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Summary

1. As size is tightly associated with fitness, compensatory strategies for growth loss can be

vital for restoring individual fitness. However, immediate and delayed costs of compensatory

responses may prevent their generalization, and the optimal strategy may depend on environ-

mental conditions. Compensatory responses may be particularly important in high-latitude

habitats with short growing seasons, and thus, high-latitude organisms might be more effi-

cient at compensating after periods of unfavourable growth conditions than low-latitude

organisms.

2. We investigated geographical differences in catch-up growth strategies of populations of

the common frog (Rana temporaria) from southern and northern Sweden in two factorial

common garden experiments involving predation risk and two different causes of growth

arrest (nutritional stress and low temperatures) to evaluate how the compensatory strategies

can be affected by context-dependent costs of compensation. Larval and metamorphic traits,

and post-metamorphic performance were used as response variables.

3. Only northern tadpoles exposed to low food completely caught up in terms of metamor-

phic size, mainly by extending the larval period. Low food decreased survival and post-meta-

morphic jumping performance in southern, but not in northern tadpoles, suggesting that

northern tadpoles have a better ability to compensate after periods of restricted food.

4. Both northern and southern tadpoles were able to metamorphose at the same size as con-

trol tadpoles after being exposed to low temperatures, indicating that consequences of varia-

tion in temperature and food availability differed for tadpoles. However, the combination of

low temperatures and predation risk reduced survival in both southern and northern tadpoles.

Also, predation risk decreased energy storage in both experiments.

5. Our results highlight the influence of climatic variation and the type of stressor as selective

factors shaping compensatory strategies.

Key-words: catch-up growth, life history strategies, metamorphosis, Rana temporaria, time-

stressed populations

Introduction

In most animals, there is a positive association between

size and fitness (Roff 1992). Larger individuals may have

higher social status, lower risk of starving or being preyed

upon, and greater reproductive success (Roff 1992;

Arendt 1997). Environmental factors like low resource

availability and temperature fluctuations can decrease

growth and exert a negative influence on fitness (e.g.

Kingsolver & Huey 2008; Amarasekare & Savage 2012).

Consequently, to minimize fitness loss, selection may have

favoured potential for growth recovery after periods of

slow growth. There are two ways by which organisms can

compensate for transitory growth deceleration (reviewed

in Hector & Nakagawa 2012). The first involves changes

in the timing of life cycle events (e.g. metamorphosis,*Correspondence author. E-mail: emma.dahl@ebc.uu.se
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migration, niche shifts, breeding) to reach a given final

size before key ontogenetic stages are reached (i.e. catch-

up growth; Hector & Nakagawa 2012). The second impli-

cates an increase of growth to a rate higher than normal

when growth conditions become favourable (i.e. compen-

satory growth sensu stricto; Mangel & Munch 2005).

Because several potential costs have been associated with

increasing growth rates and delaying development (e.g.

Mangel & Stamps 2001; Metcalfe & Monaghan 2001;

Pechenik 2006), the benefits of compensatory strategies

may not always outweigh its costs, and the optimal

response will depend on environmental conditions.

At higher latitudes, decreasing season length and ambi-

ent temperatures restrict the time available for growth

and development. In ectotherms, these climatic constraints

often lead to selection for increased growth and/or devel-

opmental rates, which allow a faster completion of juve-

nile development and enhance overwintering survival

(Conover, Duffy & Hice 2009; Dmitriew 2011). Metcalfe,

Bull & Mangel (2002) predicted that animals living in

habitats constrained by short growing seasons (e.g. at

high altitudes or latitudes) should have a stronger com-

pensatory response after experiencing a period of slow

growth, as the costs of not restoring lost growth by the

onset of winter would be higher for animals experiencing

a longer period of nutritional stress. However, a contrast-

ing hypothesis states that time-constrained populations

might already be growing and developing at their physio-

logical maximum, leaving little capacity for compensatory

responses (Sogard & Olla 2002; De Block et al. 2008a).

Studies on the occurrence, costs and ecological correlates

of compensatory responses along climatic gradients will

increase our understanding of the evolution of compensa-

tory strategies and lead to general conclusions regarding

growth trade-offs and why animals do not usually grow

at their physiological maximum (Arendt 1997; Nicieza &

Metcalfe 1997; Dmitriew 2011).

Higher foraging rate is considered to be the main mech-

anism to increase growth and developmental rates in the

short term (e.g. Calow1977; Nicieza & Metcalfe 1997);

however, it may also expose the compensating individuals

to a greater risk of predation (Arendt 1997; Dmitriew

2011). Indeed, increased predation risk is considered the

most immediate cost of compensatory responses (Mangel

& Munch 2005). There is also evidence that the underly-

ing mechanisms of compensatory strategies may depend

on the type of stressor (Nicieza & Metcalfe 1997;

Capellán & Nicieza 2007; De Block, McPeek & Stoks

2008b). For example, Nicieza & Metcalfe (1997) found

that starved fish compensated by increasing foraging

rates, whereas the mechanism allowing compensatory

growth in fish exposed to low temperature was less clear,

possibly involving other behavioural strategies. Also, the

occurrence of different types of stressors is likely to vary

geographically, and thus, species and populations can be

differently adapted to compensate for the negative effects

of different stressors. Studies comparing compensatory

strategies in response to different types of stress in multi-

ple populations are likely to improve our understanding

of factors affecting evolution of compensatory responses.

