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Abstract Many of the far-reaching impacts of climate
change on ecosystem function will be due to alterations
in species interactions. However, our understanding of
the effects of temperature on the dynamics of interactions
between species is largely inadequate. Inducible defences
persist in prey populations because defensive traits increase
survival in the presence of predators but are costly when
they are absent. Large-scale changes in the thermal climate
are likely to alter the costs or benefits of these defences for
ectotherms, whose physiological processes are driven by
environmental temperature. A shift in costs of defensive
traits would affect not only predator—prey interactions, but
also the strength of selection for inducible defences in natu-
ral populations. We investigate the effect of temperature on
the costs of behavioural defences in larvae of the marine
toad, Rhinella marinus. Larvae were reared in the presence
or absence of predator cues at both 25 and 30 °C. When
exposed to predation cues, larvae reduced activity and spent
less time feeding. Exposure to predation cues also reduced
metabolic rate, presumably as a by-product of reducing
activity levels. Larvae exposed to predation cues also grew
more slowly, were smaller at metamorphosis and were
poorer jumpers after metamorphosis—three traits associated
with fitness in post-metamorphic anurans. We found that
the costs of behavioural defences, in terms of larval growth,
post-metamorphic size and jumping performance, were
exacerbated at cooler temperatures. The thermal sensitivity
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of costs associated with defensive traits may explain geo-
graphic variation in plasticity of defensive traits in other
species and suggests that changes in environmental temper-
ature associated with climate change may affect predator—
prey interactions in subtle ways not previously considered.
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Introduction

Global increases in temperature will produce substantial
changes in the abundance and distribution of organisms
(Graham and Grimm 1990; Hughes 2000; McCarty 2001;
McLaughlin et al. 2002). Although our ability to predict
the impacts of both changes in abundance and distribution
has dramatically improved with recent advances in model-
ling, we still have an inadequate understanding of the likely
impacts of temperature on biological interactions (Urban
2015). In fact, it is probable that many of the far-reaching
impacts of climate change on ecosystem function will be due
to such alterations in species interactions (Urban 2015). For
example, climate-induced changes in predator populations
are likely to carry over to their prey because of the close
link between their ecologies. This means that prey species
may be affected both directly via changing temperatures as
well as indirectly via modifications to predator populations.
Understanding the influences of temperature on predator—
prey dynamics is critical to improving our ability to predict
future impacts of climate change on ecosystem function.
Many species can modify their behaviour, morphol-
ogy or life history to increase their chances of survival
when living alongside predators: by reducing detection
by, or encounters with, predators (Juliano and Reminger
1992; Sih 1992; Turner 1996; van Uitregt et al. 2011;
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Werner and Anholt 1993), or by increasing their capacity
for escape (Havel and Dodson 1984; Nilsson et al. 1995;
Wilson et al. 2005). However, defensive traits typically
bear substantial ecological and/or physiological costs to
the individual, making them too expensive to maintain
when predators are absent. The evolutionary maintenance
of inducible defences is, therefore, governed by a func-
tional trade-off between the benefits of defensive and
non-defensive phenotypes against their costs in each dif-
ferent environment (Callahan et al. 2008; DeWitt 1998;
DeWitt and Sheiner 2004; Hammill et al. 2008). For
example, prey species that reduce activity levels to avoid
detection by predators (Juliano and Reminger 1992;
Lima 1998; Skelly and Werner 1990; Stoks et al. 2005;
van Uitregt et al. 2011) constrain their ability to forage
and accrue energy for growth, development, and repro-
duction. This simple cost/benefit trade-off drives selec-
tion for alternate phenotypic optima across predator-pre-
sent and predator-absent environments. Changes in the
thermal environment may intensify the costs of defensive
traits, particularly for ectothermic prey species, whose
metabolic requirements vary with temperature. For exam-
ple, behavioural defences that limit foraging time (e.g.,
hiding) are likely to come at a greater cost for ectotherms
in warmer conditions because of increased basal meta-
bolic requirements. In this scenario, individuals have a
greater need to forage, and any defensive behaviours that
limit their ability to do so are expected to slow growth
and development.

