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exposed to the strong time constraints are prone to develop 
fast recovering strategies in order to metamorphose before 
conditions deteriorate. understanding how organisms bal-
ance the cost and benefits of growth strategies may help in 
forecasting the impact of fluctuating environmental condi-
tions on life-history strategies of populations likely to be 
exposed to increasing environmental variation in the future.
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Introduction

Wild animals normally grow at a rate below their potential 
maximum (arendt 1997; Metcalfe and Monaghan 2003; 
Dmitriew 2011). standard organismal growth rates balance 
the benefits of maintaining rapid growth (e.g. the positive 
effects of earlier maturation at a large size on individual 
fitness) with the associated costs (e.g. increased predation 
risk, elevated levels of oxidative stress, reduced immune 
function; poor breeding performance; e.g. Mangel and 
stamps 2001; yearsley et al. 2004; Dmitriew 2011; lee 
et al. 2012). changes in environmental conditions may, 
however, alter the growth trajectories. after experienc-
ing a period of restricted growth as a consequence of, for 
example, food shortage or suboptimal temperature, many 
animals exhibit plastic growth strategies to recover growth 
and minimise fitness loss (Metcalfe and Monaghan 2001; 
Mangel and Munch 2005; Dmitriew 2011; hector and 
nakagawa 2012). compensatory growth responses involve 
two mutually nonexclusive strategies: catch-up growth and 
compensatory growth sensu stricto. catch-up growth refers 
to the suite of responses developed to reach the same final 
size at a given moment of the life cycle as organisms that 
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depend on the strength of time constraints faced by the pop-
ulations. Due to the costs of fast growth, only populations 

communicated by ross andrew alford.

Electronic supplementary material the online version of this 
article (doi:10.1007/s00442-013-2754-0) contains supplementary 
material, which is available to authorized users.

g. Orizaola (*) · e. Dahl · a. laurila 
animal ecology/Department of ecology and genetics, 
evolutionary Biology centre, uppsala university, norbyvägen 
18D, 752 36 uppsala, sweden
e-mail: german.orizaola@ebc.uu.se

http://dx.doi.org/10.1007/s00442-013-2754-0


 Oecologia

1 3

did not experience restricted growth conditions (Jobling 
2010; hector and nakagawa 2012; Dahl et al. 2012), and 
usually encompasses a prolongation of the growth period. 
compensatory growth sensu stricto refers to the direct 
increase in growth rates after a period of reduced growth 
(Mangel and Munch 2005; Jobling 2010), and can be 
achieved via changes in physiology and/or behaviour.

to compensate for the negative impact of poor growing 
conditions early in development, organisms could extend 
the growth period before reaching a given developmental 
stage (arendt 1997; hector and nakagawa 2012), increase 
the rate of food consumption (i.e. hyperphagia; Johansson 
et al. 2001; Berger and gotthard 2008; stoks et al. 2012), 
increase growth efficiency (ali et al. 2003; skalski et al. 
2005; stoks et al. 2012), change nutrient allocation strate-
gies (roark et al. 2009), reduce metabolic costs (ali et al. 
2003), or allocate growth selectively to different tissues 
(Finch and Kirkwood 2000; stevens et al. 2000). While 
several of these mechanisms have been examined in differ-
ent taxa, how large-scale environmental variation affects 
compensatory strategies remains poorly known.

Balancing the costs and benefits of the different com-
pensatory growth strategies is crucial for organisms to 
cope with unfavourable growing conditions. For example, 
extending the growth period may not be a viable option 
under strong time constraints (e.g. high latitude or alti-
tude populations with short growing seasons). On the 
other hand, an increase in food intake is often associated 
to a higher activity rate and, thus, to higher exposition 
to predators (anholt and Werner 1995; gotthard 2000), 
whereas higher growth efficiency may reduce the alloca-
tion of resources to maintenance functions (e.g. energy 
storage, immunity; stoks et al. 2006; De Block and stoks 
2008). Knowledge on how organisms exposed to different 
environmental stressors compensate for periods of arrested 
growth is crucial for understanding the diversity and evolu-
tion of life-history strategies under spatially and temporally 
variable climatic conditions.