However, to our knowledge, no such studies have been

conducted.

Compensatory strategies may be especially important in

animals with complex life cycles, where size at and timing

of crucial life-history switch points can strongly influence

fitness (Stearns & Koella 1986). In amphibians, size differ-

ences at metamorphosis tend to persist through later life

and individuals metamorphosing early and at large size

often enjoy higher fitness through the positive effects on

survival and reproductive success (e.g. Smith 1987;

Semlitsch, Scott & Pechmann 1988; Altwegg & Reyer

2003). Both size at metamorphosis and developmental

time are influenced by environmental conditions, and the

latent costs of late metamorphosis and small metamorphic

size can have selected for compensatory strategies during

early ontogeny (Stoks, De Block & McPeek 2006;

Capellán & Nicieza 2007).

The common frog, Rana temporaria L., is a widespread

anuran in Europe (Gasc et al. 1997) and an excellent

study species for investigating geographic variation in

compensatory strategies. Along the latitudinal gradient

across Scandinavia, tadpoles of R. temporaria exhibit

increasing routine growth and development rates towards

higher latitudes (e.g. Laugen et al. 2003; Lindgren &

Laurila 2009). Because of the more stringent time con-

straint in the north, the costs of delaying growth and

development should be larger for high-latitude tadpoles.

For example, as body size is positively correlated with

overwinter survival in many ectotherms (e.g. Altwegg &

Reyer 2003; Munch, Mangel & Conover 2003; Sears

2005), size at metamorphosis may have especially high fit-

ness value in high-latitude populations, where post-meta-

morphic juveniles have very little time available for

foraging before the onset of winter (Laugen et al. 2003).

Also, predator densities are lower in high-latitude ponds

(Laurila, Lindgren & Laugen 2008), possibly reducing the

cost of increased predation risk for northern tadpoles.

Consequently, selection may have favoured stronger com-

pensatory responses in northern populations.

In this study, we analysed the patterns and costs of

catch-up growth responses in latitudinally separated

amphibian populations. We used individuals from four

R. temporaria populations originating from the two latitu-

dinal extremes across Sweden, compared their ability to

compensate in terms of age and size at metamorphosis

and explored differences in potential costs following the

growth delay in terms of survival, decreased lipid levels,

impaired locomotor performance and increased activity

rates in the presence of predators. We conducted two

experiments: in the first, we arrested growth by using low

food levels, whereas in the second experiment, we reared

the tadpoles at low temperature. In both experiments,

the main stress factor was combined with the presence

of predator, which allowed us to investigate whether
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predator presence affected compensatory abilities, as well

as synergistic effects between temperature or food stress

and predator stress. Although predation is considered a

major cost of compensatory growth responses (Mangel &

Munch 2005; Dmitriew 2011), few studies have explored

whether predator stress can have an effect on compensa-

tory strategies (but see Dmitriew & Rowe 2005; Stoks

et al. 2005).

We made the following predictions: (i) northern tad-

poles will show stronger compensation than southern pop-

ulations after a period of low temperature or low food,

with metamorphic timing and size being more similar to

that of tadpoles growing under continuous favourable

conditions. Alternatively (ii), southern tadpoles will show

stronger compensatory responses because the northern

tadpoles are already growing at their physiological maxi-

mum levels. (ii) Low temperature and low food levels will

induce extended larval periods. (iv) Compensation will be

partially attained by increasing risk-taking behaviour, and

it will affect negatively juvenile lipid levels and locomotor

performance. (v) The costs of compensation will be

greater in the populations showing stronger compensatory

responses. (vi) As catch-up growth responses should

increase predation risk, the compensatory responses will

be weaker in predator-exposed tadpoles.

Materials and methods

We conducted two experiments during two consecutive years.

In the first experiment, we compared the growth patterns of

four R. temporaria populations after a 12-day period of food

restriction (c. 35% of the total larval period; food manipulation

experiment, henceforth FME). In the second experiment, we

compared the same populations in their response and recovery

from a 7-day low-temperature period (c. 20% of the total lar-

val period; temperature manipulation experiment, henceforth

TME).

