
point in the experiment, the average tadpole had increased its 

Table 1   A comparison of hypotheses (H) regarding the outcome of cue source and content on prey induced defenses

Predictions are rank ordered by strength of induced response. In the predictions, the number refers to the mass of the diet

T Tadpoles, S snails

Hypotheses Predictions regarding the magnitude of the anti-predator response

H1 Prey defenses will increase as prey receive cues from starved  
predators, predators fed heterospecific prey, and predators fed 
conspecific prey

No Predator < Starved Predator < Consumed 100S  
< Consumed 100T

H2 Prey defenses will increase as prey are exposed to more cues from a 
predator attack sequence

No Predator < Crushed 100T < Chewed 100T  
< Digested 100T < Consumed 100T

H3a Prey defenses will increase as the biomass of consumed conspecific 
prey increases and produces an increase in the amount of cue 
produced

No Predator < Consumed 25T < Consumed 50T  
< Consumed 100T

H3b Given no response to cues from consumed heterospecifics (e.g., 
snails), prey defenses will increase as the biomass of consumed 
conspecifics increases while the total biomass consumed is held 
constant by adding heterospecifics

No Predator < Consumed 25T:75S < Consumed  
50T:50S < Consumed 100T

H3c Prey defenses in response to predators consuming a given biomass  
of conspecific prey are similar to prey defenses in response to 
predators consuming a given biomass of consumed conspecific  
prey plus an equal biomass of heterospecifics

Consumed 25T = Consumed 25T:75S and  
Consumed 50T = Consumed 50T:50S

H4 Given no response to cues from heterospecifics (e.g., snails), prey 
respond similarly to temporal variation in predators consuming  
conspecifics and temporal variation in predators consuming 
conspecifics and heterospecifics, both of which will induce weaker 
defenses than predators consistently consuming conspecifics

No predator < Consumed 100T/100S = Consumed 100T/0S  
< Consumed 100T



59Oecologia (2016) 180:55–65	

1 3

mass by nearly 60-fold. Continuing the experiment further 
would have resulted in the tadpoles undergoing metamor-
phosis, which would have prevented an assessment of their 
larval morphology.

When we terminated the experiment, we counted and 
euthanized all tadpoles and then preserved them in 10  % 
buffered formalin for subsequent morphological analysis. 
Photos were taken of all preserved tadpoles from a lateral 
view. Using Image J, we collected landmark data on each 
individual (Van Buskirk and Schmidt 2000). From the 
landmark data, we then calculated linear distances for each 
individual to produce four morphological variables: body 
length, body depth, tail length, and tail fin depth. These are 
the most common predator-induced morphological traits in 
tadpoles (Van Buskirk and Relyea 1998; Van Buskirk 2002; 
Relyea 2003).

Statistical analyses

The data consisted of mass, behavioral response variables, 
and morphological response variables. For the behavio-
ral data, we calculated the mean number of individuals 
observed (i.e., not hiding in the leaf litter) and the mean 
activity for each pool on each observation day. Because 
the activity data were proportional, we arcsine trans-
formed these data. We conducted a repeated-measures 
ANOVA (rm-ANOVA) on the two behavioral responses. 
Our analysis of the number visible passed the test of sphe-
ricity (W  =  0.911, p  =  0.097) and equal variances for 
each time point (F ≥  0.74, p ≥  0.117). We found devia-
tions from normality in a few of our treatments on differ-
ent observation days, but ANOVA is typically robust to 
such violations. The analysis of activity did not pass the 
test of sphericity (W = 0.860, p = 0.023), so we used the 
Greenhouse-Geisser correction for our results. The test 
of equal variances was met at each time point (F ≥ 1.19, 
p ≥ 0.094).

For the morphological data, linear dimensions of organ-
isms increase as the mass of the organism increases, so 
we needed to make the morphological dimensions mass 
independent. The morphological data were first log trans-
formed to improve linearity. To produce mass-independent 
means, we ran a multivariate analysis of covariance (MAN-
COVA), with the morphological measurements as depend-
ent variables and log-transformed mass as the covariate. An 
important assumption of mass-independent data is that the 
slopes of the relationships do not differ among treatments; 
we confirmed this by a non-significant treatment-by-mass 
interaction.