Anurans typically exhibit defensive traits only dur-
ing larval development, making the effects of thermal and
predator plasticity particularly important (McCollum and
Van Buskirk 1996; Van Buskirk 2000). At warm tempera-
tures, tadpoles have high metabolic demands (Niehaus
et al. 2011) and must feed more frequently. This means
that behavioural traits that impede feeding (i.e., hiding
from predators) should be costly to growth and develop-
ment, and could affect important life history traits such as
size and timing of metamorphosis (Fraker 2008; McCol-
lum and Van Buskirk 1996; Van Buskirk 2000). However,
both growth and development are generally accelerated
at warmer temperatures, shortening the larval period and
exposure time to predation risk. The net accrual of costs at
metamorphosis then should be reduced at warmer tempera-
tures. van Uitregt et al. (2011) demonstrate this phenom-
enon in larvae of the mosquito, Aedes notoscriptus, where
larvae metamorphosed earlier and at smaller sizes when
exposed to predator cues with the effects being greater at
cooler temperatures.

Tadpoles of marine toads exhibit behavioural aversion,
increase refuge use and reduce activity in the presence of
chemical predation cues, presumably to limit their detec-
tion by, or encounters with, predators (Hagman and Shine
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2008, 2009b, c). When exposed to chemical predation cues
as larvae, R. marinus metamorphose at a smaller size (Hag-
man and Shine 2008, 2009a, c), which is generally con-
strued as a cost of the behavioural response due to reduced
feeding. Based on studies of other anurans, smaller body
sizes at metamorphosis and slower development rates are
costly because they delay the time until first reproduction,
increase desiccation risk, and decrease locomotor perfor-
mance, fecundity and even survival (Capellan and Nicieza
2007; Chelgren et al. 2006; Child et al. 2009; Ficetola and
de Bernardi 2006). The present study investigates the effect
of temperature on the induction and costs of behavioural
defences in the marine toad, Rhinella marinus. We pre-
dict that temperature could affect behavioural defences in
R. marinus and their costs in two ways: (1) Warmer tem-
peratures may exacerbate the costs of reduced activity by
increasing the basal metabolic requirements and their need
to feed or (2) Warmer temperatures may ameliorate the
costs of reduced activity because accelerated development
reduces the time exposed to predation and accrual of costs
of defensive behaviours.

Methods

Rhinella marinus embryos from at least ten different
clutches were collected from several ephemeral pools near
Cairns in Northern Queensland, Australia. Embryos were
estimated to be approximately 2 days post fertilisation at
the time of collection, based on personal observation of
embryonic development of spawn collected in Brisbane,
Queensland. Embryos were immediately transported to the
laboratory at The University of Queensland in Brisbane and
left in the laboratory to settle over night.

Larvae from all clutches were mixed and randomly
assigned to different treatments. Larvae were reared
through metamorphosis in either control or treatment
(exposure to predation cues) conditions under 25 or 30 °C
thermal regimes. One hundred and sixty larvae were ran-
domly allocated among the four groups of temperature and
treatment combinations. Each larva was reared in an indi-
vidual plastic container (12 x 17 x 7 cm deep) set within
temperature-controlled water baths (73 x 51 x 16 cm
deep) with 10 replicate containers in each water bath and
eight water baths in each temperature regime. Each rep-
licate container was filled with approximately 700 mL of
dechlorinated aged tap water with a 1 cm gravel base. Water
baths were placed on shelves within a single room with a
water bath of each temperature on every shelf. Water tem-
peratures were maintained at 25.0 & 0.5 and 30.0 £ 0.5 °C
using thermostatically control aquarium heaters (Aquar-
World) with aeration provided to promote circulation and
uniformity of water temperature across all replicates in
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each water bath. Temperature in each water bath was moni-
tored using iButton data loggers (DS1922L3F50, Maxim,
Sunnyvale, CA, USA).