Freshly laid eggs of R. temporaria were collected from four

populations located at two extremes of the latitudinal gradient

across Sweden (Fig. 1). In both experiments, we sampled c. 500

eggs per clutch from each of ten clutches in each locality. The

eggs were transported to the laboratory in Uppsala, and each

clutch was distributed evenly in two 3-L buckets. Throughout the

study, the eggs and tadpoles were kept in a 19 °C temperature-

controlled room (except during the low-temperature treatment in

TME) under 16L:8D photoperiod. After hatching, tadpoles were

fed finely chopped and lightly boiled spinach ad libitum (except

during the low-food treatment in FME). To ensure homogenous

water quality, we used reconstituted soft water (RSW: APHA

1985). Water was completely changed every three days before the

start of the experiments and every seven days during the experi-

ments. When tadpoles had reached Gosner stage 25 (complete gill

absorption; Gosner 1960), 100 tadpoles from each clutch were

pooled into a single bucket. Tadpoles from each population were

then haphazardly divided into groups of ten individuals, and each

group allocated to an experimental container (day 0 of the exper-

iment). Note that because of the differences in phenology

(Fig. 1), the date of commencement of these experiments varied

among populations.

In both experiments, half of the tadpoles were reared with a

caged predator, and the other half in a predator-free environ-

ment. Late-instar Aeshna dragonfly larvae, collected from ponds

near Uppsala, were used as predators. These dragonflies occur

throughout Scandinavia and are voracious predators of tadpoles.

The two experiments were designed according to a 2 9 2 9 2

factorial randomized block design, with geographic area (low or

high latitude), predation risk (predator present or absent), and

either feeding regime (continuous or restricted) or temperature

(constantly high or temporarily low; see below) as factors. All

these factors were treated as fixed effects. Population origin

(Fig. 1) was included as a random effect nested under area. There

were six replicates per treatment combination for each population

(96 experimental units).

We used opaque plastic containers (38 9 28 9 13 cm) as

experimental units. Each container was filled with 10 L of RSW

and provided with cylindrical transparent mesh-bottom predator

cage (diameter 11 cm, height 21) hung 2 cm above the container

bottom. One Aeshna larva was placed in each predator cage in

the containers assigned to the predator treatment. In the

predator-absent treatment, the cages remained empty. The preda-

tors were fed two R. temporaria tadpoles daily so that tadpoles

received both visual and chemical cues from predation. The con-

tainers were arranged into four vertical blocks to account for a

known temperature gradient within the laboratory room.

In FME, all tadpoles were fed ad libitum on days 1–7. On days

8–19, those assigned to the low-food treatment were fed 1/6 of

the ad libitum ration, whereas the constant-food tadpoles were

kept at ad libitum level. After day 19, all tadpoles were fed ad lib-

itum until metamorphosis. Activity was measured on days 10, 16,

19 (i.e. during the period of food restriction in the treatment

tanks), 20 and 23. The number of tadpoles active (i.e. swimming

or actively feeding) in each tank during a 10-s observation period

Fig. 1. Map showing the locations of the studied Rana temporar-

ia populations and their coordinates. The southern populations

(Ållskog and Måryds) were collected on 5–6 April 2008 and 4

April 2009 and the northern populations (Jukkasjärvi and Björkl-

iden) on 6 June 2008 and 17 May 2009.
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was scored six times a day (between 10 a.m. and 4 p.m.), and the

mean of the six observations for each tank was used as the

response variable.

In TME, all tadpoles were kept at 19 °C for the first 7 days.

On days 8–14, tadpoles assigned to the low-temperature treat-

ment were maintained at 10 °C. The treatment period was shorter

than in FME to produce similar relative differences in body mass

between control and treatment animals in both experiments.

Behavioural measurements were carried out as described above

on days 10, 14 (period of low temperature in the treatment

tanks), 15, 17 and 22.

In both experiments, containers were checked once a day when

the tadpoles approached metamorphosis. Metamorphosed indi-

viduals (Gosner stage 42) were removed, and mass at metamor-

phosis was measured to the nearest 0·1 mg with a digital balance

after gently blotting the metamorphs on a paper towel to remove

excess water. To minimize imposing additional stress on experi-

mental tadpoles, we measured body mass only at two time points,

one day following the low growth period and once tadpoles had

reached metamorphosis. Therefore, and because of the nonlinear-

ity of tadpole growth (see examples in Wells 2007), we did not

take direct estimations of growth rates. However, even with more

frequent size measurements, demonstrating compensatory growth

sensu stricto is a difficult task in a rapidly developing species like

R. temporaria, because growth rate is intimately entwined with

body size and, importantly, with developmental stage. The dura-

tion of the larval period was defined as the number of days

elapsed between the start of the experiment and metamorphosis.

Once weighed, the metamorphs were placed in individual 0·8-L

opaque plastic vials, filled with c. 0·5 cm of RSW and with a

small stone for resting, until complete tail absorption (Gosner

stage 46).

Locomotor performance was examined at the day juveniles

reached Gosner stage 46. Jumping capacity was tested in a linear

test track by gently prodding the froglet on the urostyle to induce

jumping, and scoring the maximum jump distance from two jump

series recorded with 1-hour interval (see Orizaola & Laurila 2009

for methodological details). After jumping tests, a photograph

was taken to each juvenile to examine tibiofibula length after

which the froglets were euthanized with MS222 and preserved at

�80 °C.