Using the residuals and estimated marginal means saved 
from the MANCOVA, we calculated size-independent 
measurements for each individual (Schoeppner and Relyea 

2009c). We then calculated the mean morphology and mass 
of all tadpoles from a given mesocosm. Using these meso-
cosm means, we examined the effects of the treatments on 
mass and the four mass-independent morphological dimen-
sions using a MANOVA. We found a few deviations from 
normality, but ANOVA is typically robust to such viola-
tions. We also found one violation of variance homoge-
neity (body length), so we report Pillai’s trace from the 
MANOVA.

We conducted two types of mean comparisons. Most 
of our hypotheses involved comparisons between the 
no-predator treatment versus other treatments that had 
a directional response that was predicted a priori (i.e., 
hypotheses 1, 2, 3a, and 3b). For these hypotheses, we 
used Dunnett’s test, which compares a control against all 
other treatments. Our other two hypotheses (i.e., hypoth-
eses 3c, 4) include comparisons between treatments that 
are not controls. In these cases, we compared the means 
using Tukey’s test.

Results

To more clearly address each hypothesis, we first report 
the rm-ANOVA results on the behavioral responses and the 
MANOVA results on the mass and morphological response 
variables. For those responses that had significant univari-
ate effects of treatment, we then report the particular mean 
comparisons on the behavioral and morphological traits to 
evaluate each of the hypotheses (Table 1).

In the rm-ANOVA on the number of tadpoles 
observed (i.e., not hiding), there was an effect 
of treatment (F12,51  =  2.28, P  =  0.021) and time 
(F2,102  =  50.44, P  <  0.001), but no interaction 
(F24,102 =  1.12, P =  0.264). In the rm-ANOVA on the 
activity of tadpoles, we also found an effect of treatment 
(F12,51  =  12.05, P  =  0.038) and time (F1.8,89  =  1.12, 
P < 0.001), but no interaction (F21,89 = 1.12, P = 0.742). 
For both behaviors, the time effect was driven by 
increases in the number of tadpoles observed and their 
activity during the experiment.

In the MANOVA on tadpole mass and relative mor-
phology, we found a multivariate effect of the treatment 
(F60,255 = 1.5, P = 0.021). Subsequent univariate analyses 
indicated that the multivariate effect was driven by treat-
ment effects on relative tail depth (P = 0.003), but not on 
mass (P =  0.681), relative tail length (P =  0.399), body 
depth (P = 0.357), or body length (P = 0.482). Because 
we only detected significant effects of the predator-cue 
treatments on the two tadpole behaviors and relative tail 
depth, we subsequently tested our hypotheses using these 
traits.
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H1: do prey induce greater defenses as they receive 
cues from starved predators, predators consuming 
heterospecific prey, and predators consuming 
conspecific prey?

To test the first hypothesis, we compared the No-Predator, 
Starved Predator, Consumed 100S, and Consumed 100T 
treatments. We began by examining the two behavioral 
responses. Compared to the number of tadpoles observed 
in the No-Predator treatment, there was no effect of Starved 
Predator (P =  0.95) or Consumed 100S (P =  0.92), but 
we observed fewer tadpoles with Consumed 100T, which 
as a reminder comprises both consumption and digestion 
(P =  0.01; Fig.  1a). There was a 23  % reduction in the 
number of observable tadpoles between No-Predator and 
Consumed 100T.

Compared to the activity of the tadpoles in the No-
Predator treatment, there was no effect of Starved Predator 
(P = 0.91) or Consumed 100S (P = 0.51), but there was 
an effect of Consumed 100T (P = 0.01; Fig. 1b). Activity 

declined by 18 % from the No-Predator to the Consumed 
100T treatment.

We then examined changes in relative tail depth (Fig. 2). 
Compared to the No-Predator treatment, tail depth was not 
affected by Starved Predators (P = 0.54) or Consumed 100S 
(P =  0.76). However, Consumed 100T induced an 11  % 
deeper tail fin (P = 0.001). Thus, for all three traits, starved 
predators and predators consuming a distantly related het-
erospecific did not induce defenses whereas predators con-
suming conspecific tadpoles did induce defenses.

