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 In natural systems, organisms are frequently exposed to spatial and temporal variation in predation risk. Prey organisms are 
known to develop a wide array of plastic defences to avoid being eaten. If inducible plastic defences are costly, prey living 
under fl uctuating predation risk should be strongly selected to develop reversible plastic traits and adjust their defences 
to the current predation risk. Here, we studied the induction and reversibility of antipredator defences in common frog 
 Rana temporaria  tadpoles when confronted with a temporal switch in predation risk by dragonfl y larvae. We examined the 
behaviour and morphology of tadpoles in experimental treatments where predators were added or withdrawn at mid larval 
development, and compared these to treatments with constant absence or presence of predators. As previous studies have 
overlooked the eff ects that developing reversible anti-predator responses could have later in life (e.g. at life history switch 
points), we also estimated the impact that changes in antipredator responses had on the timing of and size at metamorpho-
sis. In the presence of predators, tadpoles reduced their activity and developed wider bodies, and shorter and wider tails. 
When predators were removed tadpoles switched their behaviour within one hour to match that found in the constant 
environments. Th e morphology matched that in the constant environments in one week after treatment reversal. All these 
responses were highly symmetrical. Short time lags and symmetrical responses for the induction/reversal of defences suggest 
that a strategy with fast switches between phenotypes could be favoured in order to maximise growth opportunities even 
at the potential cost of phenotypic mismatches. We found no costs of developing reversible responses to predators in terms 
of life-history traits, but a general cost of the induction of the defences for all the individuals experiencing predation risk 
during some part of the larval development (delayed metamorphosis). More studies examining the reversibility of plastic 
defences, including other type of costs (e.g. physiological), are needed to better understand the adaptive value of these 
fl exible strategies.   

 Phenotypic plasticity, the ability of a genotype to generate 
diff erent phenotypes as a function of the environmental con-
ditions, is widespread in nature (Tollrian and Harvell 1999, 
Pigliucci 2001, DeWitt and Scheiner 2004). In natural envi-
ronments, organisms are exposed to multiple biotic and abi-
otic stressors, such as food shortage, extreme temperatures, 
competition and predation risk. Among them, predation rep-
resents one of the strongest selective factors infl uencing prey 
individuals, populations, and communities (Sih et al. 1985, 
Lima and Dill 1990). Plastic anti-predator responses are 
ubiquitous among animals, and individuals faced with preda-
tion risk respond by changing their behaviour, morphology, 
physiology and life-history (Tollrian and Harvell 1999). 

 Most studies have examined the eff ects of predation in 
experiments consisting of single predator – prey pairs and a 
constant environment (mostly presence vs absence of preda-
tors, Lima and Bednekoff  1999), however, predation risk 
is rarely constant in nature. Prey organisms are normally 
exposed to spatial and temporal variation in predation risk 
during their life (Lima 1998, Lima and Bednekoff  1999, Sih 
et al. 2000), since predator abundance can change (Sih and 

McCarthy 2002, Sundell et al. 2004, Hoverman and Relyea 
2007), the activity of predators can vary (e.g. daily or seasonal 
rhythms; Dill and Fraser 1997), and predators can become 
satiated for long periods (Janzen 1971, Collier and Johnson 
2004). Since the maintenance of anti-predator responses car-
ries a cost (e.g. reduced activity is normally associated with 
less time searching for food and feeding which may aff ect 
growth and development negatively), organisms maintain-
ing defensive phenotypes when predation risk is low can dis-
play a costly phenotypic mismatch. Th erefore, in order to 
maximise their fi tness, it is expected that prey experiencing 
variable predation risk should adjust their defences to the 
current risk of being eaten. 