To estimate energy reserves, the preserved tadpoles were lyoph-

ilized, then oven-dried at 37 °C overnight and weighed to the

nearest 0·1 mg with a digital balance (total dry mass). We

extracted the total content of non-polar lipids by Soxhlet method

using petroleum ether and seven cycles of lipid extraction

(c. 20 min per cycle). Petroleum ether is highly efficient for the

extraction of non-polar (storage) lipids, with little removal of

polar (structural) lipids (Dobush, Ankney & Krementz 1985).

After the extraction, we oven-dried the samples for 24 h and

weighed them again (lean dry mass). Lipid content was calculated

as the difference between total and lean dry mass (see Nicieza,

Álvarez & Atienza 2006).

statist ical analyses

Analyses on mass and larval period were conducted on con-

tainer means using mixed model ANOVAs where area, food/tem-

perature and predator were treated as fixed effects and

population was a random factor nested within area (north or

south). We used mixed model ANCOVAs to analyse variation in

jumping ability (using tibiofibula length as a covariate) and fat

reserves (with dry body mass as a covariate). The random

effect was estimated with REML and fixed effects with Type

III mean squares in Proc Mixed in SAS (SAS Institute Inc.,

Cary, North Carolina, USA). Mortality had a significant effect

on mass at metamorphosis in the TME and was included as a

covariate in this analysis (mortality had no significant effects in

other analyses). The original models included all interactions,

but all non-significant higher level interactions were removed

from the final models. Block did not affect any of the response

variables and therefore was not included in the analyses.

Analyses of activity were performed on arcsin-transformed

means of container-specific proportions using observation day as a

repeated measure in a repeated-measures ANOVA (Proc Repeated in

SAS). Each day was then analysed separately using ANOVA. As

there was no detectable variation between the populations within

area in any of the activity analysis, the population term was

removed from the final model. Mortality was analysed as a binary

variable with a mixed model GLMM in PROC GLIMMIX in SAS.

Results

food manipulation experiment

Tadpole body mass (day 19)

The 12-day food restriction treatment decreased mass sig-

nificantly (F1, 86 = 781·4, P < 0·001, see S1 for complete

analyses). The effects of food treatment varied with geo-

graphic area and predator treatment, and southern popu-

lations experienced a greater decrease in mass than

northern populations in the presence of the predator (53%

mass loss on average in the North vs. 57% in the South),

but were less affected in the non-predator treatments

(53% mass loss on average in the North vs. 45% in the

South), bringing about a significant area 9 food 9 preda-

tor interaction (F1, 86 = 11·39, P = 0·001; Fig. 2a,b).

Behaviour

Northern tadpoles were generally more active than south-

ern tadpoles (59% more on average, F1, 88 = 184·85,
P < 0·001, see S2 and S3 for complete analysis), and pred-

ator-exposed tadpoles were less active than controls (58%

less on average, F1, 89 = 1081·28, P < 0·001; Fig. 3).

Food-restricted tadpoles were more active than controls

during the low-food period (49% more on average), but

not during realimentation resulting in a significant day 9

food interaction (F4, 352 = 32·25, P < 0·001; Fig. 3a,b). In
the absence of predators, low food level increased activity

similarly in northern and southern tadpoles. However, in

the presence of predators, the patterns showed by north-

ern and southern tadpoles differed; northern tadpoles

showed a stronger response (i.e. increase in activity) to

food shortage at the beginning of the manipulation period

(88% more active on average, area 9 food 9 predator,

day 10: F1, 88 = 33·22, P < 0·001) and a lower response at

the end (42% less active on average, day 19:
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F1, 88 = 12·85, P = 0·001; Fig. 3a,b). Once the low-food

tadpoles were again allowed to feed at ad libitum levels,

their activity was similar to that of the control tadpoles

(day 20: P = 0·665, day 22: P = 0·246). However, a signifi-

cant predator 9 food interaction on day 20 (F1, 91= 6·26,
P = 0·014) indicated that previously food-restricted ‘non-

predator’ tadpoles had higher activity as compared to

‘non-predator’ controls (16% higher on average), whereas

previously food-restricted predator-exposed tadpoles were

less active than predator-exposed control tadpoles (41%

higher on average).

Mortality

Mortality was 10·6% in FME, with the number of metamor-

phs from each experimental container varying between five

and ten (average 8·95). Food restriction and predator pres-

ence increased mortality in the southern (c. 16% on average,

Fig. 4a) but not in the northern populations, resulting in sig-

nificant area 9 food and area 9 predator interactions

(Fig. 4a; F1, 90 = 7·08, P = 0·009 and F1, 90=12·45, P =
0·001 respectively, see S4 for complete analysis). No other

factors had significant effects on mortality.

