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Abstract
Environmental stress induced by natural and anthropogenic processes including climate change may threaten the productiv-
ity of species and persistence of populations. Ectotherms can potentially cope with stressful conditions such as extremes in 
temperature by exhibiting physiological plasticity. Amphibian larvae experiencing stressful environments display altered 
thyroid hormone (TH) status with potential implications for physiological traits and acclimation capacity. We investigated 
how developmental temperature (Tdev) and altered TH levels (simulating proximate effects of environmental stress) influ-
ence the standard metabolic rate (SMR), body condition (BC), and thermal tolerance in metamorphic and post-metamorphic 
anuran larvae of the common frog (Rana temporaria) reared at five constant temperatures (14–28 °C). At metamorphosis, 
larvae that developed at higher temperatures had higher maximum thermal limits but narrower ranges in thermal tolerance. 
Mean  CTmax was 37.63 °C ± 0.14 (low TH), 36.49 °C ± 0.31 (control), and 36.43 °C ± 0.68 (high TH) in larvae acclimated 
to different temperatures. Larvae were able to acclimate to higher Tdev by adjusting their thermal tolerance, but not their 
SMR, and this effect was not impaired by altered TH levels. BC was reduced by 80% (metamorphic) and by 85% (post-
metamorphic) at highest Tdev. The effect of stressful larval conditions (i.e., different developmental temperatures and, to 
some extent, altered TH levels) on SMR and particularly on BC at the onset of metamorphosis was carried over to froglets 
at the end of metamorphic climax. This has far reaching consequences, since body condition at metamorphosis is known to 
determine metamorphic success and, thus, is indirectly linked to individual fitness in later life stages.

Keywords Thermal tolerance · Endocrine disruption · Standard metabolic rate · Acclimation · CTmax · Thermal window · 
Common-garden experiment · Carry-over effects

Introduction

Climate change has profound and diverse effects on 
organisms and is altering aquatic and terrestrial systems 
worldwide (IPCC 2014; Deutsch et al. 2015). Changes in 

temperature can prove challenging for wildlife (Rowe and 
Crandall 2018), particularly ectotherms whose body temper-
ature fluctuates with environmental temperature with conse-
quences for changes in the rates of most biochemical reac-
tions and biological processes (Harkey and Semlitsch 1988; 
Zuo et al. 2012; reviewed in Little and Seebacher 2016). 
All animals have a thermal range of tolerance that is set by 
upper and lower critical threshold temperatures  (CTmin and 
 CTmax) beyond which survival is not possible (Holzman and 
McManus 1973; Little and Seebacher 2016). Thermal stress 
as a result of global warming and extreme thermal events 
such as heat waves could, therefore, affect the performance 
and fitness traits of ectotherms (reviewed in Narayan 2016).

Ectotherms may respond to stressful variation in envi-
ronmental temperature by exhibiting physiological plastic-
ity. This process can include specific types of responses, 
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including heat hardening, thermal compensation, and accli-
mation (Bullock 1955; Prosser 1955; Hazel and Prosser 
1974; Huey et al. 1999; Angilletta et al. 2006). These differ-
ent forms of thermally induced plasticity allow individuals 
to potentially acclimate to the complex temporal or spatial 
heterogeneity in environmental temperatures (Angilletta 
2009; Angilletta et al. 2010; Jessop et al. 2018) and increase 
resilience of ectothermic animals to climate change (See-
bacher et al. 2015; Little and Seebacher 2016; Lillywhite 
2016). A major challenge that ectotherms face in variable 
thermal environments is the maintenance of appropriate 
energy metabolism (e.g., the standard metabolic rate, SMR) 
(Angilletta et al. 2002; Little and Seebacher 2016) which is 
determined by measuring rates of  O2 consumption at rest 
and represents the energy required to cover minimum physi-
ological functions (Rowe et al. 1998; Beck and Congdon 
2003).

