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Abstract Seasonal time constraints can pose strong

selection on life histories. Time-constrained animals should

prioritise fast development over predation risk to avoid

unfavourable growing conditions. However, changes in

phenology could alter the balance between anti-predator

and developmental needs. We studied variation of anti-

predator strategies in common frog (Rana temporaria)

tadpoles in four populations from the two extremes of a

latitudinal gradient across Sweden. We examined, under

common conditions in the laboratory, the anti-predator

responses and life histories of tadpoles raised with preda-

tory Aeshna dragonfly larvae in two consecutive years with

a difference of 20 days in breeding time in the north, but no

difference in breeding time in the nouth. In a year with late

breeding, northern tadpoles did not modify their behaviour

and morphology in the presence of predators, and meta-

morphosed faster and smaller than tadpoles born in a year

with early breeding. In the year with early breeding,

northern tadpoles showed a completely different anti-

predator strategy by reducing activity and developing

morphological defences in the presence of predators. We

discuss the possible mechanisms that could activate these

responses (likely a form of environmentally-mediated

parental effect). To our knowledge, this is the first study to

show that a vertebrate modifies the anti-predator strategy of

its offspring in response to natural variation in reproductive

phenology, which highlights the need to consider phenol-

ogy in studies of life-history evolution.

Keywords anti-predator defences � Breeding time �
Climate � Metamorphosis � Phenotypic plasticity

Introduction

Time is a crucial ecological constraint (Dunbar et al. 2009).

In species inhabiting seasonal environments, there is often

only a short time-window in the annual cycle when condi-

tions are suitable for reproduction and growth, and thus the

timing of life history events has a strong influence on fit-

ness. For example, insects must reach a certain develop-

mental stage or reproduce prior to the onset of winter

(Gotthard 2001), timing of breeding in birds must match the

peak of food abundance for the chicks (Visser et al. 2004),

and amphibian larvae must metamorphose before ponds

desiccate or temperature falls below levels that prevent

further development (Wells 2007). Under the current sce-

nario of global warming, studies on the effects of pheno-

logical variation are at the forefront of evolutionary and

conservation ecology (Forrest and Miller-Rushing 2010;

Ibáñez et al. 2010).

Variation in the seasonal timing of natural events (i.e.

phenology) imposes variation in time constraints on life-

histories, which favours the maintenance of plasticity in
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life-history traits (Schlichting and Pigliucci 1998). For

example, crucial life-history traits such as age and size at

maturity can be influenced by phenology, and organisms

exposed to strong time constraints may accelerate their

developmental rate, often at a cost in terms of size (Rowe

and Ludwig 1991; Abrams et al. 1996). Changes in phe-

nology can also strongly influence biotic and abiotic

interactions in nature. Predation is one of the most

important species interactions and strongly affects prey

individuals, populations and communities (Sih et al. 1985;

Lima and Dill 1990). When confronted with predators,

many species reduce their activity and develop morpho-

logical defences in order to reduce mortality; this may lead

to decreased growth and development rates, creating a

trade-off between predation avoidance and growth (Lima

and Dill 1990; Werner and Anholt 1993). The cost of

reducing activity or investing in morphological defences

could be higher for organisms exposed to severe time

constraints, and they may be selected to accept a higher

predation risk in order to speed up growth (Dmitriew

2011). This is in accordance with theoretical studies, which

predict that organisms facing stronger time constrains

should be less responsive to predation risk (Rowe and

Ludwig 1991; Werner and Anholt 1993; Abrams et al.

1996). Consequently, as the expression of anti-predator

defences is expected to depend on environmental condi-

tions (Peacor and Werner 2004; Bolnick and Preisser

2005), between-year variation in growing season length—

especially in the onset of growing season—may lead to

plastic modifications of the anti-predator defences. Spe-

cifically, benign years with early onset of growing season

and relaxation of time constraints may allow organisms to

increase their investment in defences, whereas decreased

investment in defences is expected during years with more

stringent time constraints.