Metamorphic traits

Control tadpoles metamorphosed earlier than food-

restricted tadpoles (> 4 days earlier on average, F1, 86 =
185·69, P < 0·001; Fig. 2a,b; see S1 for complete analysis),

and there was a marginally non-significant area effect with

southern tadpoles having longer larval periods across all

treatment combinations (>6 days on average, F1, 2 = 16·1,
P = 0·057, Fig. 2). Predator exposure increased develop-

mental time (c. 2·5 days on average, F1, 86 = 57·77,
P < 0·001), and developmental time was less affected by

food restriction in predator-exposed tadpoles (c. 3 days)

than in tadpoles raised without predators (c. 5·5 days, food

9 predator: F1, 86 = 12·17, P = 0·001; Fig. 2a,b).
Southern tadpoles exposed to low food had lower mass

at metamorphosis than control tadpoles (20% lower on

average), whereas no such effect was found in the northern

tadpoles, bringing about a significant area 9 food interac-

tion (F1, 86 = 19·53, P < 0·001; Fig. 2a,b). Predation risk

increased mass at metamorphosis in tadpoles in both areas

(11% heavier on average, F1, 86 = 31·45, P = 0·001).

Post-metamorphic traits

Overall, size-corrected jump length was not affected by

food (P = 0·979; Fig. 5a; see S5 for complete analysis).

However, a marginally non-significant area 9 food interac-

tion (F1, 90 = 3·92, P = 0·051; Fig. 5a) arose, because

southern froglets made shorter jumps in the food-restricted

than in the control treatment (4% shorter on average),

whereas no such difference was found in the northern frog-

lets. Predator exposure increased jump length in both areas

(4% on average, F1, 90 = 4·49, P = 0·037).
We found significant effects of area, predation risk, and

food treatment on size-adjusted lipid levels. Lipid levels

were higher for southern than for northern froglets (6%

(a) (b)

(c) (d)

Fig. 2. Mean (±SE) mass after low food

(day 19, a,b) or low temperature (day 15,

c,d), mass at metamorphosis and develop-

ment time of tadpoles from southern (a,c)

and northern (b, d) Sweden. Dotted lines

indicate low-food/low-temperature treat-

ments, solid lines control treatment (ad

libitum food level or constant 19 °C).
Black symbols indicate predator treat-

ments and white symbols non-predator

treatments.
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higher on average, F1, 91 = 4·36, P = 0·04; Fig. 5b), higher
for low food than for control treatment (12% on average,

F1, 91 = 17·91, P < 0·001; Fig. 5b), and higher for non-

exposed than for predator-exposed individuals (17% on

average, F1, 91 = 54·79, P < 0·001, Fig. 5b). None of the

interaction terms had significant effects on lipid levels

(P > 0·38 in all cases).

temperature manipulation experiment

Tadpole body mass (day 14)

Overall, the 7-day low-temperature treatment decreased

body mass (42% on average, F1, 88 = 382·3, P < 0·001,
see S1 for complete analysis; Fig. 2a,b), and the effects

varied with geographic area with northern populations

experiencing a greater reduction in mass than southern

populations (29% greater on average, area 9 tempera-

ture: F1, 88 = 13·8, P < 0·001; Fig. 2). Predator presence

had a negative effect on mass at day 14 for southern tad-

poles (14% lower mass on average than controls), but not

for northern tadpoles as indicated by the marginally non-

significant area 9 predator interaction (F1, 88 = 3·8,
P = 0·055).

Behaviour

Overall, predator presence reduced activity to very low

levels independently of food levels both in southern and

in northern populations (F1, 89 = 1081·28, P < 0·0001). In
the absence of predators, tadpoles were much less active

when exposed to low temperature than those kept at

(a) (b)

(c) (d)

Fig. 3. Mean (±SE) activity during and

after low food (a,b), and during and after

low temperature (c,d) of tadpoles from

southern (a, c) and northern (b, d)

Sweden. Dotted lines indicate low-food/

low-temperature treatments, solid lines

control treatment (ad libitum food level or

constant 19 °C). Black symbols indicate

predator treatments and white symbols

non-predator treatments.

(a) (b)

Fig. 4. Mean (±SE) larval survival of tad-
poles exposed to 12 days of low food (a),

7 days of 10 °C (b) for tadpoles from

southern (dashed lines) and northern

(solid lines) Sweden. Black symbols

indicate predator treatments and white

symbols non-predator treatments.
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constant high temperature (64% less active on average,

predator 9 temperature day 10: F1, 90 = 25·06, P < 0·0001;
day 14 F1, 90 = 6·12, P = 0·015, Fig 3c,d; see S2 and S3

for complete analysis). After the cold treatment, the activ-

ity rates of control tadpoles (19 °C) remained basically

unchanged in the absence of predators, whereas the activ-

ity of low-temperature tadpoles increased rapidly and

exceeded that of controls (10% higher on average, preda-

tor 9 temperature day 15: F1, 90 = 3·72, P = 0·057; day

17 F1, 91 = 4·63, P = 0·034, Fig 3c,d; see S2 and S3 for

complete analysis). This pattern was consistent in northern

and southern populations, suggesting a behavioural com-

pensatory response. At the beginning of the low-tempera-

ture treatment, northern tadpoles were more active than

southern tadpoles only when predator was absent (41%

more active on average, day 10: area 9 predator:

F1, 90 = 9·34, P = 0·003).

