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Antipredator responses often involve changes in several phenotypic traits and these changes interactively
influence fitness. However, gaining insight into how the overall fitness effect of the overall response comes about
is notoriously difficult. One promising avenue is to manipulate a single defensive trait and observe how that
modifies fitness as well as the expression of other inducible responses. In chemically-defended animals, toxins are
likely to be costly to produce but it is still unknown how their depletion influences other characteristics. In the
present study, we artificially depleted bufadienolide toxin stores in common toad (Bufo bufo) tadpoles, and
assessed the effect of this with respect to the interaction with predator presence and limited food availability. We
found that toxin depletion in tadpoles did not significantly affect any of the measured life-history traits. Tadpoles
in the predator treatment exhibited an elevated development rate, although this was only apparent when food
availability was limited. Also, body mass at metamorphosis was lower in tadpoles exposed to chemical cues
indicating a predation threat and when food availability was limited. These results provide evidence that, in
larval common toads, the expression of inducible defences may incur fitness costs, whereas chemical defences are
either expressed constitutively or, if inducible, elevated toxin production has negligible costs. © 2016 The
Linnean Society of London, Biological Journal of the Linnean Society, 2016, 00, 000–000.
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INTRODUCTION

Variation in phenotypic traits, including those affect-
ing fitness, may emerge as a result of individual
responses to environmental variability. Phenotypic
plasticity is favoured by natural selection in popula-
tions that inhabit irregularly varying environments,
and can be regarded as adaptive when the induced
phenotypes confer high relative fitness in the induc-
ing environments (Agrawal, 2001; Pigliucci, 2005;
Ghalambor et al., 2007). Inducible defences are plas-
tic responses that evolve in populations facing tem-
poral or spatial variation in predation risk (Auld &
Relyea, 2011) and can take the form of morphological
(Kusch, 1993; DeWitt, 1998; Ab, Herczeg & Meril€a,
2016), developmental (Van Buskirk & Schmidt,
2000), behavioural (Peluc et al., 2008; Green, 2009)
or chemical responses (Kubanek et al., 2002; Kick-
lighter, 2012). In predator-rich environments,
induced phenotypes typically have higher survival

rates than the non-induced forms; however, these
phenotypes should have lower fitness in predator-
free environments as a result of costs related to the
production or maintenance of the induced phenotypic
changes (Lively, 1986; Clark & Harvell, 1992). There
is abundant empirical evidence for the presence of
costs and constraints of induced defences in various
animal taxa, manifesting in resource-mediated trade-
offs between the defensive investment and other bio-
logical functions, such as growth or reproduction
(Berenbaum & Zangerl, 1994; Tollrian & Harvell,
1999; Fordyce, Nice & Shapiro, 2006; Hammill,
Rogers & Beckerman, 2008).

Amphibians exhibit plastic responses to predators
during larval development in many life-history
traits, such as behaviour, morphology, growth rate
or developmental rate (Skelly & Werner, 1990;
Relyea & Werner, 1999; Lardner, 2000; Relyea,
2004), which may in turn incur costs, including
reduced survival (McCollum & Buskirk, 1996; Van
Buskirk, 2000; Relyea, 2002; Steiner & Van Buskirk,
2007; Hettyey et al., 2011; Ferrari et al., 2015).*Corresponding author. E-mail: kurali.aniko@agrar.mta.hu

1© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, ��, ��–��

Biological Journal of the Linnean Society, 2016, ��, ��–��. With 3 figures.

mailto:kurali.aniko@agrar.mta.hu


However, in species with complex life-history such as
amphibians, costs emerging as a result of the expres-
sion of inducible defences may be difficult to quantify
because the associated costs do not necessarily
appear simultaneously with the defensive response
(Scheiner & Berrigan, 1998; Tollrian & Harvell,
1999; Van Buskirk & Saxer, 2001; Benard, 2004;
Steiner, 2007). For example, predation risk experi-
enced at the larval stage can affect post-metamorphic
morphology (Van Buskirk, 2000; Van Buskirk &
Saxer, 2001) or chemical defences in metamorphs
(Benard & Fordyce, 2003; Hagman et al., 2009) and
may reduce fitness in later life stages (Smith, 1987;
Semlitsch, Scott & Pechmann, 1988).