 Prey organisms living under fl uctuating predation risk 
should be strongly selected to develop reversible plastic traits 
and return to the non-induced phenotypes once predation 
risk has disappeared (Gabriel 1999). Reversible plasticity is 
expected to evolve only under certain circumstances: the time 
scale of the stress period needs to be shorter than the aver-
age life span of the organism, the stress cue has to be reliable 
and constant, and the benefi ts of developing a response need 
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to outweigh the costs of production (DeWitt and Scheiner 
2004, Gabriel 2005, Gabriel et al. 2005). A critical question 
for the maintenance of reversible predator-induced defences 
is the duration of time lags between change in predation risk 
and prey response. If the reversal time of the phenotypic 
change is small enough compared to the time for which a 
shift is advantageous, then selection for reversible plasticity 
can be strong (Gabriel 1999). Furthermore, traits are not 
equally fl exible. While behavioural changes, for example, are 
considered to be rapid and infi nitely reversible, morphology 
is expected to revert slowly and be overall less reversible, and 
the reversibility of life-history traits seems to be very limited 
(West-Eberhard 1989, Gabriel 1999, Gabriel et al. 2005). 

 A fi nal characteristic of the reversibility of predator-
induced responses is that the induction of a phenotypic 
change by predation risk often occurs much faster than the 
switch to the non-induced phenotype, leading to an asym-
metric response (Van Buskirk 2002, Relyea 2003). Th is sug-
gests that reversibility could be shaped by urgency of the 
need as well as by information constrains (i.e. detecting an 
increase in risk may be quicker than detecting a decrease). 
Th e capacity of prey to revert the induced phenotypes to the 
non-defensive basic phenotype when predation risk ceased 
has received little attention. Nevertheless, when predation 
risk ceases freshwater plankton species (i.e. water fl eas, bryo-
zoans), for example, revert the elongated spines and helmets 
developed in response to predator presence (Hanazato 1990, 
Mikulski et al. 2005, Riessen and Trevett-Smith 2009), 
snails reduce the thickness of the shell (Hoverman and Rel-
yea 2007), amphibian larvae resume their activity and revert 
tail morphology to a non-induced stage (Van Buskirk 2002, 
Relyea 2003, Kishida and Nishimura 2006, Fraker 2008a, 
b), and fi sh revert the induction of deeper bodies (Br ö nmark 
and Pettersson 1994, Chivers et al. 2008). However, these 
responses are far from being uniform; reversibility could 
be limited to early stages in the ontogeny for both behav-
iour and morphology (Relyea 2003, Hoverman and Relyea 
2007), and phenotypes could be only partially reversible and 
individuals may never fully recover the non-defensive morph 
(Br ö nmark and Pettersson 1994). Clearly, further work is 
required to clarify the extension and limits of the reversibil-
ity of induced defences. In particular, an important element 
remains unexplored; the eff ects that the expression of revers-
ible defences at one moment of the development could have 
later in life. Th at the response to early environmental condi-
tions can have life-long consequences on life-history trajec-
tories is well established (Monaghan 2008), and deserves full 
attention in predator – prey systems. 

 Anuran larvae represent an ideal study model for examining 
the reversibility of predator-induced responses, and especially 
the impact that the reversion of the defences could have later 
in life. In presence of predators, tadpoles show a wide variety 
of morphological (deeper and more coloured tails), behav-
ioural (reduced activity and increased refuge use) and life-
history (slower growth, longer duration of the larval period) 
responses (McCollum and Van Buskirk 1996, Lardner 2000, 
Relyea 2001a, b, Laurila et al. 2008). All these responses are 
induced by the presence of chemical cues produced by the 
predators and injured/consumed conspecifi cs (Relyea 2001a, 
Van Buskirk and Arioli 2002, Schoeppner and Relyea 2005, 
Laurila et al. 2008), and increase survival when predators 

are present (Skelly 1994, McCollum and Van Buskirk 1996, 
Van Buskirk and McCollum 1999). Recent studies have also 
examined the reversibility of predator-induced plasticity in 
anurans indicating that defences are generally reversible, but 
without fi nding a clear pattern of the timing and extent to 
which reversibility is possible (Van Buskirk 2002, Relyea 
2003, Kishida and Nishimura 2004, 2006). Furthermore, 
these studies were conducted only during a fraction of the 
larval stage, and did not examine the eff ects of the reversible 
defences later in life (e.g. at metamorphosis). 