Mortality

Overall mortality in TME was 10·9%, and the number of

metamorphs from each experimental container varied

between seven and ten (average 8·91). Northern and

southern tadpoles did not differ in their responses to the

low-temperature treatment in terms of survival

(P > 0·089). However, a significant predator 9 tempera-

ture treatment interaction (F1, 90 = 20·08, P < 0·001, see

S4 for complete analysis) indicated that there were syner-

gistic effects between these two treatments resulting in

much lower survival of predator-exposed tadpoles at low

temperature (12% lower on average), while low tempera-

ture had no significant effect on survival in tadpoles

raised without predators (Fig. 4b).

Metamorphic traits

Control tadpoles metamorphosed earlier than cold-treated

ones (c. 5 days earlier on average, F1, 89 = 196·8,
P < 0·001; Fig. 2a,b; see S1 for complete analysis), and

these effects did not differ geographically (P > 0·61,
Fig. 2b). Predator exposure increased developmental time

(>4 days on average, F1, 89 = 174·59, P < 0·001). There

were no interaction effects on developmental time

(P > 0·072; Fig. 2d). In contrast to FME, low-tempera-

ture treatment did not affect mass at metamorphosis in

either area (P = 0·741; Fig. 2c,d), but predation risk

increased mass at metamorphosis (5% on average,

F1, 83·2 = 6·14, P = 0·015, Fig. 2b).

Post-metamorphic traits

Size-corrected jump length was not affected by tempera-

ture (P = 0·061; Fig. 5c; see S5 for complete analysis). As

in FME, predator exposure increased jump length (4% on

average, F1, 87·9 = 5·86, P = 0·018; Fig. 5a,c). However,

we detected a significant predator 9 temperature interac-

tion (F1, 87·9 = 6·15, P = 0·015), because in froglets

exposed to predators, those reared at low temperature

jumped shorter distances than those maintained at high

temperature throughout the larval period (6% shorter on

average). No such effect was found when tadpoles were

reared in the absence of predators (Fig. 5c).

In contrast to FME, in TME, northern froglets had

higher levels of lipids than southern tadpoles (17% higher

on average, F1, 90 = 28·92, P < 0·001; Fig. 5d). Predator-
exposed animals had lower amounts of lipids than non-

exposed individuals (21% lower on average,

(a) (b)

(c) (d)

Fig. 5. Mean (±SE) size-corrected jump

length (a, c) and whole body lipid content

(b, d) of juvenile frogs from southern

(dashed lines) and northern (solid

lines) Sweden exposed to 12 days of low

food (a, b), or 7 days of 10 °C (c, d) as

tadpoles. Black symbols indicate predator

treatments and white symbols non-

predator treatments.
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F1, 90 = 51·84, P < 0·001; Fig. 5d). However, temperature

did not affect lipid levels (P = 0·332, Fig. 5d), nor were

any of the interactions significant (P > 0·116).

Discussion

treatment effects on growth and activ ity

Our manipulations of food level or temperature were suc-

cessful in reducing tadpole growth so that at the end of

the treatments tadpoles had only half the mass of control

tadpoles. In general, northern tadpoles suffered a greater

relative growth loss in response to low food (in the

absence of predators) and cold temperatures as compared

to southern tadpoles. The slowest growing group, south-

ern tadpoles raised with predators, was the least affected

in terms of mass loss by starvation, but experienced

higher mortality. A similar pattern with slow-growing ani-

mals showing less mass loss has been documented in

insects (Gotthard, Nylin & Wiklund 1994; Stoks, De

Block & McPeek 2006). As the southern tadpoles do not

have lower basal metabolic rate (Lindgren & Laurila

2009), which otherwise could explain their slower deple-

tion of energy reserves (Gotthard 2001), this pattern may

be due to their lower activity level which may result in

lower energy expenditure (see below).

We found that low food level increased activity while

low temperature decreased activity. Predator presence

decreased activity rates in all treatments, and northern

tadpoles were more active than southern tadpoles in all

treatment combinations, suggesting that the higher growth

and development rates in northern populations are associ-

ated with higher foraging activity (Laurila, Lindgren &

Laugen 2008). The most prominent difference in activity

between northern and southern tadpoles was found in the

predator-exposed treatment at the beginning of the low

food rations; while predator-exposed southern tadpoles

were only slightly more active under food stress, northern

tadpoles increased their activity to rates similar to tad-

poles raised in the absence of predators. Theory predicts

that foragers should accept higher foraging risks when

food levels are low, because the benefits of active foraging

outweigh its potential costs (Lima 1998). The increased

risk-taking behaviour in northern tadpoles can be

explained by the fact that because of the more stringent

time constraints, delayed growth and development are

particularly costly for them. The high activity in this

group seized during the course of the low-food period,

possibly because the cost/benefit assessment changed with

prolonged food stress, and high activity rate became ener-

getically expensive for the energy-deprived tadpoles.