Predation cues were produced in a solution by macer-
ating surplus R. marinus larvae (Gosner stage 25; Gos-
ner 1960) in water and adding it to the containers of the
predator treatment group. Tadpoles of a cumulative mass
of 4 g were macerated using scissors and a mortar and
pestle, in 150 mL of water taken from their holding tank.
The solution was then filtered through 5 cm of compact
cotton wool to remove particulates. One millilitre of
this solution was added to each replicate container of
the treatment tadpoles each day throughout their devel-
opment, with fresh cues prepared daily. Control indi-
viduals received 1 mL of water taken from the holding
tank of the surplus tadpoles each day to control for any
effect that olfactory cues from living conspecifics might
have. Tadpoles were fed boiled spinach daily with water
changes occurring weekly.

Activity and feeding behaviour of each larva was quanti-
fied by census method, where the observer took an instanta-
neous assessment of the behavioural status of each individ-
ual every 20 min for 4 h, on day 3, 4, 5, 10 and 12. Larval
behaviour was classed as either (1) inactive: motionless on
base; (2) active: swimming or foraging around rocks with
tail beating; or (3) feeding: with obvious movement of
mouthparts on the boiled spinach provided as food, usually
with tail beating. In our analysis larvae were considered
active when feeding, as this movement would also make
the larvae conspicuous to predators. Data from each day
were cumulative so that each individual had a measured
proportion of time in each activity class throughout larval
development.

The resting metabolic rate of all larvae was measured
on days 8 and 9 of the experiment with equal numbers
of each temperature and treatment combination meas-
ured across days. Larvae were sealed in individual 5 mL
glass vials with an integrated oxygen sensor spot (W-In-
SP-PSt3-NAU-D5-YOP, Presens, Regensburg, Germany)
attached to the bottom surface inside the vial. Vials were
filled with water from the container that each larvae was
reared and then placed on a multi-channel oxygen meter
(SDR SensorDish® Reader, PResens, Resenburg, Ger-
many) that measured the oxygen concentration (% air-sat-
uration) at 2 min intervals for 1.5 h using optical fluores-
cence-based oxygen respirometry (see Koster et al. (2008)
for details). Respirometry measurements were performed
in a dark temperature-controlled cabinet to ensure animals
settled quickly and were under resting conditions. Temper-
ature was maintained at 25.0 = 0.5 °C for 25 °C treatment
group and 30.0 £ 0.5 °C for the 30 °C treatment group.
Following respirometry, larvae were blotted dry on damp
paper towel and mass was recorded using an analytical

balance. Larvae were then returned to their respective
containers to continue experimental treatment through to
metamorphosis.

The rate of oxygen consumption (Vo,, mL 0, h™!) of
larvae as a proxy for metabolic rate was calculated by fit-
ting a linear regression to the data obtained from the
oxygen meter (% air-saturation on time), and using the
equation:

. my — me
VO, = —<100> x (Vy = V) x BOn.

where m, = slope derived from the trial with the larva (%
air-saturation h™'), m, = mean slope derived from the
controls (% air- saturation h™!), (note that the difference
between m, and m, is divided by 100 to convert the per-
centage of oxygen in the media to a fraction). V,, = volume
of respirometry vial (L), 0.025 L. V, = volume of larva,
larva mass (kg)/density of muscle (1.06 kg L™!; Alexander
1982). fo, = O, capacitance of media (mL L"), 5.80 mL
L~! for air-saturated freshwater at 25 °C (Riley and Chester
1971), 5.29 mL L~ for air-saturated freshwater at 30 °C
(Riley and Chester 1971).