Apart from the presence and abundance of potential
predators, further stress factors, such as resource avail-
ability, may also regulate the expression of different
forms of inducible defences (Alford & Harris, 1988;
Newman, 1994, 1998; Laurila, Kujasalo & Ranta, 1998;
Winkler & Van Buskirk, 2012). According to the opti-
mal allocation hypothesis, individuals are only able to
allocate sufficient amounts of resources into all traits
that are expressed at higher levels as parts of an
induced response to predation threat when conditions
are benign, although further trade-offs, such as genetic
correlations, may limit the expression of plastic traits
even in resource-abundant environments (Scheiner,
Caplan & Lyman, 1991; DeWitt, Sih & Wilson, 1998;
Auld, Agrawal & Relyea, 2010). If the cost of a single
antipredator response could be experimentally manipu-
lated, then it would be possible to examine how
increased investment into one trait modifies the expres-
sion of other inducible life-history traits and affects fit-
ness trade-offs associated with these traits. Addressing
such questions would help to better understand the
underlying evolutionary mechanisms maintaining phe-
notypic variation in nature. However, as a result of
methodological difficulties related to the separate
induction of one of a typically co-induced suite of plastic
traits, this scenario has been rarely investigated in pre-
vious empirical studies of phenotypic plasticity.

In the present study, we investigated how the
manipulation of toxin stores modifies the expression
of predator-induced life-history responses and affects
fitness trade-offs associated with these traits during
the larval development of common toad (Bufo bufo,
Linnaeus, 1758) tadpoles. Bufonids use toxins for
chemical defence against predators in all ontogenetic
stages (Clarke, 1997; Benard & Fordyce, 2003; Hag-
man et al., 2009; Hayes et al., 2009; Crossland et al.,
2012) and tadpoles of the common toad produce their
toxins themselves (B. €Uveges, G. Fera, �A. M�oricz, D.
Kr€uzselyi, A. Hettyey, unpubl. data). By measuring
the length of larval development, body mass at meta-
morphosis, and larval survival, which are life-history
traits known to correlate with individual fitness in

amphibians (Smith, 1987; Semlitsch et al., 1988; Alt-
wegg & Reyer, 2003), we also tested for potential
costs of induced defences. In chemically-defended
animals, the depletion of toxin stores can be expected
to influence other defensive characteristics both as a
result of the energetic cost of replenishment and also
because manipulated individuals are forced to rely
on other defensive traits. It is still not known
whether common toads are able to adjust their toxin
production or whether this trait is expressed consti-
tutively during larval stages (Hettyey, T�oth & Van
Buskirk, 2014). Nevertheless, the design of the pre-
sent study allowed us to specifically evaluate the
costs of toxin store depletion in larval common toads
and assess its effects on the expression of predator-
induced defences when food availability was either
ad libitum or limited.

We predicted that tadpoles whose toxin stores
were depleted would take longer to metamorphose,
have a lower body mass at metamorphosis or exhibit
decreased survival rates compared to their con-
specifics whose toxin stores were not manipulated,
especially so in the presence of cues indicating a pre-
dation threat and when food availability is limited.
This would imply that, in B. bufo tadpoles, the rate
of toxin production is plastic, they mainly rely on
their defensive toxins when facing predation threat,
and there is a cost to enhanced toxin synthesis.
Alternatively, tadpoles with depleted toxin stores
may enhance their investment into other forms of
antipredator defences and speed up their develop-
ment and growth to escape from the aquatic environ-
ment and reach a size refuge in the presence of
predators, whereas low food availability was again
expected to be a limiting condition. This result would
suggest that tadpoles can perceive the quantity of
toxins they release, although the rate of toxin pro-
duction is fixed or an enhanced toxin production car-
ries low costs.