catch-up growth responses

Our analyses of compensatory responses focused on the

effects of growth stress in two traits – size at and timing

of metamorphosis – closely related to fitness in amphibi-

ans (e.g. Semlitsch, Scott & Pechmann 1988; Altwegg &

Reyer 2003). While effects of temperature and food avail-

ability on larval development often differ (Gómez-Mestre

et al. 2010; Tejedo et al. 2010), whether these effects vary

as a function of time constraints (e.g. across latitudinal or

altitudinal gradients) has remained unexplored. We found

that northern tadpoles had better catch-up growth ability

than southern ones in FME. Food-stressed northern tad-

poles metamorphosed on average with just 5% lower

body mass than tadpoles in constant ad libitum food

treatment, while food-stressed southern ones had on aver-

age 20% lower mass at metamorphosis as compared to

constant ad libitum tadpoles. This is in line with the

hypothesis that high-latitude populations respond more

strongly and rapidly to a period of food shortage, and in,

more general terms, that there is a positive covariance

between routine and compensatory growth rates

(Metcalfe, Bull & Mangel 2002). Similar results have been

found in two studies focusing on latitudinal gradients

(Schultz, Lankford & Conover 2002; De Block et al.

2008a) and in a study comparing populations with

contrasting migration strategies (Fraser et al. 2007).

In contrast to FME, tadpoles from all populations

attained similar metamorphic size as control tadpoles in

TME. Hence, southern tadpoles were able to catch-up in

terms of size at metamorphosis after a period of low tem-

perature, but not after a period of low food. A possible

explanation for this result may be that fluctuations in

food availability (e.g. amount of periphyton) are less

common than temperature fluctuations for low-latitude

tadpoles. Although we lack detailed data on food avail-

ability, productivity in general decreases from temperate

to high latitudes (e.g. Huston & Wolverton 2009), sug-

gesting that low-latitude tadpoles may face more abun-

dant and stable food resources. On the other hand,

southern tadpoles may be exposed to low temperatures

more often than northern tadpoles, especially during early

development (Laugen et al. 2003). Hence, low food level

may be a rarer stressor than low temperature for southern

tadpoles, which could explain why they are less able to

compensate after periods of low food. Alternatively, expo-

sure to temperature stress was five days shorter and

affected growth slightly less than the food stress treatment

(cold-treated southern tadpoles had on average a 40·8%
lower mass and food-stressed tadpoles 47·9% lower mass

than controls), leaving less growth reduction to be caught

up during a longer time. The slightly milder stress treat-

ment may have allowed the southern tadpoles to fully

compensate for the reduction in size. Finally, low food

and low temperatures evoke different compensatory

mechanisms (Smith-Gill & Berven 1979; Nicieza &

Metcalfe 1997; De Block, McPeek & Stoks 2008b;

Gómez-Mestre et al. 2010), which may result in different

magnitudes of compensation and different costs associ-

ated with the compensatory response. Our results for

southern R. temporaria tadpoles agree with those of De

Block, McPeek & Stoks (2008b) who found stronger
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compensatory responses in cooled damselfly larvae as

compared to starved larvae. If increased foraging allows

for compensation after low food but not after low tem-

perature, compensating after low food would likely carry

greater costs in terms of predation and hence be more

risky at lower latitudes (Laurila, Lindgren & Laugen

2008). However, we found that activity increased to

above control levels only following a period of low tem-

perature, and only in the absence of predators. The lack

of changes in activity after low food indicates that tad-

poles use other mechanisms to compensate for low food.

Possible mechanisms include physiological modifications

like increased growth efficiency (Lindgren & Laurila

2005; Stoks et al. 2005).

costs following low food/temperature

We did not detect any increase in activity in the presence

of predators during the compensatory period in either

experiment, suggesting that behaviourally mediated

increase in predation risk is a minor cost for compensa-

tory responses in this system. In a similar vein, and con-

trary to our prediction, the compensatory responses were

not weaker in the presence of a predator.

Longer larval period was a prominent cost of food and

temperature stress in both areas, with both low food and

low temperature increasing developmental time on aver-

age by five days. Time of metamorphosis is directly

related to survival and fitness in many amphibians (Smith

1987; Semlitsch, Scott & Pechmann 1988; Altwegg & Re-

yer 2003), and delaying metamorphosis can increase mor-

tality by pond desiccation and decrease the chance of

surviving hibernation because of the reduced time avail-

able for post-metamorphic growth before the onset of

winter. While prolonged larval period should be particu-

larly costly for the more time-constrained high-latitude

tadpoles, we did not detect area 9 food or area 9 temper-

ature interactions in development time.

In general, we found no evidence for our prediction

that costs of compensation should be higher in the popu-

lations showing stronger compensatory responses. On the

contrary, exposure to low food levels increased mortality

in the southern but not in the northern populations. This

result is in contrast to previous studies on insects showing

that populations with low individual growth rates have

higher starvation tolerance (Gotthard, Nylin & Wiklund

1994; Stoks, De Block & McPeek 2006). Exposure to

predator presence under food stress further increased

mortality in the southern populations, suggesting that

northern populations were better also at handling a com-

bination of food and predation stress. By contrast, expo-

sure to low temperature increased mortality similarly both

in northern and in southern tadpoles under predation

stress, but not in the absence of predators. Several studies

have shown that, when presented with other stressors,

both temperature and predation risk can act synergisti-

cally and increase the negative fitness effects (e.g. Sih, Bell

& Kerby 2004; Crain, Kroeker & Halpern 2008; Rogell

et al. 2009). Our results indicate that even a short-term

exposure to low temperature, followed by a catch-up

growth response, can dramatically increase mortality of

tadpoles in the presence of predators. As such conditions

are likely to be common in nature, these results highlight

the importance of investigating combinations of factors in

studies focusing on individual performance.