Global warming also impacts wildlife in complex ways 
through synergistic interactions with other environmental 
stressors that arise either from anthropogenic activity or nat-
ural sources (Noyes et al. 2009; Narayan 2016). Sub-optimal 
levels of environmental factors can activate the neuroen-
docrine system and increase stress hormone levels (Denver 
1997; Mann et al. 2009; Dantzer et al. 2014) which also 
target the hypothalamus–pituitary–thyroid axis, responsible 
for production of thyroid hormones (THs) (Carr and Patiño 
2011). Stress hormones may synergize with THs resulting 
in increased TH production (Glennemeier and Denver 2002; 
Laudet 2011; Kulkarni and Buchholz 2012). In all verte-
brates, THs are critical for regulating energy metabolism 
(Sheridan 1994; Choi et al. 2017). If the TH concentra-
tion changes due to environmental stress, a whole suite of 
physiological processes may be influenced (Steyermark et al. 
2005; Hulbert and Else 2004). Any impact on the hypothala-
mus–pituitary–thyroid axis is of special concern in amphib-
ians, as metamorphosis is mainly regulated by THs (Tata 
2006; Furlow and Neff 2006). The presence of predators 
(Relyea 2002; Capellán and Nicieza 2007), crowding (Morey 
and Reznick 2001), desiccation risk (Gervasi and Foufopou-
los 2008), food scarcity (Kupferberg 1997), and temperature 
(Smith-Gill and Berven 1979; reviewed in Ruthsatz et al. 
2018a) are known to increase TH production by activating 
the neuroendocrine stress axis. Anuran larvae with high TH 
levels display increased rates of development and stand-
ard metabolism and decreased rates of growth (Rowe et al. 
1998; Brown and Cai 2007), which results in shorter larval 
periods and a smaller size at the onset of metamorphosis 
(Denver 1998, 2009; Orlofske and Hopkins 2009). Whereas 
most environmental stressors lead to increased TH activity 
or production by the activation of stress hormones, a large 
number of aquatic contaminants have also been shown to 
inhibit the normal action of THs in amphibians, leading to 
changes in growth, development, and metabolism (reviewed 

in Mann et al. 2009; Kashiwagi et al. 2009; Carr and Patiño 
2011). Inhibition or a decrease of TH production pathways 
slows the rate of development (Carr and Theodorakis 2006; 
Bulaeva et al. 2015) and decreases SMRs (Carr and Patiño 
2011; Ortiz-Santaliestra and Sparling 2007) causing larvae 
to metamorphose at a larger size and older age (Shi 2000).

Metamorphosis was long thought to provide an adaptive 
decoupling between traits specialized for each-life-history 
stage in species with complex life cycles (Wilbur 1980; 
Moran 1994). However, an increasing number of studies are 
finding that larval traits can carry-over to influence post-
metamorphic performance, suggesting that these life-history 
stages may not be free to evolve independently of each other 
(Crean et al. 2011). Environmental conditions experienced 
during the larval stage often affect development in ways that 
transcend the metamorphic boundary causing carry-over or 
latent effects on post-metamorphic phenotypes (Pechenik 
2006; Räsänen et al. 2002; Gomez-Mestre et al. 2010; Yagi 
and Gren 2016). Larval traits that may influence juvenile 
fitness include morphological and physiological traits, such 
as larval size, develpopmental rate, and age (Ficetola and 
De Bernardi 2006; Crean et al. 2011; Yagi and Green 2017). 
Juvenile performance and, thus, survival are often associ-
ated size-dependent due to better predator avoidance, ther-
moregulation, and water content in individuals of larger size 
(John-Alder and Morin 1990; Goater et al. 1993; Beck and 
Congdon 2000; Alvarez and Nicieza 2002; Ruthsatz et al. 
2019). Even if size at metamorphosis has been proven as a 
reliable fitness predictor in several studies (Berven and Gill 
1983, Rana sylvatica; Berven 1990, Rana sylvatica; Goater 
1994, Bufo bufo; Morey and Reznick 2001, Spea hammon-
dii), other studies have found that much more is carried from 
the larval period than size (Pechenik 2006; Van Allen et al. 
2010). Scott (1994) found evidence of a further mechanism 
increasing fitness linked to stressful larval environments in 
juvenile frogs: size of lipid reserves (i.e., body condition). 
Body condition typically is strongly correlated with body 
size, particularly in amphibian metamorphs (Scott et al. 
2007). However, we could show that body condition and 
juvenile performance might be size-independent due to the 
altered energy allocation during metamorphic climax (Ruth-
satz et al. 2019). As metamorphosis is an energy-consuming 
process (Sheridan and Kao 1998; Beck and Congdon 2003), 
it is advantageous to maintain a low SMR. Therefore, ener-
getics (i.e., SMR and size of energy stores) at the onset and 
after completion of metamorphosis are important fitness 
proxies (Steyermark et al. 2005; Muir et al. 2014; Ruthsatz 
et al. 2018b). We assume that especially SMR at the onset of 
metamorphosis leads to carry-over effects on energy stores 
at the end of metamorphosis due to energy allocation during 
metamorphic climax.