 In this study, we investigated the reversibility of behav-
ioural and morphological defences in response to predation 
risk by dragonfl y larvae in the common frog  Rana tempo -
raria, and recorded the eff ects that the expression of fl exible 
defences has later in life at metamorphosis, which is a crucial 
life-history switch point (Pechenik 2006). We exposed  R. 
tempo raria tadpoles to the constant presence or absence of 
caged dragonfl y larva predators, as well as to a sudden change 
of predation risk at mid larval development. Dragonfl y lar-
vae are voracious predators of tadpoles, commonly found in 
the ponds used by  R. tempo raria, and induce changes in the 
behaviour and morphology of  R. tempor aria tadpoles, as well 
as modifi cations in their life history (body size and larval 
period; Van Buskirk 2000, Laurila 2000, Laurila et al. 2004, 
2008). We made the following predictions: 1) behavioural 
antipredator responses are fully reversible, whereas the rever-
sal of morphological defences could be constrained because 
it involves structures that cannot be rapidly developed or 
broken down, 2) for those defences that are reversible, time 
lags for the induction/reversal should be very short, due the 
time-constraint normally experienced by tadpoles in nature, 
3) the induction of antipredator defences will aff ect the tim-
ing and conditions of life history switch points, possibly by 
delaying metamorphosis, and 4) larval period will be pro-
longed in those individuals developing reversible antipreda-
tor defences, being intermediate between that of larvae in 
constant predator-free environment and that of individuals 
constantly exposed to predators.  

 Material and methods 

 Th e common frog  Rana tempo raria is the most widespread 
amphibian in Europe, occurring from northern Spain to 
the coast of the Arctic Ocean (Gasc et al. 1997). On 6 June 
2008, we collected 10 egg clutches of  R. tempo raria from a 
pond in Jukkasj ä rvi (Norrbotten County, Sweden; 67 ° 51 ’ N, 
21 ° 02 ’ E). Th is population, located just above the Arctic 
Circle, is severely time-constrained, and experience a growth 
season (number of days with average air temperature  �  5 ° C, 
Laurila et al. 2008) averaging only 117 days. Previous stud-
ies have reported high basal activity and growth rates for this 
population, as well as the development of defensive mor-
phology when larvae were exposed to dragonfl y predators 
(Lindgren and Laurila 2005, Laurila et al. 2008).  

 Experimental procedures 

 Eggs were quickly brought to the laboratory in Uppsala, 
where they were maintained at 18 ° C in 3-l containers (three 
per family) until hatching. Two days after hatching, ca 30 



46

larvae from each family were pooled together and main-
tained in one 20-l plastic container (total of ca 300 larvae). 
A few days after most of the larvae reached Gosner devel-
opmental stage 25 (Gosner 1960; complete absorption of 
gills and active feeding), we randomly chose 216 larvae and 
placed them, in groups of six, into 36 10-l opaque plastic 
containers (38  �  28  �  13 cm). All the containers were pro-
vided with a transparent cylindrical predator cage (11 cm  ø , 
21 cm height) with a double net bottom (mesh size 1.5 mm), 
which allowed the tadpoles to receive both visual and chemi-
cal cues from the predators. At the beginning of the experi-
ment (9 June 2008), half of the cages were provided with 
one predator (predator treatments, P), whereas the other 
half were left empty (no-predator treatment, NP). We 
used late-instar  A eshna dragonfl y larvae, collected in ponds 
around Uppsala, as predators. Th e containers were placed 
in an 18 ° C constant temperature room (average water tem-
perature in the containers  �  SE throughout the experiment 
was 17.82  �  0.09 ° C) with 18L:6D light rhythm. Th is tem-
perature is within the normal range experienced by  R. tempo -
raria tadpoles in nature (Laugen et al. 2003, A. Laurila and 
J. Meril ä  unpubl.). Th e containers were evenly distributed 
in the shelves of a storage shelve system. Tadpoles were fed 
ad libitum (i.e. uneaten food left after each feeding) with 
chopped boiled spinach every second day. Dragonfl y larvae 
were fed with two medium-size tadpoles once a day. Water 
in the containers was completely changed once a week. Sev-
enteen days after the experiment started (26 June 2008), 
we changed predation treatments in half of the containers 
in each initial treatment, creating a fi nal design with nine 
replicates of four treatments: two levels of the initial preda-
tor environment (no predator or caged dragonfl y larvae) 
crossed with two levels of the fi nal predator environment 
(no predator or caged dragonfl y larvae; resulting treatments: 
NP  �  NP, NP  �  P, P  �  P, P  �  NP). At the time of reversal, 
all the larvae in the four treatments were removed from the 
containers and quickly reassigned to the new containers, to 
control for diff erences in handling procedures among treat-
ments. Water in the containers was changed 24 h earlier. 