Amphibian larvae provide an ideal study model for

examining variation of anti-predator defences in relation to

breeding phenology. Tadpoles are exposed to a wide array

of predators in the aquatic environment, and may respond

to predation risk by altering behaviour, morphology and

life-history (Relyea 2007; Wells 2007). The timing of

amphibian breeding is highly dependent on environmental

conditions (especially on temperature and precipitation

which fluctuate from year to year; Beebee 1995; Philli-

more et al. 2010), leading to temporal variation in the

strength of the time constraints experienced by tadpoles.

In addition, studies on amphibian larvae allow examining

the effects of environmental factors on key life-history

traits, such as the timing of and size at metamorphosis,

which may all strongly affect individual fitness (Semlitsch

et al. 1988; Altwegg and Reyer 2003). This is especially

true in high-latitude and -altitude populations, where

metamorphosing in time and at large size is essential for

coping with the demands of the long hibernation (Pinder

et al. 1992).

In this paper, by conducting common garden experi-

ments in the laboratory, we examined the effects of

breeding phenology on the life-history and anti-predator

strategies of larval common frogs (Rana temporaria L.)

from the two extremes of a latitudinal gradient, which

differ in predator density and growth season length (Laurila

et al. 2008). We made use of natural variation in phenology

and conducted our study over two consecutive years with

contrasting changes in climatic conditions across the geo-

graphic gradient, which led to differences in breeding

phenology in the northern, more time-constrained, locali-

ties (Table 1). Previous studies have shown that the

northern populations grow and develop faster and invest

less in behavioural anti-predator defences than the southern

ones (e.g. Laugen et al. 2003; Laurila et al. 2008; Lindgren

and Laurila 2009). In this study, we examined how changes

in breeding phenology could modify these responses. We

raised tadpoles from four populations under common

conditions in the laboratory, and examined their behav-

ioural, morphological, and life-history responses to caged

dragonfly larvae. We predicted that high-latitude tadpoles

from the year with late breeding should have a faster life

style and present weaker behavioural anti-predator defen-

ces than low-latitude tadpoles or high-latitude tadpoles

from the year with earlier breeding.

Table 1 Descriptive information of the four R. temporaria localities sampled in the study

Area Locality Geographic coordinates Date of egg collection Growth season length (days)

2008 2009 Average (1979–2007) 2008 2009

South Ållskog 55�320N, 13�480E 5 April 4 April 236 262 241

South Måryds 55�420N, 13�210E 6 April 4 April 230 248 234

North Jukkasjärvi 67�540N, 21�020E 6 June 17 May 116 116 133

North Björkliden 68�240N, 18�410E 6 June 17 May 100 103 117

Growth season length was measured as the mean yearly number of days with mean air temperature [5 �C. For each population we used data

from the closest meteorological station run by the Swedish Meteorological and Hydrological Institute (SMHI)
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Materials and methods

The common frog (R. temporaria) has a wide distribution,

occurring from northern Spain to the coast of the Arctic

Ocean (Gasc et al. 1997). In two consecutive years

(Table 1), we collected freshly laid eggs of R. temporaria

at the two extremes of a 1,500-km latitudinal gradient

across Sweden (electronic supplementary material,

Fig. S1). The growing season is roughly twice as long in

the southern localities as in the northern ones (Table 1; see

Laugen et al. 2003 for additional information about growth

conditions in nature). The 2 years differed in breeding

phenology for northern localities, breeding occurring much

earlier in 2009, whereas there was no difference between

the years in the southern area (Table 1). At both ends of the

gradient, eggs were collected from two well-separated

populations (by more than 40 km; Table 1; Fig. S1).

At each locality, we sampled ca. 500 eggs from each of

10 freshly-laid clutches (less than 2 days old) that were

transported to the laboratory in Uppsala, where they were

maintained in 3-l containers (two per clutch) until hatching.