Climate change is expected to not only result in long-term 
warming of aquatic habitats but also increased variability in 



299Journal of Comparative Physiology B (2020) 190:297–315 

1 3

temperature leading to new thermal challenges for larvae in 
their larval habitats (Gutiérrez-Pesquera et al. 2016) with 
likely impacts on growth, development, and survival (Pörtner 
2001; Dalvi et al. 2009). Additional stress leading to altered 
TH levels, through their impact on energy metabolism, 
may exacerbate these thermal challenges experienced dur-
ing metamorphosis (Formicki et al. 2003). Since THs have 
recently been shown to play a key regulatory role in thermal 
acclimation in fish (Little and Seebacher 2014, 2016) and 
very early studies suggest that at least some aspects of this 
pathway are conserved in amphibians (reviewed in Little and 
Seebacher 2016), alteration of TH status may impact accli-
mation capacity in larval and juvenile anurans, especially in 
combination with thermal stress. Although previous studies 
have examined the impact of stress-induced alteration of TH 
levels on physiological traits of anuran larvae, studies have 
rarely examined interactions of different stressors which are 
known to affect larvae in their larval habitats (Rowe et al. 
1998; Rowe and Crandall 2018).

The aim of this study was to examine the interactive 
effects of temperature and altered TH levels on the capac-
ity for physiological acclimation (SMR and thermal toler-
ance) at the onset of metamorphosis and after completion of 
metamorphosis in larvae and froglets of Rana temporaria. 
Furthermore, we tested whether the impact of altered TH 
levels on SMR is temperature-dependent and whether larval 
SMR leads to carry-over effects on juvenile body condi-
tion. For larvae acclimated to five different temperatures, we 
tested the following hypotheses: (1) Developmental tempera-
ture (Tdev) correlates positively with  CTmin and  CTmax, and 
negatively with the thermal range of tolerance in larvae. (2) 
High and low levels of TH, as caused by the thyroid alter-
ing effect of several environmental stressors, and increase 
and decrease SMR of larvae, respectively. (3) Tdev interacts 
with altered TH levels and intensifies the effect of altered 
TH levels on physiological traits, especially at higher tem-
peratures. (4) Effects of Tdev and TH levels persist beyond 
the metamorphic boundary resulting in froglets with reduced 
acclimation capacity to higher temperatures. (5) Since SMR 
affects energy allocation during metamorphic climax, larval 
SMR lead to carry-over effects on post-metamorphic body 
condition.

Materials and methods

Study species and experimental design

Rana temporaria represents the typical amphibian life his-
tory with aquatic embryonic and larval development and ter-
restrial froglets and frogs. It is widely distributed throughout 
Europe and occurs in variety of habitats and altitudes indi-
cating a broad thermal niche. Five clutches of R. temporaria 

were obtained from the Waldpark Marienhöhe in western 
Hamburg (53°34′ 37.4ʺ N 9°46′ 57.5ʺ E, Hamburg, Ger-
many). Larvae were allowed to hatch and develop to devel-
opmental stage 25 (free-swimming larvae; Gosner 1960). 
From these larvae, 810 individuals originating from the five 
clutches were intermixed before allocating them randomly to 
54 standard 9.5 l aquaria at six different water temperatures 
(i.e., 9 aquaria/temperature) in a common-garden experi-
ment. Fifteen larvae of R. temporaria were kept each in an 
aquarium filled with 8 L of water (initial tadpole density: 
1.87 larvae/l). The experiment was conducted in two climate 
chambers (Weiss Umwelttechnik GmbH, 35447 Reiskirchen, 
Germany) with a 12-to-12 light:dark (0900 to 2100) photo-
period and an air temperature of 10 ± 0.2 °C and 22 ± 0.1 °C 
(mean ± SD). Water temperatures (i.e. 14, 18, 25, 28 °C) 
were achieved by indirect heating elements beneath the 
aquaria (Tetra GmbH, Melle, Germany, adjustable heating 
element, Tetra HT100, 100 W) and by air temperature for 
10 and 22 °C. Thus, the six mean (± SD) water temperatures 
were 10 (± 0.2), 14 (± 0.5), 18 (± 0.1), 22 (± 0.1), 25 (± 0.2), 
and 28 (± 0.3) °C. At each developmental temperature, three 
aquaria (i.e., replicates) each were exposed to the different 
treatments (l-thyroxine and sodium perchlorate) and the 
control group (i.e., nine aquaria/temperature: 3 × T4, 3 × SP, 
3 × Control).