 We recorded activity level of the tadpoles at several points 
during the experiment (three days and three hours before 
the switch of the treatments; and one hour, three hours and 
one day after the change). Th e containers were carefully 
approached by the observer (no disturbance noticed) and the 
proportion of tadpoles active in each container during a 5 s 
observation interval was recorded. 

 Morphology of the tadpoles was measured one week 
before, and one week after the reversal. We took a digital 
side-view image of each larva, and images were loaded into 

MakeFan7 (Sheets 2009) to create a standardised template 
for digitising the landmarks. A total of 23 landmarks were 
digitised in tpsDig2 (Rohlf 2008). Five of them are tradi-
tional landmarks representing: (1) the tip of the snout, (2) 
the midpoint of the base of the tail muscle, (3) the tip of the 
tail, (6) the upper insertion of the tail fi n into the body, and 
(23) the eye (Fig. 1). Furthermore, a pair of landmarks was 
placed halfway of body length and perpendicular to the body 
axis (4 – 5), and four sets of four landmarks (two defi ning tail 
fi n outline, and two defi ning tail muscle outline) were located 
at the tail base (7 – 10), and at 20% (11 – 14), 50% (15 – 18) 
and 75% (19 – 22) of the tail length from the base of the tail 
and perpendicular to the tail axis (Fig. 1). We conducted 
landmark-based geometric morphometrics analyses on these 
digitised landmarks. Geometric morphometrics is a power-
ful tool for analysing and visualising morphological variation 
between individuals (Rohlf and Marcus 1993, Zelditch et al. 
2004). Landmark coordinates were imported into tpsRelw 
(Rohlf 2007) to create relative warps, the equivalent of prin-
cipal component scores in a multivariate geometric morpho-
metric analysis. Relative warp scores on tadpole morphology 
were estimated one week before and one week after the rever-
sal in predation treatments, using the consensus (i.e. aver-
age) morphology for each experimental container in order 
to avoid pseudoreplication. Consensus conformations were 
estimated using tpsRelw (Rohlf 2007). All the analyses were 
conducted then on relative warp scores. 

 At metamorphosis (determined by the emergence of 
forelimbs, Gosner stage 42; Gosner 1960) the containers 
were checked twice a day, and time to metamorphosis was 
defi ned as the number of days elapsed from the initiation of 
the larval part of the experiment and metamorphosis. Mass 
at metamorphosis was measured to the nearest 0.1 mg with 
a digital balance after gently blotting the metamorphs in a 
paper towel to remove excess of water. Average daily growth 
rate was estimated as the mass at metamorphosis divided by 
the time to metamorphosis.   

 Statistical analyses 

 We used a repeated-measures general linear model (GLM) 
ANOVA with type III sum of squares to examine the eff ects 
of predation environment on tadpole behaviour over the dif-
ferent time periods. Degrees of freedom were adjusted accord-
ing to the Greenhouse-Geisser method. Activity data was 
arcsin-squareroot transformed before the analysis. Geometric 
morphometric analyses conducted on tpsRelw (Rohlf 2007) 
yielded 35 diff erent relative warps, and we chose to focus on 
the fi rst one (RW 1), which describes the main variation in 
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Figure 1.     Positions of the 23 landmarks used for geometric morphometric analyses in  Rana temporaria  tadpoles.  
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narrow bodies, long tails, and narrow tail fi ns (Fig. 3). A signif-
icant treatment  �  date interaction (F3,32  �  2.98, p  �  0.004) 
refl ects that after the experimental reversal of predator treat-
ments, tadpoles adjusted their morphology to the new con-
ditions quickly (LSD post-hoc tests, NP  �  NP vs NP  �  P, 
p  �  0.001; NP  �  NP vs P  �  NP, p  �  0.304; P  �  P vs 
NP  �  P, p  �  0.906; P  �  P vs P  �  NP, p  �  0.017; Fig. 3). 