Throughout the study, the eggs and tadpoles were kept in a

19 �C temperature controlled room with 16:8 h light:dark

rhythm. When most of the larvae had reached Gosner

developmental stage 25 (complete absorption of gills and

active feeding; Gosner 1960; ca. 5 days after hatching), we

pooled 100 tadpoles from each clutch in each population in

an aquarium (1,000 tadpoles in total) and immediately

divided them haphazardly into groups of 10 individuals,

which were allocated to opaque plastic containers

(38 9 28 9 13 cm) filled with 10 l of water. We provided

all the containers with a cylindrical predator cage (diameter

11 cm, height 21 cm) made of fine-meshed plastic netting

and with a double net bottom (mesh size 1.5 mm), which

allowed the tadpoles to receive both visual and chemical

cues from the predators. Half of the cages were provided

with one predator (predator treatment, P), whereas the

other half were left empty (no-predator treatment, NP). We

used late-instar Aeshna dragonfly larvae collected in ponds

around Uppsala as predators, since they are found

throughout Scandinavia and are voracious predators of

tadpoles. The containers were evenly distributed in the

shelves of a storage shelf system to account for possible

differences in temperature within the laboratory room.

Each treatment combination was replicated six times.

Tadpoles were fed ad libitum with chopped and lightly

boiled spinach (ICA Sverige, Solna, Sweden) every day,

whereas dragonfly larvae were fed inside the predator

cages with two medium-sized R. temporaria tadpoles daily.

We used reconstituted soft water (RSW; see Orizaola and

Laurila 2009 for details) throughout the study to assure

homogeneous water quality. Water in the containers was

completely changed once a week.

We recorded the activity level of the tadpoles at days 10,

16 and 23 of the experiment. The containers were carefully

approached by the observer (no disturbance noticed) and

the proportion of tadpoles active in each container during a

10-s observation interval was recorded. Each container was

checked 6 times per day and the average daily value was

used in later analyses.

To estimate tadpole morphology, a digital side-view

image of each larva was taken at day 23. To minimise the

effect of non-parallel tail positions, all the images were

straightened with the straighten plugin in ImageJ (http://

rsb.info.nih.gov/ij; see Johansson et al. 2010 for details),

and then loaded into MakeFan7 (Sheets 2009) to create a

standardised template for digitising the landmarks. Tadpole

body shape was captured by digitising 19 landmarks on

each individual (electronic supplementary material, Fig.

S2) using tpsDig2 software (Rohlf 2008). We conducted

landmark-based geometric morphometrics analyses on

these digitised landmarks. Geometric morphometrics is a

powerful tool for analysing and visualising morphological

variation between individuals (Rohlf and Marcus 1993).

Landmark coordinates were imported into tpsRelw (Rohlf

2007) to create relative warps, the equivalent of principal

component scores in a multivariate geometric morpho-

metric analysis. Relative warp scores on tadpole mor-

phology were estimated using the consensus morphology

for each experimental container in order to avoid pseu-

doreplication. Consensus conformations were estimated

using tpsRelw (Rohlf 2007). All the analyses were con-

ducted on relative warp scores. Morphological variation

was visualised in PAST 2.12 (Hammer et al. 2001; for

additional details, see Viscosi and Cardini 2011) using

thin-plate spline deformation grids and colour-coded

Jacobian expansion factors which measure the degree of

local expansion or contraction of the grid.

When the tadpoles approached metamorphosis (emer-

gence of forelimbs, Gosner stage 42), we checked the

containers once a day and removed metamorphosed indi-

viduals. The duration of the larval period was defined as

the number of days elapsed between the start 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

duration of the larval period.

All the statistical tests were initially conducted using

population nested within area as a random factor in mixed

model ANOVAs with REML estimation procedures, but

since this factor was not significant for any of the studied

traits (P [ 0.05 in all cases), we pooled all the data from

the two populations within each area and used general

linear model (GLM) analyses. As activity was registered
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in three different time periods, we used a repeated-mea-

sures GLM ANOVA with type III sum of squares to

examine the effects of geographic area (north vs. south),

year of experiment (2008 vs. 2009), and predator treat-

ment (P vs. NP) on tadpole behaviour. Activity data were

arcsin-square root transformed before the analysis. The

body shape of tadpoles was examined using the first two

relative warps yielded by the geometric morphometric

analyses (RW1 and RW2), which account for more than

70 % of the total morphological variance (see ‘‘Results’’).

We examined the effects of geographic area, year of

experiment, and predator treatment on tadpole morphol-

ogy, duration of the larval period, mass at metamorphosis

and growth rate with GLMs and type III sum of squares.