The experiments ran for 11 weeks. All surviving larvae 
had reached the end of metamorphic climax at that time 
(Gosner 1960). Amphibian larvae were fed high-protein 
flaked fish food (Sera micron breeding feed for fish and 
amphibians, Sera, 52518 Heinsberg, Germany) and spirulina 
algae twice a day ad libitum. The amount of food was con-
tinuously adjusted during the entire experiment to control for 
differences in tadpole size and density between the aquaria, 
since Miyata and Ose (2012) indicated that a restricted feed-
ing condition causes an atrophy of thyroid tissue similarly 
to TH agonists. The flakes were free of perchlorate accord-
ing to the manufacturer. The aquaria were checked daily for 
dead or abnormal larvae, which were removed (Tietge et al. 
2005). At 10 °C, none of the larvae survived until the onset 
of metamorphosis. Therefore, we refer to larvae reared in 
a temperature range from 14 to 28 °C hereafter (i.e., 675 
individuals in 45 aquaria: 5 water temperatures × 3 treat-
ments × 3 replicates/treatment × 15 individuals). Hereafter, 
we refer to the l-thyroxine treatment as ‘high TH level’ treat-
ment and to the sodium perchlorate treatment as ‘low TH 
level’ treatment.

l‑Thyroxine and sodium perchlorate exposures

We increased internal TH levels (i.e., high TH level) by 
exposing larvae to 10 µg/l exogenous l-thyroxine (T4, 
IRMM468 Sigma-Aldrich, Sigma-Aldrich, St. Louis, 
USA), a concentration which is known to influence 
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amphibian metamorphosis (Lucas and Reynolds 1967; 
Mann et  al. 2009) and is related to increases in T4 
observed in larvae responding to stress (Denver 1997, 
1998). Larvae absorb exogenous T4 directly through 
their permeable skin (Shi 2000; Tata 2006; Coady et al. 
2010). Exposing larvae to exogenous THs is an established 
method to simulate the proximate effects of environmental 
stressors on the TH system (Denver et al. 2002; Tata 2006; 
Denver 2009).

We used a concentration of 250 µg/l sodium perchlorate 
(SP, 99.99% trace metals basis, 381225 Aldrich, Sigma-
Aldrich, St. Louis, USA) to decrease internal TH levels (i.e., 
low TH level). This concentration of SP is within environ-
mental ranges measured in surface and ground waters of 
many industrial nations (Motzer 2001; Tietge et al. 2005; 
Carr and Theodorakis 2006; Mukhi and Patiño 2007) and 
in bodies of water in which amphibians breed (Smith et al. 
2001; Ortiz-Santaliestra and Sparling 2007). SP is an envi-
ronmentally relevant endocrine disruptor on TH system. As 
a goitrogen, it inhibits TH synthesis (Ortiz-Santaliestra and 
Sparling 2007) resulting in inhibited amphibian metamor-
phosis (Tietge et al. 2005).

1960). End of metamorphic climax was defined by the com-
plete resorption of the tail (Gosner stage 46; Gosner 1960).

The snout–vent length (SVL) of the larvae and froglets 
was measured with a caliper to the nearest 0.5 mm. Speci-
mens were dry blotted and weighed to the nearest 0.001 g 
with an electronic balance (digital gold scale, Smart Weigh).