H2: do prey defenses increase as prey gain information 
about a predator attack sequence?

Our second hypothesis was that anti-predator responses 
would continually increase as tadpoles received cues from 
crushed conspecifics (Crushed 100T), chewed conspecif-
ics (Chewed 100T), digested conspecifics (Digested 100T), 
and chewed plus digested conspecifics (Consumed 100T). 
We began by examining the two behavioral responses. 
Compared to the number of tadpoles observed in the No-
Predator treatment, there was no effect of Crushed 100T 
(P =  0.52), Chewed 100T (P =  0.58), or Digested 100T 
(P = 0.11) whereas there was an effect of Consumed 100T 
(as noted above; Fig. 1a). Compared to the activity of tad-
poles in the No-Predator treatment, there was no effect of 
Crushed 100T (P =  0.48), Chewed 100T (P =  0.70), or 
Digested 100T (P = 0.61), but there was an effect of Con-
sumed 100T (as noted above; Fig. 1b).

a

b

Fig. 1   a Number of observed gray treefrog tadpoles and b their 
activity when raised in 13 predator-cue treatments. Data are the least 
squared mean ± SE of 27 observations made over 3 days. Treatments 
are grouped by hypotheses (H), so some treatments are repeated 
within a and b. Asterisks indicate treatments that differ from the no-
predator control based on Dunnett’s test (P ≤ 0.05). Additional Tuk-
ey’s tests used for H3c and H4 are not shown with asterisks but are 
described in the text. For all treatments, n = 4 replicates

Fig. 2   Mass-independent tail depth for gray treefrog tadpoles when 
raised in 13 predator-cue treatments. Data are mean ±  SE of ani-
mals measured at the end of the experiment on day 16. Treatments 
are grouped by hypotheses, so some treatments are repeated within 
panels. Asterisks indicate treatments that differ from the no-predator 
control based on Dunnett’s test (P ≤ 0.05). Additional Tukey’s tests 
used for H3c and H4 are not shown with asterisks but are described in 
the text. For all treatments, n = 4 replicates
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We then examined the tail-depth response (Fig.  2). 
Across the five treatments, we observed a general trend 
toward increased tail depth with each subsequent com-
ponent of the attack sequence. Compared to tail depth in 
the No-Predator treatment, there were no differences with 
Crushed 100T (P =  0.71), Chewed 100T (P =  0.62), or 
Digested 100T (P = 0.14), but there was an effect of Con-
sumed 100T (as noted above). In short, across the three 
responses, cues from chewed or digested conspecific prey 
alone did not induce defenses, but cues from prey that were 
chewed and digested (i.e., Consumer 100T) did induce 
defenses.

H3: do prey defenses increase as the biomass 
of consumed conspecifics increases?

We predicted that prey would induce greater defenses 
as the biomass of consumed conspecific prey increased. 
The first way to address this question was to examine 
increases in predator consumption of tadpoles in the 
absence of any heterospecific prey (H3a). Comparing the 
number of tadpoles observed in the No-Predator treat-
ment, there was no effect of Consumed 25T (P =  0.26) 
or Consumed 50T (P = 0.45) whereas there was an effect 
of Consumed 100T (as noted above; Fig.  1a). Compar-
ing the activity of tadpoles in the No-Predator treatment, 
there was no difference in activity with Consumed 25T 
(P = 0.32) or Consumed 50T (P = 0.76), but there was an 
effect of Consumed 100T (as noted above; Fig. 1b). When 
we examined relative tail depth, we found that compared 
to the No-Predator treatment there were deeper tails with 
Consumed 25T (P =  0.01), no effect of Consumed 50T 
(P  =  0.62), and deeper tails with Consumed 100T (as 
noted above; Fig. 2).