All the analyses were conducted on container means using

SPSS 19.

Results

The presence of dragonfly larvae significantly reduced the

activity rate of R. temporaria tadpoles (F1,88 = 253.8,

P \ 0.0001; Fig. 1; for full statistical results, see electronic

supplementary material, Table S1). Overall, northern lar-

vae were more active than southern ones (F1,88 = 75.08,

P \ 0.0001; Fig. 1). A significant year 9 predator 9 area

interaction (F1,88 = 4.23, P \ 0.043) showed that, in 2009,

northern tadpoles were less active in the presence predators

than in 2008, and that southern tadpoles were more active

in the predator-free environment in 2009 than in 2008

(Fig. 1). Furthermore, during 2008, northern tadpoles sig-

nificantly increased their activity throughout the larval

period in the presence of predators (activity day 10 [ day

16 [ day 23; Tukey HSD tests, P \ 0.038 in all cases).

Activity of southern tadpoles in 2008 remained low and

was not affected by predator presence (P [ 0.06, in all

cases). There were no other significant effects on tadpole

activity.

Geometric morphometric analyses on tadpole morphol-

ogy yielded 34 relative warps, of which two (RW1 and

RW2) explained 52.76 and 21.15 %, respectively, of the

total shape variation for the studied tadpoles (for full sta-

tistical results, see electronic supplementary material,

Table S2). The first relative warp (RW1) accounted mainly

for differences between geographic areas (F1,85 = 157.06,

P \ 0.0001), with northern tadpoles having a more bulky

body, and deeper but shorter tail than larvae from southern

populations (Fig. 2). RW1 also differed between predation

treatments (F1,85 = 5.63, P = 0.02; Fig. 2), tadpoles

reared under predation risk showed a more bulky body and

deeper tail fin than tadpoles raised in predator-free condi-

tions. The second relative warp (RW2) is mostly related to

a general predation effect on tadpole morphology

(F1,85 = 82.93, P \ 0.0001), with larvae grown with pre-

dators developing deeper tail fins and slightly deeper

bodies than larvae reared without predators (Fig. 2).

However, in 2008, northern tadpoles did not respond

morphologically to predation treatment (Fig. 2), bringing

about a significant year 9 area 9 predation interaction

(F1,85 = 9.81, P = 0.002).

Larval period was shorter in northern tadpoles

(F1,88 = 188.29, P \ 0.0001) and in the absence of pre-

dators (F1,88 = 80.70, P \ 0.0001; Fig. 3a, b; for full sta-

tistical results, see electronic supplementary material,

Table S3). Overall, larval development time was increased

by 10 % on average in the presence of predators. A sig-

nificant year 9 area interaction indicated that the duration

of the larval period changed between years, being espe-

cially shorter (ca. 15 % shorter) for northern tadpoles

in 2008 (F1,88 = 11.08, P = 0.001; Fig. 3a). Tadpoles

metamorphosed at higher mass in presence of predators

(F1,88 = 5.50, P = 0.021; Fig. 3c, d). A significant year 9

area interaction showed that whereas mass at metamor-

phosis was ca. 20 % higher in 2009 than in 2008 in the

northern larvae; there were no differences between the

years in the southern larvae (F1,88 = 29.86, P \ 0.0001;
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Fig. 3c, d). Growth rate was generally lower in tadpoles

reared with predators (F1,88 = 5.04, P = 0.027; Fig. 3e, f).

However, in 2008, growth rates were similar between areas

(Tukey HSD tests P [ 0.88), whereas, in 2009, northern

tadpoles grew faster than southern ones, bringing about a

significant year 9 area interaction (F1,88 = 8.77, P = 0.004;

Fig. 3f).

Discussion

We found that a change in breeding phenology led to

modifications of growth and development trajectories and

to a differential investment in behavioural and morpho-

logical anti-predator defences in R. temporaria tadpoles

reared under constant laboratory conditions. Although our

study was conducted in two separate years, the experi-

mental settings in the laboratory were kept identical and

the results were consistent in the two populations within

each area, indicating that the phenological differences

explained a large proportion of the phenotypic variation

observed in the study. The responses were similar to those

previously found in experiments manipulating seasonal

cues in insects (e.g. Johansson et al. 2001; Stoks et al.