 Tadpoles diff ered among treatments with respect to the 
duration of the larval period (F3,32  �  3.37, p  �  0.030). Lar-
vae exposed to predator cues at any time during their devel-
opment metamorphosed later than larvae constantly reared 
without predators (LSD tests, p  �  0.036; Fig. 4a). Mass 
at metamorphosis was signifi cantly infl uenced by predator 
treatment (F3,32  �  3.90, p  �  0.017), being the lowest for 
larvae constantly reared without predators, the highest for 
larvae reared with constant presence of dragonfl y larvae, and 
intermediate and not diff erent for larvae experiencing rever-
sal treatments (Fig. 4b). Growth rate was highest for larvae 
under constant predator presence (LSD tests, p  �  0.048), 
and no diff erences were found among the other treatments 
(p  �  0.6; Fig. 4c).   

 Discussion 

 We found that  Rana tempo raria tadpoles showed full revers-
ibility of behavioural and morphological defences in response 
to changes in predation risk by dragonfl y larvae. Further-
more, reversibility occurred with a very short time lag. 
Extending the study to cover the entire larval period allowed 
us also to detect that timing of and body size at metamor-
phosis were aff ected by the induction of defences, but not by 
their reversibility. All these responses were detected relatively 
late in larval development, suggesting broad developmental 
windows for the induction of defences in tadpoles. We next 
discuss these fi ndings in detail.  

 Behavioural responses to changes in predation risk 

 Dragonfl y presence induced, on average, a 65% decrease in 
the activity rate of tadpoles throughout the study period. 
Furthermore, the reversibility of behavioural responses was 
instantaneous and symmetric; individuals entering the new 
predation environments had converged with the activity 
levels of the constant environments already one hour after 
treatment reversal. Reduction in activity is a common anti-
predator response found in many taxa, and has a clear adap-
tive value since organisms maintaining the highest activity 
rates also experience the highest mortality in presence of 
predators (Skelly 1994, Anholt and Werner 1995, Got-
thard 2000). Previous studies have shown that behavioural 
defences are reversible (i.e. individuals resume their activity 
when predation risk ceased, Sih 1992, Sih and McCarthy 
2002, Van Buskirk 2002, Relyea 2003, Fraker 2008a, b), but 
the change in activity is usually detected after a moderately 
long time period. However, only a few studies have exam-
ined in fi ne detail the pattern of behavioural adjustment 
after predation conditions change. Time lags for the rever-
sion of activity levels to the non-defensive state are longer the 
higher the predator density is (Sih 1992), and the longer the 
duration of previous exposure to predators (Fraker 2008a). 

morphological characteristics among treatments (Results). 
We used repeated-measures GLM ANOVA with type III 
sum of squares to examine variation in tadpole morphology, 
using RW 1 scores as the dependent variable describing tad-
pole morphology. Th e eff ects of the predator environment on 
the duration of the larval period, mass at metamorphosis and 
growth rate were analysed with standard GLM and type III 
sum of squares. Fisher least signifi cant diff erence (LSD) tests 
were used as post-hoc tests. All the analyses were conducted 
on container averages using SPSS 13.0.    