MATERIAL AND METHODS

STUDY SPECIES

The common toad is one of the most widespread
amphibian species in Europe (Gasc et al., 1997),
which uses a large variety of water bodies, ranging
from small puddles to permanent lakes, as breeding
sites (Arnold & Ovenden, 2002). Because of the
resulting high variability of their aquatic habitat,
tadpoles are exposed to widely varying abundances
of predators, competitors, and pathogens, and there-
fore can be expected to express plastic phenotypic
responses (Via & Lande, 1985). Plasticity in response
to predation risk is known to be present in some life-
history traits of common toad tadpoles, although
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responses often appear to be relatively weak com-
pared to those of ranid tadpoles (Laurila, Kujasalo &
Ranta, 1997; Laurila et al., 1998; Lardner, 2000; but
see also Richter-Boix, Llorente & Montori, 2007; Van
Buskirk, 2009; Nunes et al., 2014). The relative
weakness of the responses may originate from indi-
viduals’ reliance on chemical defences, although
experimental evidence supporting this hypothesis is
still lacking. Most bufonid species are known to con-
tain bufadienolides (cardiotoxic steroids), including
adults, tadpoles, and eggs (Mebs et al., 2007; Hayes
et al., 2009; Sciani et al., 2013) and common toad
tadpoles produce several bufadienolide compounds
from an early tadpole stage on (B�okony et al., 2016;
B. €Uveges, G. Fera, �A. M�oricz, D. Kr€uzselyi, A.
Hettyey, unpubl. data). Hence, tadpoles of this spe-
cies are ideal for studying energy allocation and
trade-offs between phenotypic traits, including toxin
production, in association with inducible anti-preda-
tor responses.

ANIMAL COLLECTION AND HUSBANDRY

We collected eight pairs of the common toad from
Lake Garancsi (47°37025″N, 18°48027″E) located in
the Pilis hills, Hungary, during the first 2 weeks of
March 2013. Pairs spawned in separate 120-L plastic
boxes, and the deposited egg strings were kept sepa-
rately until the embryos hatched. Two days after
hatchlings reached the free-swimming state, we
placed the selected tadpoles (see below) individually
into 2-L rearing containers filled with 0.7 L of recon-
stituted soft water (RSW) (APHA, 1985) and contain-
ing three or four dry beech leaves for shelter.
Ambient temperature was set to 17 °C at the begin-
ning and was allowed to gradually increase to 22 °C
by the end of the experiment. Lighting was set to a
11 : 13 h dark/light cycle. Tadpoles were fed daily
with a finely ground 4 : 1 mixture of rabbit chow
and fish flakes. We performed complete water change
in the rearing containers every 3 days.

To obtain predator cues, we collected 10 smooth
newt [Lissostriton vulgaris (Linnaeus, 1758)] males
from three ponds (47°42027″N, 19°02024″E; 47°42042″
N, 19°02040″E; 47°42048″N, 19°02025″E) located in the
Pilis hills in early spring, and kept them individually
in 5-L covered plastic boxes filled with 2 L of RSW.
Boxes contained a clay pot serving as a hiding place
and a resting surface above the water level. We fed
newts sludge worms (Tubifex tubifex) ad libitum and
changed all water every day.

EXPERIMENTAL DESIGN

We used a full factorial randomized block design
with four main factors: presence or absence of

predator cues, low or high food level, and hormonal
treatment (administration of norepinephrine or han-
dling alone) applied once or thrice. We haphazardly
selected 80 free-swimming tadpoles from each of the
eight families and distributed them across the 16
treatment combinations, resulting in a total number
of 640 tadpoles. During the set-up of the experiment,
we improperly assigned three tadpoles, resulting in
one extra individual in three treatment combinations
and one tadpole less in another three groups. We
presume that this error had a negligible effect on our
results as a result of the high number of individuals
at each treatment combination level. We arranged
the individually-housed animals into five blocks
along a known vertical temperature gradient present
in our laboratory. Predator cues consisted of a homo-
genate of ground conspecifics (100 mL of RSW
containing approximately 1.92 g of tadpoles homoge-
nized live using a hand blender) mixed with 30 L of
predator water taken from captive smooth newts (see
above), simulating the presence of dangerous preda-
tors. Chemoreception is one of the most effective sen-
sory modalities for detecting predators in the aquatic
environment (Tollrian & Harvell, 1999; Schoeppner
& Relyea, 2009; Hettyey et al., 2010) and tadpoles
react strongly to chemical cues from the simultane-
ous presence of cues from injured conspecifics and
predators (Hagman et al., 2009; Schoeppner &
Relyea, 2009; Hettyey et al., 2015). We added 25 mL
of the above suspension every day to the rearing con-
tainers assigned to the predator treatment, whereas
the same amount of RSW was added to the other
rearing containers.