Body condition

We estimated the body condition (i.e., energy stores) at 
the onset of metamorphosis by calculating the scaled mass 
index (SMI). The SMI accounts for the allometric relation-
ship between mass and a body structure, and is a standard-
ized measure of the body condition that can be directly 
compared among individuals (Peig and Green 2009, 2010; 
MacCracken and Stebbings 2012). The SMI has been previ-
ously employed as a condition index in anuran larvae (Mac-
Cracken and Stebbings 2012; Dittrich et al. 2016; Ruthsatz 
et al. 2018b; Ruthsatz et al. 2019). A high SMI suggests 
larger energy storages and, thus, a good body condition. We 
followed the procedure outlined by Peig and Green (2009) 
to calculate the SMI for each individual:

T4 and SP treatments were prepared in 0.1 N sodium 
hydroxide solutions (0.1 N, S2770 SIGMA, Sigma-Aldrich, 
St. Louis, USA) buffered with 0.1 N muriatic acid solutions 
as solvents. Solutions were added to the aquaria. To control 
for any effect of solvents addition, a solution of only 0.1 M 
sodium hydroxide solution buffered with 0.1 M muriatic 
acid solution was added to the control aquaria. Water was 
changed every second day and fresh SP and T4 were added, 
which is frequent enough to maintain a constant hormone 
and perchlorate level, in accordance with the standard pro-
cedure for chemical and hormonal addition (Miwa and Inui 
1987; Goleman et al. 2002a, b; Iwamuro et al. 2003; Rot-
Nikcevic and Wassersug 2004; Tietge et al. 2005; Ortiz-
Santaliestra and Sparling 2007; Bulaeva et al. 2015).

Processing of specimens

Developmental stage was determined by evaluating the sta-
tus of key morphological features typical of specific devel-
opmental stages, as detailed in Gosner (1960). The devel-
opmental stage of each tadpole was recorded according to 
the procedure of Ortiz-Santaliestra and Sparling (2007). The 
age which describes the larval duration in days after hatch-
ing until the onset of metamorphosis was defined by the 
emergence of at least one forelimb (Gosner stage 42; Gosner 

Slope is calculated from the regression of log-trans-
formed SVL and log-transformed mass.

Respiration measurements

Respiration measurements were made at the onset of meta-
morphosis (n = 360) and at the end of metamorphic climax 
(n = 360) on eight randomly chosen larvae and froglets from 
each aquarium (i.e., 45 aquaria × 8 individuals. No fasting 
prior to the respiratory measurements was needed, because 
larvae stop feeding due to the remodeling of mouthparts and 
digestive tract during metamorphosis (Hourdry et al. 1996). 
Oxygen consumption was measured by closed respirom-
etry conducted between 0900 and 2100 h to control for 
the influence of natural circadian rhythms on respiration 
(Orlofske et al. 2017). Larvae were placed in respirometers 
consisting of 30 ml beakers containing 30 ml (minus the 
volume of the animals) of autoclaved tap water to exclude 
microbial oxygen consumption. Froglets were placed in 
air-filled respirometers consisting of 30 ml beakers (minus 
the volume of the animals) due to their transition to lung 
respiration. Each respirometer was equipped with a fiber 
optic sensor (Oxygen Dipping Probe DP-PSt7; PreSens Pre-
cision Sensing GmbH, Regensburg, Germany) connected 
to a multichannel oxygen measuring system (Oxy 4 mini; 
PreSens Precision Sensing GmbH, Regensburg, Germany) 

SMI =

[

individual mass ×

(

mean SVL of population

individual SVL

)slope of regression log mass ∼log SVL
]

.



301Journal of Comparative Physiology B (2020) 190:297–315 

1 3

and sealed with an air tight rubber plug.  O2 concentration 
was recorded every 15 s and measured as ml  O2/l at ambi-
ent temperature pressure. Prior to each trial,  O2-fiber optic 
sensors were calibrated using air-saturated water and a 
factory-set zero oxygen calibration point at the respective 
developmental temperature of measured larvae. Water tem-
perature and continuous mixing were controlled by a water-
bath. Oxygen consumption was measured for every tadpole 
for 20 min at the respective developmental temperature (i.e., 
14, 18, 22, 25, or 28 °C). Empty (control) chambers were 
run simultaneously in every trial and values were adjusted 
accordingly. We ensured that less than 10% of total  O2 was 
removed during the measurements to avoid impediment of 
respiration at low saturation levels. At the end of the meas-
urements, each larva was removed and its SVL and blotted 
wet body mass were determined. Larvae were placed for 1 
h in individual 1 l containers at respective developmental 
temperature and treatment concentration for recovery before 
transferring them to thermal tolerance measurements. After 
measurements at the end of metamorphic climax, froglets 
were placed back in air temperature-controlled containers 
for further experiments.