In our first corollary to the above hypothesis (H3b), 
we examined whether prey defenses increase as a func-
tion of increased conspecific biomass in the predator’s 
diet irrespective of other heterospecific prey that are 
consumed while holding constant the total biomass con-
sumed by a predator. We first analyzed the two behav-
ioral responses. Compared to the number of tadpoles 
observed in the No-Predator treatment, there was no 
effect of Consumed 25T:75S (P =  0.51) or Consumed 
50T:50S (p  =  0.20), but there was an effect of Con-
sumed 100T (as noted above; Fig. 1a). The latter three 
treatments did not differ (P  >  0.9). Compared to tad-
pole activity in the No-Predator treatment, there was 
no effect of Consumed 25T:75S (P =  0.70), but there 
was lower activity with Consumed 50T:50S (P = 0.03) 
and Consumed 100T (as noted above; Fig. 1b). The lat-
ter three treatments did not differ (P  >  0.3). In regard 
to tail depth in the No-Predator treatment, we found 

that tails became marginally deeper with Consumed 
25T:75S (P  =  0.07), deeper with Consumed 50T:50S 
(P = 0.04), and deeper with Consumed 100T (as noted 
above; Fig.  2). Once again, the latter three treatments 
did not differ (P > 0.9).

Our second corollary to the above hypothesis (H3c) was 
that if prey only use consumed conspecific biomass as 
the cue to produce defenses, we should see no difference 
in phenotype when prey experience cues from a predator 
consuming conspecific prey versus predators consuming 
the same biomass of conspecific prey plus an additional 
biomass of heterospecifics that, when alone, do not induce 
any phenotypic change. In terms of the number of tad-
poles observed and tadpole activity, we found no signifi-
cant differences in behavior between Consumed 25T ver-
sus Consumed 25T:75S (P =  1.0) or between Consumed 
50T versus Consumed 50T:50S (P > 0.6; Fig. 1a, b). Simi-
larly, there were no differences in tail depth when we com-
pared Consumed 25T versus Consumed 25T:75S (P = 1.0) 
or between Consumed 50T versus Consumed 50T:50S 
(P = 0.83; Fig. 2).

H4: do prey respond to temporal variation in predator 
consumption?

Our final hypothesis was that prey would respond to tem-
poral variation in predation cues and produce the same 
defenses regardless of whether the predator’s temporally 
variable diet consisted of feeding the predator tadpoles 
or no tadpoles on alternate days versus feeding them tad-
poles and snails on alternate days. Moreover, we predicted 
that the response to alternating diets would be weaker 
than the response to predators consuming conspecific prey 
daily.

Compared to the number of tadpoles observed in 
the No-Predator treatment, there was no effect of Con-
sumed 100T/0S (P =  0.46) but there was an effect of 
Consumed 100T/100S (P = 0.01) and Consumed 100T 
(as noted above; Fig.  1a). There was no difference 
between Consumed 100T/0S and Consumed 100T/100S 
(P = 0.74).

Compared to tadpole activity in the No-Predator treat-
ment, there was a marginal effect of Consumed 100T/0S 
(P =  0.08) and no effect of 100T/100S (P =  0.55), but 
there was an effect of Consumed 100T (as noted above; 
Fig.  1b). There was no difference between Consumed 
100T/0S and Consumed 100T/100S (P = 0.98).

Compared to the No-Predator treatment, tails became 
deeper with Consumed 100T/0S (P  =  0.02), Consumed 
100T/100S (P  =  0.01), and Consumed 100T (as noted 
above; Fig. 2). There was no difference between Consumed 
100T/0S and Consumed 100T/100S (P = 1.00).
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Discussion

Do prey induce greater defenses as they receive 
cues from starved predators, predators consuming 
heterospecific prey, and predators consuming 
conspecific prey (H1)?

We found that starved predators and predators fed 
snails induced no changes in gray treefrog behavioral 
and morphological responses but predators consuming 
gray treefrogs induced reduced activity, increased hid-
ing behavior, and relatively deeper tails. These defenses 
are consistent, in both direction and magnitude, with 
numerous previous studies across a variety of amphib-
ian species (Laurila et al. 1997; Relyea and Werner 2000; 
Relyea 2001; Van Buskirk 2001). Increased hiding and 
decreased activity appear to be general defensive strate-
gies that make prey less likely to be detected by predators. 
In contrast, the induction of deeper tails improves a tad-
pole’s probability of survival once detected and attacked 
(McCollum and Van Buskirk 1996; Relyea 2001; Hov-
erman and Relyea 2003; LaFiandra and Babbitt 2004; 
Richardson 2006). A larger tail could potentially increase 
swimming speed, but more importantly it can result in 
a “lure effect” which causes the predator to more likely 
strike at a large tail rather than the body (Van Buskirk 
et al. 2003). Whereas dragonfly strikes to a tadpole’s body 
are often fatal, dragonfly strikes to tails can result in tad-
poles escaping with torn tails that can be regrown. Given 
these trait responses, we could then address a number of 
important questions about the processes and cues that 
induce these phenotypic changes.