We also investigated the effects of food availability
on the measured phenotypic responses. In the high
food level treatment, individuals received ad libitum
food (calculated as 9% of the actual tadpole body
mass and resulting in some food always remaining
until the next feeding occasion), whereas, in the low
food level treatment, tadpoles received one-third of
that amount (approximately 3% of tadpole mass).
These relative amounts were raised to 12% and sub-
sequently 4% as the development of tadpoles pro-
gressed. We measured five tadpoles from each
treatment combination every 9 days to adjust the
relative amounts of food to the actual body mass.

To manipulate the degree of investment into toxin
production, we applied in vivo hormonal stimulation
to deplete toxin stores present in the skin of tad-
poles. Sensu Maag, Gehrer & Woodhams (2012), we
placed tadpoles in the norepinephrine treatment
group into a 3-mL, 100 lM norepinephrine-bitartrate
(CAS 3414-63-9; Sigma-Aldrich) solution for 15 min.
To wash off norepinephrine from the skin, we subse-
quently transferred individuals into a bin filled with
700 mL of RSW for 1 min and finally placed them
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back into their rearing containers. Similar methods
have been successfully used in both in vitro (Benson
& Hadley, 1969; Castillo & Orce, 1997) and in vivo
(Dockray, 1975; Rollins-Smith, 2005; Quagliata et al.,
2008; Giuliani & Rinaldi, 2010) studies on anurans,
and also specifically on B. bufo tadpoles for inducing
skin peptide release (Maag et al., 2012). In the treat-
ment group receiving only handling, we placed tad-
poles into 3 mL of RSW and otherwise handled them
the same way as described above. We applied these
procedures at two frequencies: half of the tadpoles
were treated three times (on days 8, 16 and 24),
whereas the other half were treated only once during
the experiment (on day 16).

When tadpoles approached metamorphosis, we
monitored containers twice daily. Upon finding a
metamorph (i.e. when at least one forelimb
emerged – developmental stage 42; Gosner, 1960), we
recorded it as a survivor, noted the time to metamor-
phosis, and measured its body mass (nearest mg).
Subsequently, we moved metamorphs into large con-
tainers with some water and leaves, where they were
kept until release at their parents’ site of collection.

STATISTICAL ANALYSIS

We used linear mixed-effects models to assess the
effect of the applied treatments on the length of lar-
val development and on body mass at metamorphosis
and generalized linear mixed-effects models with a
binomial error distribution were used to analyze the
effect of treatments on larval survival. In all models,
we included food level, predator treatment, adminis-
tration of norepinephrine, and frequency of stimula-
tion, together with their interactions as fixed factors,
and block as a random factor. Analyses were per-
formed using the ‘glmer’ and ‘lmer’ function of the
‘lme4’ package (Bates et al., 2015) in R 3.2.2. (R Core
Team, 2015). For model simplification, we entered all
possible interactions of the investigated predictors
into full models and used a backward procedure
dropping the predictor with the highest P-value in
each step, retaining only statistically significant
effects (P ≤ 0.05) in the final models (Grafen & Hails,
2002; Engqvist, 2005). Requirements of the fitted
models were checked by plot diagnosis. All tests were
two-tailed with alpha set to 0.05.

RESULTS

LENGTH OF LARVAL DEVELOPMENT

We found no significant effect of the administration
of norepinephrine, the frequency of stimulation or
their interaction with each other and any other pre-
dictor on time to reach metamorphosis (Table 1).

This suggests that the depletion of toxin stores and
stress originating from the handling procedure did
not influence the developmental time of tadpoles or
the effect of other treatments on this response
variable. However, the interaction between food
availability and presence of predator cues was found
to be significant (Fig. 1, Table 1). When food was
limited, tadpoles reared in the presence of predator
cues metamorphosed earlier (mean � SE: 35.32 �
0.23 days) than those kept in the absence of such
cues (37.42 � 0.22 days), whereas, when food was
provided ad libitum, larval development was the
shortest and its length did not depend on the applied
predator-cue treatment (presence of predator cues:
32.45 � 0.30 days; absence of predator cues: 32.40 �
0.23 days).