 Results 

  Rana tempo raria larvae were overall more active in the 
absence of predators than when dragonfl y larvae were pres-
ent (F3,32  �  12.30, p  �  0.001; Fig. 2). A signifi cant treat-
ment x date interaction (F 10. 7,113.9  �  3.02, p  �  0.002) 
refl ects that whereas tadpoles that remained in the same 
predator environment during the experiment did not change 
their activity level, those that were moved to a novel preda-
tor environment had a signifi cant change in their behaviour 
(Fig. 2). Th is behavioural change was noticeable after just 
one hour, tadpoles entering a predator environment reduced 
their activity, while tadpoles moved to a predator-free envi-
ronment quickly increased their activity rate (LSD post-
hoc tests, NP  �  NP vs NP  �  P, p  �  0.018; NP  �  NP vs 
P  �  NP, p  �  0.632; P  �  P vs NP  �  P, p  �  0.350; P  �  P vs 
P  �  NP, p  �  0.005; Fig. 2). Tadpole activity remained 
adjusted to predator environment 24-h after the reversal of 
predator treatment (predator vs non-predator environment: 
p  �  0.010; Fig. 2). 

 Th e fi rst relative warp obtained in the geometric mor-
phometric analyses (RW 1), explained 38.71% of the total 
morphological variation for the examined individuals. Tad-
pole morphology was infl uenced by predator treatment 
(F3,32  �  9.19, p  �  0.001), and on both moments individuals 
living with predators showed deep bodies, short tails, and deep 
tail fi ns, whereas tadpoles without predator presence showed 
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too weakly when predation risk is high. Th erefore, organ-
isms showing fl exible behaviour should be favoured by 
selection in environments where conditions change during 
ontogeny (Gabriel et al. 2005). In our study system, tad-
poles are exposed to a relatively low predator density (Lau-
rila et al. 2008), in which infrequent contact with predators 
could favour the maintenance and the rapid activation of 
antipredator behavioural defences, if the costs of producing 
these responses are low enough. Recent reviews have esti-
mated that the general costs of maintaining plastic responses 
are weaker than expected, reinforcing the adaptive value of 
keeping antipredator response in environments with fl uctu-
ating predation risk (Van Buskirk and Steiner 2009, Auld 
et al. 2010).   

 Morphological responses to changes 
in predation risk 

 Tadpoles showed high levels of morphological plasticity in 
response to predator presence. Individuals living in envi-
ronments with dragonfl y larvae showed deeper bodies, 
and shorter and wider tails, but no changes in tail muscle 
morphology. One week after the reversal of predation treat-
ments, tadpoles that entered a new predator environment 
had fully matched their morphology to the risk of predation, 
showing a similar phenotype as tadpoles that were living in a 
constant environment. Predator-induced responses were, in 
general, similar to those found in previous studies, especially 
the development of shorter tails and deeper tail fi ns (McCo-
llum and Van Buskirk 1996, Relyea 2001a, 2003, Laurila 
et al. 2004, 2008, Kishida and Nishimura 2005). Th e larger 
tail fi n expressed in the presence of dragonfl y predators has 
been suggested to act as a lure, attracting predator strikes to 
the least vulnerable tail parts, as tissue from the fi n has lower 

Furthermore, in a previous study on  R. tempo raria, tadpoles 
experienced a delay in the time required to adjust the behav-
ioural response of at least 24 h (Van Buskirk 2002). Th is is 
contrary to our fi ndings of immediate change of activity lev-
els on the same species, suggesting that behaviour does not 
always revert rapidly and that other environmental condi-
tions could aff ect the speed of the reversibility. For example, 
the developmental stage at which the prey encounters the 
predator can infl uence the fl exibility of behavioural defences 
(Hoverman and Relyea 2007). 

 Th eory predicts that individuals entering a highly risky 
environment should react quickly and rapidly adopt a slow 
activity rate and/or a high refuge use, whereas individuals 
arriving to a predator-free environment from a highly risky 
one should react in a more conservative way and show a 
less immediate response (Van Buskirk 2002). Th e adaptive 
meaning of asymmetric responses relies on the fact that indi-
viduals should reduce the probability of making fatal errors 
on the assessment of predation risk by becoming highly 
active in environments that in fact have predators. However, 
the adjustment of activity rates to the new levels of preda-
tion risk in our study was symmetric already one hour after 
the reversal of predation treatments. Short time lags and the 
symmetric response may suggest that in organisms exposed 
to severe time constraints, like the one used in our study (i.e. 
high-latitude population with short growing season, Laurila 
et al. 2008), selection could have favoured a less conserva-
tive strategy, since larvae need to make use of all the growth 
opportunities and metamorphose before conditions get 
harsher in autumn. 