Do prey defenses increase as prey gain information 
from a predator attack sequence (H2)?

We predicted that prey would produce stronger defenses as 
they gained more types of information from the predator 
attack sequence (i.e., crushed prey, chewed prey, digested 
prey, and consumed prey). Our results suggest that gray 
treefrogs hide more, reduce their activity, and increase their 
tailfin depth as more information about a predation event 
becomes available. Although there was a pattern of stronger 
responses as we moved from Crushed 100T to Consumed 
100T, only the Consumed 100T induced large enough 
phenotypic changes in any of the traits to be significantly 
different from the No-Predator treatment. While few stud-
ies have examined all parts of a predation sequence, pre-
vious work suggests that cues derived from prey (Chivers 
and Smith 1998; Summey and Mathis 1998; Stabell et  al. 
2003; Laforsch et  al. 2006) and cues from predator diges-
tion (Jacobsen and Stabell 1999, 2004; LaFiandra and Bab-
bitt 2004; Richardson 2006) can induce morphological and 

behavioral defenses. Moreover, organisms tend to increase 
morphological defenses as predation risk increases (Mirza 
and Chivers 2003a, b; Bourdeau 2010). However, much 
of this work also indicates that prey should continuously 
decrease their activity as more types of information about 
predation become available (Wisenden et  al. 2008; Sch-
oeppner and Relyea 2009a, b). For example, leopard frog 
tadpoles (Lithobates pipiens) do not reduce their activ-
ity in response to chewed conspecifics but they do reduce 
their activity in response to digested or consumed (i.e., 
chewed plus digested) conspecifics (Schoeppner and Relyea 
2009a). In contrast, the gray treefrog tadpoles in the current 
study did not reduce their activity until they detected con-
sumed conspecifics, which suggests that there can be differ-
ences among species in the cues that trigger the threshold 
of response. For many organisms including amphibians, 
anti-predator reduction in activity often comes at a cost of 
decreased growth and mass at metamorphosis (Lima 1988; 
Skelly 1992; McCollum and Van Buskirk 1996; Van Buskirk 
2000; Laurila et al. 2004). Since a smaller mass at metamor-
phosis can have long-term negative effects on fitness in anu-
rans (Altwegg and Reyer 2003; Ficetola and De Bernardi 
2006), gray treefrog tadpoles appear to not respond to the 
partial cues of predation (i.e., crushed, chewed, or digested 
conspecifics) but instead hold back from responding until 
they receive the full suite of predatory cues. We need many 
more studies to determine whether there are phylogenetic or 
ecological patterns in how different species respond to the 
cues emanating from the different stages of predation.

Do prey defenses increase as the biomass of consumed 
conspecifics increases (H3)?

We predicted that treefrog tadpoles should increase their 
defenses as predators consumed greater amounts of 
treefrog tadpoles, regardless of whether a second distantly 
related prey was included in the predator’s diet. As the 
predators consumed greater biomasses of conspecific tad-
poles, the gray treefrogs spent more time hiding and less 
time moving. This response is consistent with other stud-
ies that have noted an increase in defenses as predator risk 
increases [i.e., predator abundance (Teplitsky et  al. 2004; 
Fraker 2008, 2009; Schoeppner and Relyea 2009a,b)]. We 
saw similar responses in behavior when conspecific prey 
consumption was increased while holding total diet bio-
mass constant by including snail prey, which indicates that 
for behavioral defenses prey are simply tracking the con-
sumption of conspecifics and are not affected by any addi-
tional digestive cues or chemical noise that might be cre-
ated by consuming distantly related heterospecifics.