When the forelimbs of a larva emerged (Gosner stage
40) the majority of water was drained from their container
and a perforated lid affixed to prevent escape. Larvae were
then returned to the water bath to complete metamorpho-
sis at their rearing temperature. Upon full resorption of
the tail (Gosner stage 42) the container was removed from
the water bath and placed in a room at 25 °C and left over-
night. The following day, jumping performance and mass
of the metamorph was measured at 25 °C in a controlled
temperature room. Jumping performance was measured
by filming a minimum of three jumps of each metamorph.
Jumps were elicited on a cloth surface by gently touching
the urostyle with forceps, and filmed from above using a
high-speed digital camera (Casio Ex-FH25, CASIO com-
puter Co. Ltd, Tokyo, Japan). Footage was played back and
jump distances measured using the video analysis software
Tracker (Cabrillo college, California, USA) with the long-
est jump distance taken as a measure of maximum jump-
ing performance. Mass was measured using an analytical
balance after blotting the metamorph dry with paper towel.
Metamorphs were then anaesthetised by chilling and digi-
tal images of ventral surface taken. Images were then ana-
lysed using imaging software, ImageJ (Bethesda, Mary-
land, USA) to measure (1) snout-urostyle length, (2) femur
length and (3) tibiofibular length. Metamorphs were then
euthanised by freezing.

Data analysis

Activity and feeding data were arcsine square-root trans-
formed for normality. Activity data were analysed using a
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two-way ANOVA with temperature and treatment as pre-
dictors. Feeding data were analysed using ANCOVA with
temperature and treatment as categorical predictors and
activity as a covariate. Larval masses (days 8 and 9) were
analysed using two-way ANOVA with temperature and
treatment as predictors. A two-way ANCOVA was used
to analyse larval metabolic rate data with temperature
and treatment as categorical predictors and larval mass
included as a covariate. The effects of exposure to preda-
tion cues and temperature on time to metamorphosis were
determined using parametric survival analysis with a logis-
tic error distribution used as it returned the lowest resid-
ual deviance. Comparisons among treatments in mass at
metamorphosis were analysed using a two-way ANCOVA
with treatment and temperature as categorical predictors
and proportion of time feeding as a covariate. Snout-vent
length, femur length and tibiofibular length were collapsed
into a single descriptor of size taken from the first compo-
nent of a principal component analysis (pcl). The pcl was
then used to compare among treatments with an ANCOVA
with treatment and temperature as categorical predictors.
Maximum jump distance was analysed using a two-way
ANCOVA with treatment and temperature as categorical
predictors and incorporating size (pcl) as a continuous pre-
dictor. All analyses were done in the R programming envi-
ronment and all models with covariates underwent stepwise
model simplification (R Development Core Team 2008 ;
Crawley 2007).

Results

Larvae of R. marinus reared with predator cues were less
active than control individuals (Fig. la; F, 3, = 45.6;
P < 0.001). Predator-exposed individuals were 44 % less
active at 25 °C and 35 % less active at 30 °C than control
larvae. Larvae reared at 30 °C were more active than those
at 25 °C (Fig. la; Fy 139 = 31.7; P < 0.001), but the effect
of exposure to predator cues was unaffected by temperature
(Fig. 1a; F ;30 = 0.03; P = 0.85). Larvae exposed to pre-
dation cues also spent less time feeding than control indi-
viduals (Fig. 1b; F| |7 = 44.9; P < 0.001), and spent 50 %
less time feeding than control individuals at 25 °C and
44 % less time feeding at 30 °C. Overall, larvae reared at
30 °C spent more time feeding than individuals reared at
25 °C (Fig. 1b; F| 1p; = 37.6; P < 0.001). The proportion
of time each larva spent active was also a significant pre-
dictor of the amount of time they spent feeding (Fig. 1b;
Fy1y7=42.3; P <0.001).

Mass of the larvae (days 8 & 9) was affected by tem-
perature treatment, with those reared at 25 °C smaller than
those reared at 30 °C (Fig. 2a; F 130 = 16.02; P < 0.001).
Although predator treatment did not affect the mass of
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Fig. 1 Proportion of time larval Rhinella marinus spent, a active and
b feeding when reared in the presence of chemical predation cues
(predator) compared to control conditions. Larvae exposed to preda-
tion cues spent less time active and feeding (P < 0.001) as did those
reared at 25 °C (P < 0.001). However, the interaction between tem-
perature and exposure to predation cues was not significant
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Fig. 2 Larval mass of Rhinella marinus on day 8 and 9 of larval devel-
opment when reared in control conditions compared to those exposed
to predation cues (predator) at both 25 and 30 °C. While exposure to
predator treatment had no effect on mass (F| ;37 = 2.3; P = 0.13), lar-
vae reared at the 25 °C were smaller (F, ;3, = 16.02; P < 0.001); and
the interaction between temperature and exposure to predation cues
was significant (F 130 = 4.2; P = 0.04)