temperature is one of the most crucial factors affect-
ing biological processes (angilletta 2009). ectothermic 
organisms are very sensitive to temperature fluctuations, 
because their body temperature and growth are dependent 
on environmental temperature, low temperatures reducing 
growth (angilletta et al. 2004). consequently, ectotherms 
commonly respond to exposure to low temperature with 
compensatory growth (e.g. ali et al. 2003; Dmitriew 2011). 
however, as compensatory growth responses may have 
substantial costs (Metcalfe and Monaghan 2001; Mangel 
and Munch 2005; Dmitriew 2011), other environmental 
conditions may ultimately affect the intensity of the com-
pensatory strategies. For example, organisms exposed to 
different types of time constraints (e.g. to reach maturity or 
threshold condition for successful hibernation) should show 

different compensatory responses (see, e.g., Dahl et al. 
2012; stoks et al. 2012; Orizaola et al. 2013). time con-
straints typically vary across climatic gradients (e.g. with 
latitude and altitude), and organisms experiencing stronger 
time constraints are expected to show stronger compensa-
tory responses (Metcalfe et al. 2002). however, according 
to an alternative hypothesis, time-constrained populations 
already grow and develop at their physiological maximum, 
leaving little room for compensatory responses (sogard and 
Olla 2002; De Block et al. 2008).

amphibians are a pertinent group for studying compen-
satory responses, since they exhibit complex life cycles 
with aquatic larvae and a post-metamorphic terrestrial stage 
making them highly sensitive to variation in the conditions 
during larval growth and development. here, we conducted 
a common garden experiment to examine latitudinal vari-
ation in the patterns and mechanisms (food intake, growth 
efficiency) of compensatory growth in common frog Rana 
temporaria tadpoles after exposure to low temperature. 
along the latitudinal gradient across sweden, the growing 
season (the number of days with mean temperature over 
5 °c) is roughly twice as long for the southern popula-
tions as for the northern ones (Orizaola et al. 2013). Previ-
ous studies on R. temporaria along the latitudinal gradient 
across scandinavia have shown higher feeding efficiency, 
activity, growth and developmental rates in northern lati-
tudes (laugen et al. 2003; lindgren and laurila 2005; lau-
rila et al. 2008). a recent study showed catch-up growth 
responses (extension of the larval period) in both north-
ern and southern swedish R. temporaria populations after 
arrested growth induced by temperature and food stress 
(Dahl et al. 2012). however, it is unknown if tadpoles com-
bine catch-up and compensatory growth strategies sensu 
stricto, and if the mechanisms of compensatory strategies 
differ along the latitudinal gradient among populations 
experiencing very different time constraints.

the present experiment focused on how catch-up and 
compensatory growth strategies are adopted in populations 
naturally exposed to very different levels of environmental 
stress. We predicted that, due the high cost of metamor-
phosing late or at a small size in the harsh high-latitude 
environments, the naturally more time-stressed northern 
tadpoles will adopt a faster growth strategy and develop a 
suite of responses to recover growth (i.e. higher food intake 
and growth efficiency), whereas the southern tadpoles will 
show a weaker response due to the more relaxed time con-
straints at the lower latitudes.