The response to increase conspecific biomass was 
less clear when we examined changes in tailfin depth. 
Gray treefrogs exposed to the lowest (25 mg) and highest 
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(100  mg) conspecific biomass induced deeper tails, but 
those exposed to intermediate biomass (50 mg) did not. In 
contrast, our manipulations of increasing conspecific prey 
biomass while holding total diet biomass constant produced 
a pattern of continuous increases in tail depth. Thus, for 
reasons that are unclear, increased conspecific consumption 
produced a monotonic response in morphology when a sec-
ond, non-inducing prey species was included but not when 
the second prey species was excluded. To our knowledge, 
no past studies have held biomass constant while manipu-
lating conspecific biomass. Clearly we need more studies 
to arrive at any general conclusions.

As a corollary to this hypothesis, we asked whether 
predator treatments that had the same conspecific biomass 
but the inclusion or exclusion of a heterospecific in the diet 
would induce similar defenses (H3c). There was consistent 
support for this hypothesis in our gray treefrogs, which sug-
gests that the increased amount of digestive cues emitted by 
the predator when simultaneously consuming heterospecif-
ics, and whatever chemical noise this might create, does not 
alter the prey’s response to the predator eating conspecific 
prey. There is a significant body of literature about how prey 
address the complexity of predator identity in their environ-
ment, but limited data on how they deal with the complex-
ity of predator dietary cues. Studies focused on variation in 
predator identity indicate than when faced with conflicting 
predator information (due to simultaneous predators of dif-
ferent identity) prey produce intermediate defenses (McIn-
tosh and Peckarsky 1999; Eklöv and Werner 2000; Ireland 
et al. 2007; Lakowitz et al. 2008) or they prioritize defenses 
to the most dangerous predator (McIntosh and Peckarsky 
1999; Teplitsky et  al. 2004; Hoverman and Relyea 2007; 
Bourdeau 2009). Our data suggest that when a predator con-
sumes a mixture of conspecific prey and distantly related 
prey that by themselves induce no defensive responses, the 
overall response is largely additive such that the mixed diet 
induces the same defenses as the conspecific diet.

Do prey respond to temporal variation in predator 
consumption (H4)?

Our final hypothesis was that prey responses to temporal 
variation in predation risk would not be altered by the pres-
ence or absence of a heterospecific prey in the predator’s 
diet (which alone does not induce defenses). Our compari-
sons of the two alternating diets (i.e., Consumed 100T/0S 
vs. Consumed 100T/100S) found that both treatments 
induced similar behavioral and morphological phenotypes. 
Studies looking at temporal variation typically have exposed 
animals to fluctuating periods of high and low risk (Sih 
and McCarthy 2002; Laurila et al. 2004; Foam et al. 2005; 
Mirza et al. 2006; Creel et al. 2008) but we are unaware of 
studies that have fluctuated predator risk in the presence and 

absence of alternative predator diets. Such studies that use a 
range of relevant heterospecific diets would likely produce 
new insights into how prey respond to generalist predators 
that consume a temporally variable diet.

Conclusion

Understanding the complexity of environmental cues is 
essential to understanding the evolution and ecology of 
phenotypic plasticity in organisms. Using a model system 
of gray treefrog tadpoles, we discovered that prey respond 
to increases in information gained from the different 
stages in the predator attack sequence and they respond to 
increased biomass of consumed conspecifics as a primary 
cue for determining strength of induced defenses. However, 
the pattern of response to increased biomass can some-
times be altered by the addition of heterospecific cues that 
alone do not induce prey responses but do hold constant the 
total amount of biomass consumed by a predator. Direct 
comparisons of predators consuming tadpole prey with or 
without the addition of the heterospecific prey caused no 
change in phenotype at different biomasses of tadpole prey 
and caused no change in phenotype when prey consump-
tion varied over time. Because heterospecifics in a preda-
tor’s diet can induce a wide range of defenses to different 
magnitudes [often related to phylogenetic relatedness (Sch-
oeppner and Relyea 2005)], future work should examine 
how prey respond to conspecific diets when they are com-
bined with heterospecific diets that range from closely to 
distantly related species. Future studies should also address 
the generality of these results in other taxa and across dif-
ferent manipulations of temporal variation.
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