the larvae (Fig. 2; Fi30 = 2.3; P = 0.13), the interac-
tion between treatment and temperature was significant
(Fig. 2; Fy 130 = 4.2; P = 0.04) suggesting that the effect
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Fig. 3 The relationship between mass and oxygen consumption of
larval Rhinella marinus on days 8 and 9 of larval development when
reared in control conditions and exposed to predation cues (predator)
at both 25 °C (left panel) and 30 °C (right panel). Individuals reared
and tested at 30 °C had higher metabolic rates than those reared and
tested at 25 °C (F 54 = 39.1; P < 0.001). Larvae reared in predation

of exposure to predation cues was significant at 25 °C
but not at 30 °C. Metabolic rate was higher in individuals
reared and tested at 30 °C than those reared and tested at
25 °C (Fig. 3; Fy 153 = 39.1; P < 0.001). Importantly, those
larvae reared in predation cues had lower metabolic rates
than control individuals (Fig. 3; Fy 53 = 4.5; P = 0.04)
even when accounting for differences in mass between the
groups (F 1,3 = 43.0; P <0.001).

There was no significant effect of temperature or predator
treatment on survival to metamorphosis with 87.5 and 95 %
surviving in control and treatment conditions, respectively,
at 25 °C, and 90 and 85 % survival in control and treatment
at 30 °C. While there was no significant effect of exposure
to predation cues on the time to metamorphosis (z = 0.1;
P = 0.90), those reared at 30 °C metamorphosed around
5-6 days earlier than those at 25 °C (z = —10.4; P < 0.001).
Post-metamorphic mass was smaller in individuals
exposed to predation cues as larvae (Fig. 4a; F| |7 = 36.6;
P < 0.001) and smaller in those reared at 25 °C than those
reared at 30 °C (Fig. 4a; F| |,; = 12.3; P < 0.001). The pro-
portion of time that individuals spent feeding was also a sig-
nificant predictor of mass at metamorphosis (F, 1,; = 4.4;
P = 0.04). However, the interaction between treatment and
temperature was not significant (F 1,; = 2.137; P = 0.14).
The size (pcl) of metamorphs was smaller for individuals
reared in predation cues (Fig. 4b; F| |, = 32.3; P < 0.001),
and smaller at 25 °C than at 30 °C (Fig. 4b; F| |,; = 30.7;
P < 0.001). This effect of exposure to predation cues on
size (pcl) was greater at 25 °C than at 30 °C (Fig. 4b;
Fi 17 = 4.4; P = 0.04). Larvae reared in predation cues

0.24 0.08 0.12 0.16 0.20 0.24

Mass (g)

cues had lower metabolic rates than control individuals (F| .3 = 4.5;
P = 0.04) even when accounting for the differences in mass between
the groups (Fy ¢ = 43.0; P < 0.001). However, the interaction
between temperature and exposure to predation cues was not signifi-
cant

were also poorer jumpers than those reared in control con-
ditions (Fig. 4c; F 59 = 28.4; P < 0.001) with the same
true for those reared at 25 °C compared to those at 30 °C
(Fig. 4c; F 1129 = 24.5; P < 0.001). Furthermore, the greater
effect of exposure to predation cues at 25 °C than at 30 °C
approached significance (Fig. 4c; F| 1,9 = 3.9; P = 0.051).
Incorporating size (pcl) as a covariate into the analy-
sis shows that individuals exposed to predation cues are
poorer jumpers (F 156 = 37.7; P < 0.001), and those reared
at 25 °C are poorer jumpers than those reared at 30 °C
(Fy 126 = 43.2; P < 0.001). While there was no significant
interaction between temperature and exposure to predation
cues on jumping performance (F| 5o = 0.1; P = 0.74), the
reduction in jump distance due to exposure to predation
cues was 16.4 % at 25 °C compared to only 7.7 at 30 °C.