 Maintaining a fl exible behaviour, able to match with the 
level of predation risk currently experienced in the environ-
ment, minimises the costs of reducing activity when pred-
ators are absent, and also reduces the costs of responding 
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characteristic of the new environment already one week after 
the switch of predator treatments. Despite that morphologi-
cal defences have been largely considered to be irreversible 
or only slowly reversible (West-Eberhard 1989), short time 
periods for the reversion of induced morphology similar to 
this study have been previously reported (Van Buskirk 2002, 
Kishida and Nishimura 2004). A quick match of the phe-
notype to the risk level currently experienced by the indi-
vidual could be viewed as an adaptive cost-saving strategy, 
especially relevant for organisms living in time-constrained 
environments. 

 Th e maintenance of a high degree of reversibility in 
predator-induced morphology may depend upon the type of 
growth experienced by the focal trait (i.e. modular vs continu-
ous). Tadpoles exhibit continuous growth and development, 
and can easily modify their morphology during ontogeny 
since individuals can recycle tissues into novel structures 
leading to low costs of producing the adequate phenotype 

strength than muscle and could be easily ripped off  without 
lethal consequences for the tadpole (Doherty et al. 1998, 
Van Buskirk et al. 2003, Johnson et al. 2008). Overall, deep-
tailed tadpoles experience higher survival when confronted 
with dragonfl y larvae (McCollum and Van Buskirk 1996, 
Van Buskirk and McCollum 1999, Kishida and Nishimura 
2005, Johnson et al. 2008). Th e induction of deeper bod-
ies is more puzzling, since bulgy bodies have been described 
as a good defence in tadpoles facing gape-limited, swallow-
ing predator like newts (Kishida and Nishimura 2004), but 
not against chewing predators as dragonfl ies. A deeper body 
could be also a by-product of lower activity rate in organisms 
exposed to predation risk (Johansson and Andersson 2009). 

 Morphological defences need more time to build up 
or revert to the non-induced stage than behavioural ones, 
due to the obvious requisite of developing new structures 
or breaking down the existing ones (Relyea 2001a). Never-
theless, tadpoles in our study had adopted the phenotype 
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Figure 4.     Eff ects of predator environment on  Rana temporaria  life history. (a) duration of the larval period, (b) mass at metamorphosis and, 
(c) growth rate. Filled symbols: larvae that switched predator treatment; open symbols: larvae that remained in the same treatment. NP: no 
predator; P: predator. Data shown as means  �  SE. Diff erent letters indicate signifi cant diff erences at p  �  0.05.  
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that experienced constant environments, and higher mass 
was detected in larvae metamorphosing under predator 
presence. While the fact that tadpoles metamorphose at 
larger size in presence of predators is counterintuitive, 
previous studies on high-latitude populations have found 
similar results for  R. tempo raria (Laurila et al. 2008). 
Th e mechanisms for achieving higher mass in presence 
of predators are not fully identifi ed. However, reduced 
activity under predation risk does not need to decrease 
food consumption. Steiner (2007) found that predator-
exposed tadpoles ingested the same amount of food with 
less feeding eff ort than the non-exposed ones, but at the 
cost of having lower developmental rates similarly to the 
delay in metamorphosis observed in our study. Moreover, 
recent studies in fi sh have suggested that deeper bodies in 
crucian carps could be a by-product of reduced activity 
rather than a direct adaptive response to predator presence 
(Johansson and Andersson 2009). Individuals achieving a 
high mass under stressful conditions may pay long-term 
costs at physiological or developmental levels once enter-
ing the new environment (Stoks et al. 2006, De Block and 
Stoks 2008). 