Standard metabolic rate calculations

Prior to statistical analysis, we plotted  O2 consumption 
of each animal over time and visually assessed activity 
peaks to exclude them for the determination of standard 
metabolic rate (SMR) (Orlofske and Hopkins 2009). The 
SMR was expressed in ml  O2/h/mg wet body mass and was 
determined from the slope of linear least-squares regres-
sion of  O2 concentration vs. time (Hasting and Burggren 
1995; Rowe and Funck 2017; Ruthsatz et al. 2018c, 2019). 
Values for SMR and mass were log-transformed, because 
metabolism is a power function of mass (Orlofske and Hop-
kins 2009; Orlofske et al. 2017). Only the lowest 30% of 
the values were used to ensure that only data of resting 
individuals were included in analyses, thereby omitting any 
phases of stress, disturbance, or activity (Orlofske and Hop-
kins 2009; Peck and Moyano 2016; Orlofske et al. 2017; 
Bethge et al. 2017).

Thermal tolerance

Thermal tolerance of R. temporaria was evaluated when 
larvae reached the onset of metamorphosis (Gosner stage 
42) using the critical thermal methodology (Holzman and 
McManus 1973). Both critical thermal minimum  (CTmin) 
and maximum  (CTmax) endpoints are defined as the thermal 
point at which locomotor activity becomes disorganized and 
the animal loses the ability to right itself (Lutterschmidt and 
Hutchison 1997; Turriago et al. 2015). A total of 450 larvae 
were used for determination of thermal tolerance. From each 

aquarium, ten larvae (n = 5,  CTmin; and n = 5,  CTmax) were 
tested at set time intervals.  CTmin and  CTmax were deter-
mined using the dynamic method according to Cowles and 
Bogert (1944) and Hutchison (1961) except for the endpoint 
(Wu and Kam 2005). This method involves linearly decreas-
ing (for  CTmin) or increasing (for  CTmax) test temperatures 
by a specific rate until an appropriate endpoint is reached 
(Lutterschmidt and Hutchison 1997). Larvae were placed 
individually in a 250-ml flask with 200 ml of water which 
was then placed in a temperature-controlled water bath. The 
heating and cooling rates were ± 0.1 °C/min, and the water 
temperature served as a proxy of body temperature (Hutch-
ison 1961). The initial temperature in the water bath was set 
at the respective developmental temperature. In larvae, the 
occurrence of spasms is difficult to determine, and thus, we 
decided to use the loss of the righting response after being 
flipped on its back in the water with a probe as our crite-
rion for the endpoint (Lutterschmidt and Hutchison 1997; 
Wu and Kam 2005) for both  CTmin and  CTmax determina-
tions (Turriago et al. 2015). A time limit of 30 s between 
flipping the animal and righting was adopted (Layne Jr and 
Claussen 1982). At the end of the measurements, larvae 
were placed back into rearing aquaria until they completed 
metamorphosis. We performed a linear regression for devel-
opmental temperature and thermal tolerance (as measured 
by  CTmin,  CTmax, and thermal range of tolerance). The slope 
of the regression for  CTmax and  CTmin defined the effect of 
developmental temperature on critical thermal limits of R. 
temporaria.

Statistical analysis

For all statistical tests R 3.4.1 (R Development Core Team 
2007) for Windows was used. All plots were constructed 
using ggplot2 (Wickham 2009) and Adobe Illustrator CS6.

SMR and SMI data were analyzed using generalized 
linear mixed-effect models GLMM: glmmPQL [package 
MASS – generalized linear mixed model with PQL (quasi-
likelihood) instead maximum likelihood (Bolker et al. 2009)] 
using the covariate ‘Tdev’, and ‘treatment’ (‘treatment’: high 
TH, low TH, and control), and the interactions of ‘treat-
ment’ and ‘Tdev’ as fixed factors. To address dependencies in 
the data, the variable ‘aquarium’ was included as a random 
factor. The replicate unit for the GLMM analyses was the 
individual larvae. ‘SMRlarvae’, ‘Body  conditionlarvae’, ‘SMR-
froglets’, and ‘Body  conditionfroglets’ were used as dependent 
variables in separate models. P values were obtained from 
quasi-likelihood-ratio tests (Bolker et al. 2009). To address 
dependencies in the data, the variable ‘aquarium’ was 
included as a random factor. N refers to the total number of 
analyzed larvae.
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Thermal tolerance data (i.e.,  CTmin,  CTmax, and ‘thermal 
range of tolerance’) were analyzed using linear mixed-effect 
models: lme [package lme4 − linear mixed-effect model 
with REML (restricted maximum likelihood) method for 
parameter estimation (Bates and Sarkar 2007)]. P values 
were obtained from likelihood-ratio tests, which com-
pared the models with the respective null-model (Crawley 
2007). ‘CTmin’, ‘CTmax’, and ‘thermal range of tolerance’ 
were used as dependent variables in separate models. To 
address dependencies in the data, the variable ‘aquarium’ 
was included as a random factor. Residuals of each model 
were visually checked for normal distribution. N refers to the 
total number of analyzed larvae.