Discussion

Little is known of how abiotic factors influence the costs
and benefits of inducible defences in prey. Here, we show
that larval R. marinus reduce activity in the presence of
predation cues that subsequently reduces their overall for-
aging time and leads to slower growth, smaller metamor-
phic size and poorer jumping performance. Furthermore,
some of these effects of exposure to predation cues were
greater at cooler temperatures. Such data indicate that for at
least some traits, temperature can alter the costs of induc-
ible behavioural defences and may subsequently alter the
outcome of predator/prey interactions.
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Fig. 4 a Post-metamorphic mass, b size (pcl of a principal compo-
nent analysis of snout-urostyle, femur and tibiofibular lengths) and ¢
maximum jump distances of Rhinella marinus when reared as larvae
in the presence (predator) and absence (control) of chemical preda-
tion cues at both 25 and 30 °C. (N.B. pcl was standardised by adding
the most negative pcl value to all values so that the minimum num-
ber was 0 and all others were positive). The rearing temperature and
exposure to predation cues had a significant effect on all three meta-
morph traits. The interaction between the two was only significant for
size (b; F| |,; = 4.4; P = 0.04) but did also approach significance for
jumping performance (F; 59 = 3.9; P = 0.051)

Reducing activity is a common strategy utilised by prey
to increase their chances of survival in high predation envi-
ronments (Juliano and Reminger 1992; Lima 1998; Skelly
and Werner 1990; Stoks et al. 2005; van Uitregt et al.
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2011). By limiting activity, prey can reduce their conspicu-
ousness to visual predators and/or their encounter rate with
ambush predators. Rhinella marinus larvae in our experi-
ment reduced activity by approximately 44 % at 25 °C and
by 35 % at 30 °C. Previous work on this species also found
that they can avoid regions where predation cues are present
in the environment, and increase refuge use in the presence
of such cues (Hagman and Shine 2008; Hagman and Shine
2009b, c). Empirical evidence of survival benefits of such
behavioural responses is abundant for prey from many taxa
including amphibian larvae (Juliano and Reminger 1992;
Lima 1998; Skelly and Werner 1990; Stoks et al. 2005; van
Uitregt et al. 2011). While no such data exist explicitly for
R. marinus, it is likely that they share similar predators to
those for which reduced activity carries a survival benefit.

Reducing activity as a behavioural defence is assumed
to be costly because it decreases foraging time and ulti-
mately slows growth and development and in some cases,
fitness of adults (Beketov and Liess 2007; Sih 1992;
Turner 1997; Werner and Anholt 1993). We showed that
larval R. marinus spend less time feeding in the pres-
ence of chemical predation cues. The slower growth and
smaller mass and size at metamorphosis of those from
predator environments are presumably symptomatic of
reduced feeding rates. In this experiment, the significant
effect of larval foraging time on mass at metamorphosis
strengthens the link between behavioural defences and
their costs. Similar intuitive evidence exists for numerous
prey taxa that reduce activity in the presence of predators
and are purported to represent a fitness cost (McPeek et al.
2001; Steiner 2007; van Uitregt et al. 2011). In anurans, a
smaller size at metamorphosis can delay the time until first
reproduction, increase desiccation risk, and decrease loco-
motor performance, fecundity and even survival (Capellan
and Nicieza 2007; Chelgren et al. 2006; Child et al. 2009;
Ficetola and de Bernardi 2006). We also found that meta-
morphs of R. marinus that were reared in predation cues
had poorer jumping abilities, even when the influence of
size was included as a covariate. Poorer jumping perfor-
mance is likely to reduce both prey capture and predator
avoidance capabilities. We suggest that the demonstrated
effects here on post-metamorphic size and locomotor per-
formance of R. marinus when exposed to predation cues as
larvae represent fitness costs.