BODY MASS AT METAMORPHOSIS

Body mass was not affected by the administration of
norepinephrine, frequency of stimulation or their
interaction with each other, although we found a
marginally nonsignificant effect of norepinephrine
treatment in interaction with the presence of preda-
tor cues (Table 1). Tadpoles tended to have smaller
body mass in the absence of predator cues when they
were treated with norepinephrine compared to those
that received only handling, whereas individuals in
the norepinephrine and handling treatment groups
had a similar body mass in the presence of preda-
tor cues. On the other hand, food availability and
presence of predator cues significantly affected
the body mass of tadpoles in interaction with each
other (Fig. 2, Table 1). Individuals had a smaller
body mass when food was limited compared to the
ad libitum treatment group both in the presence
(limited food: 164.32 � 2.27 mg, ad libitum food:
205.06 � 4.13 mg) and absence of predator cues (lim-
ited food: 249.68 � 3.26 mg; ad libitum food:
305.47 � 4.04 mg), whereas food limitation had a
weaker effect in the presence of predators (Fig. 2).

LARVAL SURVIVAL

The administration of norepinephrine and the fre-
quency of stimulation had no significant effect on lar-
val survival, either by themselves or in interaction
with each other and any other predictors (Table 1).
However, the interaction of food availability and the
presence of predator cues affected tadpole survival
(Fig. 3, Table 1). Individuals that received food ad li-
bitum had a higher survival rate in the absence of
predator cues (154 out of 160) than in their presence
(130 out of 160), whereas individuals that received a
limited amount of food survived at a similar rate
until metamorphosis, irrespective of the presence or
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Table 1. Test statistics and significance of the investigated predictors from the fitted models on length of larval devel-

opment, body mass at metamorphosis, and larval survival

Dependent variable Predictor(s) v2 d.f. P

Length of larval development Predator < 0.01 1 0.976

Food level 323.21 1 < 0.001

Predator 3 Food level 25.66 1 < 0.001

NE 0.79 1 0.373

Freq 0.40 1 0.528

NE 9 Food 1.29 1 0.257

NE 9 Predator < 0.01 1 0.974

Freq 9 Food 0.67 1 0.413

Freq 9 Predator 0.26 1 0.611

NE 9 Freq 0.27 1 0.604

NE 9 Freq 9 Predator 1.12 1 0.290

NE 9 Freq 9 Food 1.25 1 0.264

Freq 9 Predator 9 Food 0.67 1 0.412

NE 9 Predator 9 Food 0.53 1 0.468

NE 9 Freq 9 Predator 9 Food 1.68 1 0.194

Body mass at metamorphosis Predator 467.79 1 < 0.001

Food 155.87 1 < 0.001

Predator 3 Food 5.47 1 0.019

NE 2.07 1 0.150

Freq 0.18 1 0.669

NE 9 Food 0.31 1 0.580

NE 9 Predator 3.77 1 0.052

Freq 9 Food 0.70 1 0.404

Freq 9 Predator 0.13 1 0.720

NE 9 Freq 0.52 1 0.470

NE 9 Freq 9 Predator 2.05 1 0.152

NE 9 Freq 9 Food 0.66 1 0.417

Freq 9 Predator 9 Food 0.23 1 0.632

NE 9 Predator 9 Food 0.16 1 0.693

NE 9 Freq 9 Predator 9 Food 0.13 1 0.722

Larval survival Predator 14.77 1 < 0.001

Food 2.00 1 0.157

Predator 9 Food 7.90 1 0.005

NE 1.22 1 0.270

Freq 0.27 1 0.602

NE 9 Food 0.03 1 0.863

NE 9 Predator 0.04 1 0.846

Freq 9 Food 0.24 1 0.624

Freq 9 Predator 0.04 1 0.851

NE 9 Freq < 0.01 1 0.956

NE 9 Freq 9 Predator 0.28 1 0.598

NE 9 Freq 9 Food 1.45 1 0.229

Freq 9 Predator 9 Food 0.73 1 0.392

NE 9 Predator 9 Food 1.04 1 0.308

NE 9 Freq 9 Predator 9 Food 0.19 1 0.664

Wald v2-tests were applied for calculating P-values in all models using the ‘Anova’ function of the ‘car’ package (Fox &

Weisberg, 2011). Final models are shown in bold; test statistics and P-values corresponding to the removed variables

were obtained by adding them one by one to the final models. NE, norepinephrine treatment; Freq: frequency of stimula-

tion; Predator: presence of predator cues; Food: food level.
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absence of predator cues (147 out of 159 and 149 out
of 161, respectively).