Jump length can influence post-metamorphic fitness by

affecting feeding performance (Walton 1988) and ability

to escape from predators (Wassersug & Sperry 1977). We

found effects on jumping performance in response to both

transient periods of low temperature and low food, even

when juveniles had fully compensated in terms of size.

However, this response depended on the geographic origin

(in FME) and whether tadpoles had been exposed to pre-

dators (in TME). Southern juveniles made shorter jumps

if they had been exposed to a transient period of low

food, whereas low-food treatment tended to have a posi-

tive effect on jumping performance of northern juveniles.

Hence, northern tadpoles were better able to compensate

after a period of low food, both in terms of metamorphic

size and post-metamorphic locomotor performance. In a

previous study, Capellán & Nicieza (2007) found no effect

of compensatory growth on jumping performance.

Predator presence increased size-corrected jump length

in both experiments. Previous studies have found that

predator-induced tadpoles may have longer or more mus-

cular legs as juveniles compared with those raised without

predators (Relyea 2001; Van Buskirk & Saxer 2001),

which may increase their jumping performance (Tejedo

et al. 2010). Furthermore, the lower lipid levels of the

predator-exposed froglets (see below) may have increased

their jump length. In TME, however, the predator-

induced enhancement of jumping performance was coun-

teracted by the low temperature, which had a negative

effect on jumping performance in predator-exposed frog-

lets. These results again indicate that even a short-term

exposure to low temperature, when combined with com-

pensatory responses and additional stressors can strongly

influence performance.

In amphibians, whole body lipid levels at metamorpho-

sis have been shown to correlate with juvenile survival

(Scott et al. 2007), and they are an important indicator of

overwintering capacity as lipids are the main energy

source during hibernation (Feder & Burggren 1992). Con-

trary to our prediction, we did not find that the stress

treatments decreased froglet lipid levels. In fact, low food

level increased the amount of lipid reserves. Although not

shown previously in amphibians, it is likely that elevated

lipid levels can be a strategic response to transiently low

food levels. For example, Miglavs & Jobling (1989) found

higher lipid levels in starved and refed fish as compared

to constantly fed fish, and many bird species maintain

higher fat levels when exposed to fluctuating food envi-

ronments (Ekman & Hake 1990). Studies on compensa-

tory growth effects on lipid stores have found that lipid
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levels are restored during realimentation or after cold

temperatures (De Block, McPeek & Stoks 2008b), yet

others have found that lipid levels are restored but there

are deferred costs in terms of lower lipid levels later in life

(Morgan & Metcalfe 2001; Stoks, De Block & McPeek

2006), suggesting considerable variation across systems.

We found variation in lipid storage as the southern frog-

lets had higher lipid levels than the northern ones in

FME, but the situation was the opposite in TME. The

lipid levels of the northern froglets remained relatively

constant across the experiments. As the experimental con-

ditions for the control individuals were identical, the vari-

ation in the lipid levels of southern populations may

indicate a carry-over effect from the parental environ-

ment. We also found that predator-exposed tadpoles in

general had lower lipid levels suggesting that decreased

energy storage can be a significant cost of predator-

induced defences in R. temporaria. The only previous

comparable study on amphibians found that lipid levels

of juvenile Discoglossus galganoi were not affected by diet

quality or predators (Nicieza, Álvarez & Atienza 2006).

In summary, our results show that catch-up growth

responses can depend on the life-history strategies of the

individuals in the populations studied, as well as on the

type of stressors the organisms are exposed to. We found

that while northern tadpoles were better at handling a

period of low food compared with southern tadpoles,

both northern and southern tadpoles were able to show

full catch-up growth responses after a period of low tem-

perature. Compensation in metamorphic mass occurred

partly by delaying metamorphosis and, after temperature

stress, by increasing foraging activity. Low food levels

increased mortality and decreased locomotor performance

only in the southern populations, which, together with the

poorer compensatory capacity, suggests that low food is a

less common stressor for the southern tadpoles than low

temperature. Predator presence increased mortality in low

temperature suggesting that the presence of additional

stressors will increase the costs of compensatory

responses. It is also possible that some of the costs will

appear later in life, for example, in terms of increased oxi-

dative stress, reduced immune function or reduced repro-

ductive output (e.g. De Block & Stoks 2008; Auer et al.

2010). However, we note that separating the effects of

compensatory responses from potential delayed effects of

the stress treatment per se is difficult. Hence, understand-

ing the fitness consequences of compensatory responses

continues to be a challenge for evolutionary ecologists.
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