 Th e costs of developing reversible antipredator defences 
could compromise the adaptive value for these responses 
(Padilla and Adolph 1996). In order for reversible responses 
to be positively selected, the survival benefi ts of escaping 
from predators must exceed the fi tness costs of maintaining 
and producing the fl exible phenotype. Here, we showed that 
there are no substantial costs at a life-history switch points 
linked to the development of reversible predator-induced 
defences in amphibians. Whether costs could constrain 
reversible plasticity may depend upon the ecological condi-
tions experienced by the organisms, or on the identity of the 
traits and taxa considered. 

 In summary, our study reveals the existence of reversible 
and symmetrical plastic defences in  R. tempor aria tadpoles 
that could be deployed late in larval development, with no 
signifi cant life-history costs at metamorphosis. More stud-
ies examining the reversibility of plastic defences, which 
include the costs of developing fl exible responses to preda-
tor presence at other levels (e.g. physiological), are needed 
in order understand the adaptive value of the fl exibility. 
Similarly, population- or species-specifi c responses, as well 
as their population and community consequences, should 
be considered in future studies on reversibility of induc-
ible plasticity (Kishida et al. 2010). In our system, for 
example, comparing the reversibility of predator induced 
plasticity in time-constrained populations, such as the one 
used in this study, to less time-constrained populations 
could reveal interesting patterns in the ecology of these 
defences. 
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matching the predation risk experienced at a given moment 
(Kishida and Nishimura 2006). On the contrary, reversibil-
ity of predator-induced defences in modular traits, such as 
snail shells, is more constrained due to the existence of pre-
formed structures that cannot be modifi ed (Hoverman and 
Relyea 2007). 

 As already mentioned for behaviour, the reversibility of 
morphological defences was totally symmetric, reinforcing 
the idea that in time-constrained environments organisms 
are less prone to maintain a conservative strategy and aban-
don the maintenance of costly defensive phenotypes as soon 
as the perceived predation risk ceased, investing all the avail-
able resources in growth and development.   

 Effects of predator-induced plasticity on 
metamorphosis 

 In amphibians, timing of and size at metamorphosis aff ects 
individual fi tness through eff ects on growth, fecundity and 
survival during later life stages (Semlitsch et al. 1988, Van 
Buskirk and Saxer 2001, Altwegg and Reyer 2003). As we 
examined the eff ect that the reversible responses have on 
later life history switch-points (i.e. metamorphosis), our 
experiment goes one step further than the previous studies 
on reversible plasticity. We found that the continuous per-
ception of predation risk leads to longer larval period, higher 
mass at metamorphosis, and a higher growth rate than 
those of larvae that did not experience predation risk during 
development. Furthermore, when comparing with larvae in 
constant predator-free environment, individuals that expe-
rienced a later induction of behavioural and morphologi-
cal defences (i.e. moving to a risky environment, NP  �  P) 
showed delayed metamorphosis, intermediate mass converg-
ing with individuals under constant predation risk, and simi-
lar growth rate; whereas larvae that reverted behavioural and 
morphological defences to a non-defensive state (i.e. moving 
to a predator-free environment, P  �  NP) also delayed meta-
morphosis, had intermediate mass converging with larvae 
in constant predator-free environment, and experienced no 
changes in growth. 

 We found that the length of the larval period was aff ected 
by the exposure to predators independently of the time and 
duration of the experienced predation risk. Larval period was 
longer in all the treatments where a predator was present 
as compared to the larvae reared in constant predator-free 
environments. A previous study examining the eff ects of 
temporal variation in predation risk in  R. tempor aria found a 
more graded response, and detected stronger eff ects on met-
amorphic characteristics with higher intensities of predator 
exposure (Laurila et al. 2004). Nevertheless, in that study the 
morphological response to predator presence was also inter-
mediate for larvae that experienced discontinuous predation 
risk, suggesting a direct relationship between the investment 
in antipredator defences and the delay of metamorphosis 
in amphibian larvae. Our results indicate that there are no 
appreciable costs of developing reversible responses to preda-
tors in terms of life-history traits, but a general cost of the 
induction of the defences per se. 

 Th e response to changes in predation risk in mass at 
metamorphosis was more plastic. Larvae entering into 
new predator conditions converged in mass with larvae 
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