DISCUSSION

In the present study, we investigated how the experi-
mental manipulation of toxin stores affected the
inducible anti-predatory responses of common toad
tadpoles when the presence of predator cues and food
availability varied in the larval environment. We

found that tadpoles whose toxin stores were depleted
did not take longer to metamorphose, did not have
lower body mass at metamorphosis, and did not exhi-
bit decreased survival rates compared to their con-
specifics whose toxin stores were not manipulated.
However, we observed that all measured traits were
influenced by the interaction of food availability and
predator presence. The lack of significant direct and
interactive effects involving toxin store depletion and
predation risk or food availability on the measured
life-history traits suggests that toxin store depletion
exerts no effect on the existing energetic trade-offs in
the examined predator-induced responses in this
species.

Administration of norepinephrine and the fre-
quency of stimulation did not influence the measured
life-history traits significantly, either on their own or
in interaction with other predictors, although we
found a trend for decreased body mass when tadpoles
were treated with norepinephrine in the presence of
predator cues. One potential explanation for the lack
of measurable costs may be that the applied hor-
monal stimulation did not induce toxin release. How-
ever, we consider this unlikely because the applied
method had been successfully used for similar pur-
poses in a previous study (Maag et al., 2012). More-
over, in an additional experiment involving the same
norepinephrine treatment, we observed the success-
ful induction of toxin release and subsequent gradual
replenishment in common toad tadpoles (A. Kurali,

Figure 1. Effects of food restriction and simulated preda-

tor presence on the length of larval development

(mean � SE). Solid lines and filled symbols refer to the

presence of predator cues; dotted lines and open symbols

represent treatments without predator cues.

Figure 2. Effects of food restriction and simulated preda-

tor presence (mean � SE) on body mass at metamorpho-

sis. Solid lines and filled symbols refer to the presence of

predator cues, whereas dotted lines and open symbols to

the absence of predator cues.

Figure 3. Proportions of tadpoles surviving until meta-

morphosis in the ad libitum or limited food groups and in

the presence or absence of predator cues. Mean � SE val-

ues (calculated from the percentage of surviving individu-

als in each treatment combination in each block) are

depicted. Filled columns refer to the presence of predator

cues; white columns represent treatments without preda-

tor cues.
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K. P�asztor, A. Hettyey, Z. T�oth, unpubl. data).
Another possible explanation is that the toxin stores
were depleted as a result of norepinephrine treat-
ment, although toxin production lacks a plastic com-
ponent. Such a constitutive rate of toxin production
may be favoured by natural selection if predators are
continuously present in the larval habitat, or if indi-
viduals produce toxins not only against predators,
but also against pathogens or competitors. This
would also help to explain why we did not find any
support for the optimal allocation theory in associa-
tion with toxin production and other anti-predator
responses in the present study. Finally, we may not
have detected costs of an induced elevated rate of
toxin production if the synthesis of bufadienolides
bears low costs in larval B. bufo, at least measured
in body mass, development rate and survival, or if
the production costs of these toxins are negligible
compared to the maintenance cost of the synthesiz-
ing and secreting apparatus. Additionally, the lack of
any effect of treatment with norepinephrine and of
its administration frequency on the measured traits
implies that B. bufo tadpoles do not perceive the
quantity of toxins they release, because, otherwise,
we would have expected stronger induced responses
in other defensive traits in tadpoles with depleted
toxin stores than in tadpoles well-defended by toxins.

Bufonid tadpoles have been found to react with an
altered life-history to the simulated presence of
predators (Lardner, 2000; Hagman et al., 2009; but
see also Benard & Fordyce, 2003) similar to larvae of
many other anuran species. We showed that the
length of larval development was unaffected by pre-
dation risk when food was available ad libitum,
which suggests that, if resources are sufficiently
abundant, tadpoles may be able to maintain maximal
developmental rate even if feeding activity is lowered
in the presence of predator cues (Abrams & Rowe,
1996; Laurila et al., 1998; but see Steiner, 2007; Ben-
nett, Pereira & Murray, 2013). On the other hand,
tadpoles developed faster in the presence than in the
absence of predator cues when food was scarce, and
thus exhibited induced anti-predator response in the
developmental rate. The latter result aligns with pre-
dictions of theoretical models (Wilbur & Collins,
1973; Abrams & Rowe, 1996) and the results of simi-
lar empirical studies (Skelly & Werner, 1990; Laurila
et al., 1998; Chivers et al., 1999; Barry, 2015) (i.e.
when predators are abundant in the aquatic environ-
ment, tadpoles are expected to escape high predation
risk in the aquatic environment by metamorphosing
earlier). This plastic response appeared to bear costs
in terms of lowered body mass of metamorphs, which
is in turn associated with a reduced fitness in later
life stages (Smith, 1987; Semlitsch et al., 1988; Alt-
wegg & Reyer, 2003). Moreover, at low resource

availability, we observed extended larval develop-
ment also in the absence of chemical cues indicating
a predation threat, supporting the hypothesis that
development rate directly depends on resource avail-
ability and, thus, speeding up development leads to
higher demands and is thereby costly (Skelly & Wer-
ner, 1990; Steiner, 2007).