2005), or experimental delay in development in amphibians

(Altwegg 2002). We discuss the possible mechanisms that

could activate these responses (likely a form of environ-

mental parental effect; e.g. Badyaev and Uller 2009) at the

end of the discussion.

Compared to high-latitude tadpoles from the late-

breeding year, low-latitude tadpoles had longer larval

periods, reduced activity rates and stronger morphological

defences. However, the anti-predator responses of northern

tadpoles from early-breeding year were more similar to

those in southern localities, and they extended their larval

period to be much longer than that of the northern indi-

viduals from the late-breeding year. Highly time-con-

strained northern tadpoles should speed up development in

order to metamorphose before environmental conditions

become harsher and prevent further growth, even at the risk

of increasing their exposure to predators. Similar responses

have been found in other organisms, with delayed hatching

leading to weaker anti-predator responses (e.g. Johansson

et al. 2001; Altwegg 2002).

Reduced activity is a widespread anti-predator response,

which has a clear adaptive value as organisms maintaining

higher activity rates also suffer higher mortality when

confronted with predators (Anholt and Werner 1995).
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Previous studies have reported higher activity levels in

northern than in southern R. temporaria tadpoles when

exposed to dragonfly predators (Laurila et al. 2008). The

present study shows that this response can be largely

phenology dependent, since northern larvae from the year

with early breeding maintained relatively low activity

levels, suggesting an adaptive strategy of reduced mortality

under a more relaxed time constraint. On the contrary,

northern tadpoles from the late-breeding year increased

their activity as they approached metamorphosis, which

agrees with theoretical predictions of an increase in

risk-taking strategies under more stringent time constraints

(Rowe and Ludwig 1991; Werner and Anholt 1993;

Abrams et al. 1996).

We found morphological differences between the two

geographic areas, with tadpoles from northern localities

having relatively bigger and bulkier bodies than southern

tadpoles. Previous studies have found that in tadpoles a

larger body is correlated with a longer gut, which allows

more efficient digestion and rapid growth (Relyea and Auld

2004; Lindgren and Laurila 2005; but see Steiner 2007),

suggesting that the morphological differences found in the

present study may have an adaptive value and contribute to

the generally higher growth and development rates in the

northern localities. The second axis of the analysis revealed

a more specialised anti-predator response. While northern

tadpoles from the late-breeding year did not develop any

morphological response to predator presence, both south-

ern and northern tadpoles from the early-breeding year

showed deeper tail fins and deeper bodies when reared with

predators. A previous study on R. temporaria found that

tail depth increases with latitude in the presence of drag-

onfly predators (Laurila et al. 2008), but the present results

suggest that the development of anti-predator morpholog-

ical defences could be compromised by breeding phenol-

ogy. A wider tail fin has been suggested to act as a lure,

attracting predator strikes to the less vulnerable tail and

protecting the more critical body parts (Van Buskirk et al.

2003), and tadpoles with deeper tails have higher survival

when confronted with dragonfly larvae (McCollum and

Van Buskirk 1996; Johnson et al. 2008). Therefore, tad-

poles showing no morphological response to dragonfly

presence may face a high mortality risk in their pursuit to

metamorphose in time. Development of deeper body in the

presence of predators can be related to increased gut

length, as mentioned above, and may in part explain how

predator-induced tadpoles are often able to maintain high

growth rates despite reduced foraging activity (see also

Johansson and Andersson 2009).

Breeding phenology also affected life-history responses

in northern tadpoles, with individuals from the late-

breeding year showing the shortest larval period and the

smallest mass at metamorphosis. Shorter development time

in years with late breeding is adaptive and agrees with

previous studies reporting accelerated life history in late-

hatching animals (Carrière et al. 1996; Johansson et al.

2001; Altwegg 2002; De Block and Stoks 2004; Stoks et al.