Materials and methods

Rana temporaria is the most widespread amphibian in 
europe, occurring from northern spain to the coast of the 
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arctic Ocean (gasc 1997). Freshly laid eggs of R. tem-
poraria were collected from four populations located at 
the extremes of the 1,500-km latitudinal gradient across 
sweden in spring 2009. In southern sweden, eggs were 
collected at Måryds (55°42′n, 13°21′e) and Ållskog 
(55°32′n, 13°48′e) on 4 april, whereas in northern sweden 
eggs were collected in Jukkasjärvi (67°54′n, 21°02′e) and 
Björkliden (68°24′n, 18°41′e) on 17 May. ambient tem-
perature in these localities ranged ca. 2–24 °c during the 
embryonic and larval developmental period in 2009 (data 
provided by the swedish Meteorological and hydrological 
Institute, sMhI, sweden), although larvae can thermoregu-
late by moving to shallow water and experience tempera-
tures higher than 25 °c even when the ambient tempera-
ture is lower (see laugen et al. 2003). at both ends of the 
gradient, we collected eggs from two populations separated 
by more than 40 km (see Dahl et al. 2012 for details). at 
this geographic scale, scandinavian R. temporaria popu-
lations typically show significant population structure in 
neutral markers (Johansson et al. 2006; richter-Boix et al. 
2010), indicating limited gene flow among populations. at 
each locality, ca. 500 eggs from each of ten clutches were 
sampled.

the eggs were quickly transported to the laboratory 
in uppsala where each clump was evenly divided in two 
3-l buckets. except during the low-temperature treatment, 
the eggs and tadpoles were kept in a 19 °c temperature-
controlled room with 16:8 h light:dark rhythm. One day 
after most of the larvae had reached developmental stage 
25 (complete absorption of gills; gosner 1960; ca. 5 days 
after hatching), we pooled 100 tadpoles from each clutch in 
each population in an aquarium. thirty tadpoles were hap-
hazardly chosen from each population and placed individu-
ally in 0.8-l opaque containers. tadpoles were divided into 
two treatments (exposure and non-exposure to temperature 
stress during larval development) and five spatial blocks (3 
replicates per block, total 15 replicates per population and 
treatment). tadpoles were fed ad libitum with dried spir-
ulina discs (Wardley, secaucus, nJ, usa) placed in con-
cave pieces of glassware. Water was changed every 3 days 
until day 14 and every 2 days thereafter.

tadpoles in the low-temperature treatment were moved 
into a 10 °c temperature-controlled room on day 7 of the 
experiment. tadpoles in the control treatment were also 
moved, but put back into the 19 °c room. at day 14, all 
tadpoles were weighed individually and the low-tempera-
ture tadpoles were then moved back to the 19 °c room (the 
control tadpoles were again moved but put back in the same 
19 °c room). at this point, water was changed and the new 
food (i.e. spirulina discs) was weighed with an electronic 
balance (precision 0.1 mg) before it was added to the feed-
ing bowls. after 2 days (day 16), the remaining portions of 
the spirulina discs were retrieved with a pipette and filtered 

out on pre-weighed pieces of filter paper, the water was 
changed and new pre-weighed spirulina was added. this 
was repeated on days 18 and 20. the retrieved food was 
dried overnight in a 50 °c oven. the dry weight of the food 
eaten over each 2-day period (14–16, 16–18, 18–20) was 
estimated as the weight of the food added minus the dry 
weight of the retrieved food. On day 20, all tadpoles were 
individually weighed, and the experiment was ended. We 
measured the following traits: average daily growth rate 
(increase in body mass between days 14 and 20 divided by 
the duration of the feeding trial), average daily food intake 
(total weight of spirulina divided by the duration of the 
trial) and growth efficiency (increase in body mass divided 
by the total dry mass of food consumed during the trial).

We initially conducted mixed model anOVas with 
reMl estimation using population nested within area as 
a random factor. however, since population was not sig-
nificant for any of the studied traits (P > 0.05 in all cases), 
we pooled the data from the two populations within each 
area and used general linear model (glM) analyses. We 
examined the effects of geographic area and temperature 
stress treatment on mass at days 14 and 20, growth rate, 
food intake and growth efficiency with glMs and type III 
sum of squares using sPss 19. Because body mass affected 
growth rates and the amount of food intake (for full statis-
tical results, see electronic supplementary material, table 
s1), mass at day 14 was used as covariate when analys-
ing these two traits. no effect of body mass was detected 
on growth efficiency (electronic supplementary material, 
table s1).