Body mass at metamorphosis was lower in the pres-
ence of predator cues and when food availability was
limited, similar to the findings of previous studies
(Skelly, 1995; Anholt, Werner & Skelly, 2000; Relyea,
2002). The negative effect of food limitation on body
mass may be self-evident, whereas the reduced body
size when raised in the presence of predators may be
interpreted as a cost of accelerated development or
lowered activity (Skelly & Werner, 1990; Lardner,
2000; Relyea & Auld, 2005). However, when nutri-
tional resources were unlimited, exposure to preda-
tors still negatively affected body mass but not the
length of larval development. Thus, the lowered body
mass in the presence of predators might have been a
result of lowered activity rather than a trade-off
between body mass and development rate (for similar
results, see Skelly, 1995; Anholt et al., 2000). The
effect of predator presence on body mass was larger in
the high food treatment, which corresponds to results
of previous studies (Steiner, 2007). However, some
studies observed opposite trends, where ad libitum
food increased the size of tadpoles in the presence of
predator cues (Bennett et al., 2013), whereas others
found no interaction between food and predator
manipulations (Skelly & Werner, 1990; LaFiandra &
Babbitt, 2004). The discrepancy among experimental
results suggests that increased body size may be an
adaptive defensive response in some species or when
facing some types of (e.g. gape-limited) predators
(Kishida & Nishimura, 2005; Urban, 2007), whereas,
in B. bufo tadpoles, the allocation of limited resources
may be directed into other defensive traits, such as a
reduced developmental time.

Survival costs of anti-predator defences are
expected to be rare (Werner & Anholt, 1993; Van Bus-
kirk, 2000), although they have been documented pre-
viously in larval amphibians (McCollum & Buskirk,
1996; Relyea & Hoverman, 2003; Hettyey et al., 2011).
The underlying mechanism may involve behavioural
adaptations to the presence of predators resulting in
reduced swimming and feeding activity of tadpoles
(Lawler, 1989; Skelly & Werner, 1990; Marquis, Saglio
& Neveu, 2004), which, in turn, can lead to lowered
amounts of food intake. Consequently, survival costs
are expected to be higher when food is scarce. By con-
trast, we found that survival was lower in tadpoles
raised in predator presence when food was provided
ad libitum but not when food availability was limited.
One possible explanation for this finding is the
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increased presence of leftovers as a result of the
reduced feeding activity of tadpoles in the ad libitum
food treatment group when predator cues were pre-
sent, which may have served as a substrate for fungi
or bacteria, causing mortality in tadpoles (Russo &
Yanong, 2006; Roberts & Palmeiro, 2008). Nonethe-
less, this additional stress did not appear to negatively
affect those individuals that reached metamorphosis
in the ad libitum food treatment group because they
had a greater body mass at metamorphosis and the
shortest length of larval development both in the pres-
ence and absence of predator cues in their environ-
ment compared to those raised in the limited food
treatment group.

In conclusion, we did not detect significant fitness
costs of toxin store depletion in B. bufo tadpoles,
although we found altered life-history traits in
response to food limitation and simulated predator
presence. Our findings suggest that common toad
tadpoles exhibit an adaptive anti-predatory plastic
response in terms of elevated development rate,
although this is only apparent in a resource-limited
environment and is associated with the fitness cost
of having lowered body mass at metamorphosis. This
relationship was, however, not affected by the experi-
mental manipulation of toxin stores; thus, chemical
defence with bufadienolides may have negligible pro-
duction costs measured in body mass, development
rate, and survival or may be expressed constitutively
in this species. Nevertheless, the present study rep-
resents an important step towards a better under-
standing of how interactions of multiple
environmental factors may form inducible anti-pre-
dator defences in species with a complex life history.
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