2006; Orizaola et al. 2010), though the costs of higher

growth and development rates could compromise individ-

ual fitness later in life (Dmitriew 2011). Early egg-laying in

northern localities allowed tadpoles to extend their larval

period by more than 15 % and metamorphose at on average

25 % higher mass than late-hatching individuals from the

same localities. Tadpoles from the early-breeding year also
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showed faster growth rates than individuals from the late-

breeding year, which would have been more time-con-

strained in nature. Exponential growth, i.e. larger individ-

uals growing at a faster rate in terms of absolute mass gain,

may explain the higher growth rates in tadpoles with a

longer larval period. Extending the larval period seems to

be the key factor that allows northern tadpoles from early-

breeding years to devote energy and time to predator

avoidance mechanisms, highlighting the strength of the

time constraints the high-latitude populations are facing.

Early breeding, even when considering the prolongation of

the larval period, allowed northern tadpoles to metamor-

phose earlier in the year than late-hatched tadpoles

(breeding ca. 20 days earlier led to ca. 5 days longer larval

period, still allowing ca. 2 weeks earlier metamorphosis

than in the late-breeding year). Earlier metamorphosis and

higher mass are known to improve survival of juvenile

frogs (Altwegg 2002; Altwegg and Reyer 2003), reflecting

the advantage that can be gained from an early breeding

season. Lindgren and Laurila (2010) found that an exper-

imental delay of breeding by 1 month increased growth

rate and metamorphic size of R. temporaria tadpoles but—

unlike in the present study—did not affect development

rate. Studies in a closely related species (R. arvalis; G.

Orizaola, A. Richter-Boix and A. Laurila, in preparation)

show that an experimental delay of breeding leads to a

shorter larval period and faster larval growth rates, lending

further support to the idea that tadpoles modify their

growth and development in response to changes in breed-

ing phenology.

The mechanism by which amphibian larvae adjust their

growth and development to breeding phenology is currently

unknown. Previous studies on damselflies have manipulated

photoperiod cues to study life-history responses to time

constraints. Although larvae generally react to these chan-

ges (Johansson et al. 2001; De Block and Stoks 2004; Stoks

et al. 2006), the responses were in some cases independent

of photoperiod, suggesting that they may have a genetic

basis or be maternally determined (De Block and Stoks

2004). In our case, larval responses were not induced by

photoperiod, since under the laboratory conditions photo-

period was kept similar and constant for all the populations

and treatments throughout the study (see Orizaola et al.

2010 for similar results). On the other hand, in birds female

hormone levels respond to modifications of environmental

conditions (e.g. a delay in the start of the breeding season),

and these changes affect the maternal hormone deposition

into the eggs, which ultimately conditions the develop-

mental trajectory and phenotype of the offspring (reviews in

Gil 2003; Groothuis et al. 2005). Since amphibian growth

and development is highly dependent on hormonal regula-

tion (see, e.g., Denver 2009), it is possible that similar

mechanisms operate in amphibians, with female hormonal

levels being affected by the intensity of the time constraint

experienced at the start of the breeding season (e.g. ovula-

tion time). Genes controlling circadian clocks could play a

role in this response as oocytes and zygotes in lower ver-

tebrates express maternal genes before the expression of the

embryos own circadian genes is activated (Curran et al.

2008; Davie et al. 2011). The mechanisms of phenological

responses have been largely ignored in previous studies on

life-history plasticity, but are clearly a research field that

needs more attention in the future.

In conclusion, we showed that changes in breeding

phenology drastically altered larval life-history and

investment in anti-predator responses in time-constrained

frogs, highlighting the need of considering phenology

when conducting experiments on predator-induced plas-

ticity (as also suggested by Stoks et al. 2006). Under the

current scenario of global warming, higher temperature and

longer growth seasons are expected towards northern lati-

tudes (IPCC 2007), which will likely increase predator

density in those areas. Our study suggests that under war-

mer climatic conditions, longer growth seasons and high

levels of plasticity will likely allow prey to increase their

investment in anti-predator defences, counteracting the

negative effects that a climate-driven increase in predator

density could otherwise have for prey species living at high

latitudes. More generally, advancing the understanding on

how plasticity in response to phenological variation

enables animals to cope with environmental variability will

improve our capacity to predict the impact of future

environmental change on natural systems.
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