Results

northern tadpoles had higher body mass than south-
ern tadpoles on day 14 (ca. 36 % higher on average, 
F1,101 = 60.35, P < 0.0001; Fig. 1). exposure to low tem-
perature decreased mass significantly (F1,101 = 104.43, 
P < 0.0001), and this decrease was higher in northern larvae 
(50 % mass loss vs. 37 % in southern ones), bringing about 
a significant area × treatment interaction (F1,101 = 15.35, 
P < 0.001; Fig. 1). On day 20, northern tadpoles remained 
heavier than southern ones (ca. 36 % higher mass on aver-
age, F1,101 = 76.0, P < 0.001; Fig. 1). after the feeding 
trials, temperature-stressed tadpoles recovered part of the 
mass loss, but still had lower mass than control tadpoles 
(overall, a 30 % lower mass; F1,101 = 76.0, P < 0.001). no 
significant area × treatment interaction was detected.

growth rate (mass-corrected) was, on average, ca. 40 % 
higher for northern tadpoles after the exposure to low tem-
perature than for larvae in the other area/treatment combi-
nations, resulting in a significant area x treatment interac-
tion (F1,101 = 11.63, P < 0.001; Fig. 2a). growth rate was 
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lower and did not differ between control and low tempera-
ture southern larvae or control larvae from northern local-
ities (tukey post hoc tests, P > 0.05 in all cases). Mass-
corrected food intake was also higher for northern tadpoles 
after the exposure to low temperature (ca. 15 % higher on 
average), and did not differ between the rest of the area/
treatment combinations (P > 0.05; Fig. 2b), bringing about 
a significant area × treatment interaction (F1,101 = 10.04, 
P = 0.002). growth efficiency was higher for northern 
tadpoles after the exposure to low temperature (ca. 30 % 
higher on average), and similar in the rest of the treatment 
combinations (P > 0.05; Fig. 2c), resulting in a significant 
area × treatment interaction (F1,101 = 7.85, P = 0.006).

Discussion

We found that, after arrested growth, R. temporaria lar-
vae from northern populations increased growth rates 
by increasing both food intake and growth efficiency. By 
contrast, tadpoles from southern populations, naturally 
less time-constrained, did not increase their growth rate 
nor modify growth mechanisms after the exposure to low 
temperature. a previous study showed that, after experienc-
ing low temperature, both northern and southern tadpoles 
showed a catch-up growth response by extending their 
larval period, and metamorphosed with the same mass as 
the control individuals (Dahl et al. 2012). taken together, 
these results demonstrate different compensatory strate-
gies in tadpoles from populations naturally exposed to very 
different time constraints. tadpoles from the populations 
experiencing higher time constraints in nature combined 
catch-up growth responses with modifications of behaviour 
(increased food intake) and physiology (increased growth 

efficiency) in order to overcome the negative effects of 
low temperature early in development. tadpoles from the 
naturally less time-constrained populations extended their 
larval period, but did not show any kind of compensatory 
growth response sensu stricto (Dahl et al. 2012).

While previous studies have demonstrated the roles of 
higher food consumption (i.e. hyperphagia) and food con-
version efficiency in growth compensation (ali et al. 2003; 
stoks et al. 2012), how organisms balance the cost and ben-
efits of these two mechanisms and, in particular, how they 
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are combined with catch-up growth strategies (i.e. changes 
in the duration of growth period) have been overlooked. 
the absence of change in food intake in southern tadpoles 
after arrested growth is likely explained by the costs asso-
ciated with fast growth strategies. In most organisms, an 
increase in food acquisition is mediated by increased activ-
ity (reviewed in Werner and anholt 1993; lima 1998), 
which also increases encounter rates with predators and, 
thus, mortality (anholt and Werner 1995). In particu-
lar, several studies have shown that tadpoles search more 
actively for food after experiencing arrested growth (e.g. 
horat and semlitsch 1994; Fraker 2008), however, higher 
activity increases mortality due to predation (skelly 1994; 
laurila et al. 2008). thus, only organisms experiencing 
a high level of time constraints may adopt the more risky 
growth strategies.