Empirical data and theoretical predictions of the effects
of exposure to predation cues on the metabolic rate of prey
are limited (Alton et al. 2011; McPeek 2004; Steiner and
Van Buskirk 2009). Short-term exposure to predation cues
is generally associated with an increase in metabolic rate
(Steiner and Van Buskirk 2009). However, Steiner and Van
Buskirk (2009) show that metabolic rate is unchanged in
Rana temporaria larvae when chronically exposed to pre-
dation cues. Alton et al. (2011) also found that larvae of the
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striped marsh frog (Limnodynastes peronii) had no change
in metabolic rate when exposed to predation cues. In our
experiment, larval R. marinus exposed to predation cues
had lower metabolic rates than those from control environ-
ments. Larval R. marinus do not exhibit the morphological
defences that are common in other anurans that are thought
to be energetically costly to produce and maintain. There-
fore, a reduced rate of oxygen consumption in larval R.
marinus in the presence of predation cues is intuitive, given
the consistent reduction in activity. In our experiment, oxy-
gen consumption was measured in the water in which they
were reared (control or treatment), which are, therefore,
likely to induce behavioural defences during respirometry.
This reduction in metabolism could partially offset the
energy deficit suffered from reduced feeding.

The effects of exposure to predation cues on larval mass
(at days 8 and 9) and post metamorphic size were greater
at 25 °C than at 30 °C. Although the effects of exposure
to predation cues on jumping performance were not sta-
tistically significant between temperature treatments, the
magnitude of the change was greater at 25 °C than 30 °C,
which is suggestive of a more pronounced response at the
lower temperature. We predicted that if greater costs for
predator induced defences were exhibited at cooler tem-
peratures, then this would be due to delayed metamor-
phosis and a greater net accumulation of costs. However,
even though the lower larval masses of predator induced
larvae was more pronounced at 25 °C, this was not due
to any extended exposure to predation cues at the colder
temperature, as all larvae were measured at the same time
point. What is most surprising is that there was no sig-
nificant reduction in larval mass at 30 °C, despite a 44 %
reduction in the proportion of time larvae spent feeding. It
seems that the growth/predation risk trade-off during early
larval development, while obviously present at 25 °C, is
negated at 30 °C. We can only speculate that such data can
be explained by changes in metabolic or digestive physi-
ology between thermal regimes. In our data, we show that
while reducing feeding when exposed to predation cues,
larval R. marinus partially offset this energy deficit by
reducing energy expenditure on activity. It is plausible that
this energy saving carried greater weight at 30 °C, than
at 25 °C, offsetting the entire energy deficit from reduced
feeding. Alternatively, feeding efficiency as well as absorp-
tion and/or assimilation rates during digestion could be up-
regulated at the warmer temperature and offset the energy
deficit when reducing feeding in the presence of predation
cues.

We show that the costs of behavioural defences exhib-
ited by larval R. marinus are greater at cooler tempera-
tures. For populations occurring at cooler climates we
would expect selection for maintenance of inducible
defences to be weaker as the associated costs of inducing

the defences would be higher. This assumes the ben-
efits of behavioural defences (increased survival) are
unchanged at cooler temperatures. However, this is not
likely to be true. In the case of ectothermic predators,
both hunger and capacity to capture prey will likely be
reduced at cooler temperatures. In this scenario, the costs
of defences would be high and the benefits minimal. In
contrast, at warmer temperatures the benefits of induc-
ible defenses would be high and the costs low, indicat-
ing that the maintenance of inducible defences would
be favoured. In any case, such thermal dependence of
costs and benefits of inducible defences may play a role
in driving the geographic variation in inducible defences
that have been detected in other studies (Laurila et al.
2006, 2008) and suggests that large-scale changes in cli-
mate may alter predator—prey interactions in subtle and
unpredictable ways. It is clear that the physiological pro-
cesses involved in inducible defences and the manifesta-
tion of their costs are complex. Our limited knowledge
of the physiology of inducible defences undermines our
understanding of how they persist in natural populations
and the likely impact of environmental variation on their
dynamics.
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