a previous study found little latitudinal variation in 
food intake along the present latitudinal gradient (lind-
gren and laurila 2005), which agrees with the results from 
the control tadpoles in the present experiment. however, 
after experiencing arrested growth, we found that northern 
tadpoles increased food intake by more than 15 %. these 
results agree with theoretical predictions of increased risk-
taking strategies under more stringent time constraints 
(rowe and ludwig 1991; Werner and anholt 1993; abrams 
et al. 1996), and demonstrate the maintenance of plastic 
feeding strategies and possibility of increased growth rate 
in the northern populations despite their very high routine 
growth and development rates (see also schultz et al. 2002; 
De Block et al. 2008). the adoption of high-risk strategies, 
such as increased foraging activity may be vital for tad-
poles exposed to high time constraints in order to metamor-
phose before conditions become harsher. growing season 
length in the northern localities is roughly half of that in 
the south, and the window for juvenile terrestrial grow is 
also shorter in high latitudes (see Orizaola et al. 2013 for 
additional information), emphasizing the need to speed up 
development and growth in order to metamorphose in time 
and, possibly, to reach the threshold body size for success-
ful hibernation. lower predator density in high-latitude 
ponds (laurila et al. 2008) may also have favoured the evo-
lution of compensatory mechanisms through lower mortal-
ity risk associated with higher activity level.

growth efficiency also increased in tadpoles from 
northern localities after the exposure to low temperatures, 
but remained constant for southern larvae. Differences 
in growth efficiency across a latitudinal gradient could 
be related to variation in the energetic maintenance costs 
of organisms experiencing different environmental pres-
sures. however, a previous study in this system showed 
that, although R. temporaria populations differed in main-
tenance costs, routine metabolic rates did not vary with 
latitude (lindgren and laurila 2009). an improvement in 

growth efficiency could be achieved through changes in 
digestion and assimilation of food ingested. Previous stud-
ies on ectotherms have demonstrated that longer digestive 
systems allow for longer transit times and more efficient 
digestion (Kapoor et al. 1975; Benavides et al. 1994; rel-
yea and auld 2004; skalski et al. 2005; steiner 2007). Fur-
thermore, high-latitude R. temporaria tadpoles have rela-
tively longer guts than low-latitude conspecifics (lindgren 
and laurila 2005). these studies suggest that plasticity in 
the digestive system may be the mechanism responsible for 
the higher growth efficiency in northern tadpoles compen-
sating for an adverse growth period. Phenotypic flexibility 
of internal organs appears widespread in nature and can be 
a fundamental way for solving allocation issues in response 
to changes in environmental conditions (Piersma and Drent 
2003). however, increasing growth efficiency is expected 
to result in energy allocation trade-offs, affecting, for exam-
ple, energy storage, immune function and oxidative stress 
(e.g. stoks et al. 2006, 2012; De Block and stoks 2008; 
Dahl et al. 2012; g. Orizaola, a. Murillo, and a. laurila, 
in preparation). northern tadpoles may be more prone to 
experience the costs of increasing growth efficiency than 
southern tadpoles for which a longer larval development 
time is a viable option. higher growth rates associated with 
compensatory responses could reduce energy storage lev-
els in juvenile frogs, which could be crucial for hibernation 
survival (scott et al. 2007). On the other hand, recovering 
growth and development rates after adverse environmental 
conditions may allow juvenile frogs to metamorphose with 
time enough to replenish energy storage in the terrestrial 
environment.

In summary, this study demonstrates how ectotherms 
exposed to different environmental constraints adopt differ-
ent strategies to compensate for adverse growth conditions 
experienced early in the ontogeny. together with the previ-
ous work by Dahl et al. (2012), the present study provides 
complete picture of the different roles that behavioural, 
physiological and life-history strategies play in shaping 
the compensatory growth responses of organisms living 
under different environmental constraints. considering 
that extreme climatic fluctuations are predicted to increase 
in the near future due to climate change (easterling et al. 
2000; Beniston et al. 2007), a good understanding of how 
organisms respond to varying growth conditions is crucial 
in forecasting the ecological effects of upcoming environ-
mental change (Parmesan 2006).
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