Results

There was no consistent effect of time of day on SMR tested 
during this experiment. At all developmental temperatures, 
larvae and froglets from the low TH treatment were the 
largest at the onset of metamorphosis followed by control 

animals and larvae from the high TH treatment being the 
smallest (Table 4).

Standard metabolic rate and body condition

Onset of metamorphosis

SMR of larvae was significantly influenced by Tdev, by 
low TH level, and the interactive effect of both (Table 1, 
Fig. 1). With increasing developmental temperature, SMR 
increased in all treatments except of animals which were 
reared at 14 °C at low TH level and for those which were 
reared at 28 °C and high TH levels. However, increase of 
SMR with Tdev was not linear. SMR was highest at high Tdev 
except for animals reared at 14 °C, whereas the interactive 
effect of low TH levels and Tdev decreased SMR (Fig. 1). 
Animals at low TH level revealed the highest SMR at 14 °C 
and 28 °C, and the lowest SMR at 18 °C, 22 °C, and 25 °C. 
In control treatment, larvae reared at 14°, 18°, and 22 °C 
revealed the lowest SMR, which increased significantly at 
25 °C and 28 °C. Larvae with high TH levels revealed the 

Table 1  Effects of altered 
TH levels and developmental 
temperature on larval and 
juvenile standard metabolic 
rate (ml  O2/h/mg) and body 
condition (SMI) of the common 
frog (R. temporaria) at the onset 
of metamorphosis (Gosner stage 
42) and after completion of 
metamorphosis (Gosner stage 
46; Gosner 1960)

T and P for generalized linear mixed-effects models (GLMM), using ‘Treatment’ (i.e., high TH, low TH, 
and control), ‘Tdev’ and the interactions of ‘Treatment × Tdev’ as fixed factors; ‘aquarium’ as random factor. 
Low TH levels = SP treatment. High TH levels = T4 treatment. Significance was set at P < 0.05. Bold indi-
cates significant P values. N(n) total number of studied individuals (total number of aquaria)

Dependent variable N Fixed effects Estimates SE t P

GLMM
 SMRlarvae (ml  O2/h/mg) 384 (45) Intercept − 0.002 0.003 − 0.726 0.468

Tdev 0.000 0.000 4.109 < 0.001
Low TH 0.014 0.004 3.292 0.002
High TH 0.004 0.004 0.965 0.339
Low TH × Tdev − 0.001 0.000 − 3.328 0.001
High TH × Tdev − 0.000 0.000 − 0.948 0.348

 Body  conditionlarvae (SMI) 582 (45) Intercept 1188.271 43.649 27.223 < 0.001
Tdev − 39.666 1.988 − 19.951 < 0.001
Low TH 69.209 1.671 1.122 0.026
High TH − 408.240 62.147 − 6.568 < 0.001
Low TH × Tdev − 13.467 2.809 0.081 0.030
High TH × Tdev − 227.100 28.380 4.744 < 0.001

 SMRfroglets (ml  O2/h/mg) 359 (45) Intercept − 0.051 0.007 − 1.983 0.048
Tdev 0.002 0.000 5.942 < 0.001
Low TH 0.019 0.011 1.759 0.086
High TH 0.036 0.011 3.291 0.002
Low TH × Tdev − 0.001 0.001 − 2.216 0.032
High TH × Tdev − 0.001 0.001 − 3.289 0.002

 Body  conditionfroglets (SMI) 525 (45) Intercept 791.574 45.826 17.273 < 0.001
Tdev − 28.292 2.089 − 13.539 < 0.001
Low TH 111.561 64.877 1.719 0.003
High TH − 413.404 65.308 − 6.330 < 0.001
Low TH × Tdev − 15.071 2.956 − 0.713 0.047
High TH × Tdev − 21.090 2.982 5.052 < 0.001
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Fig. 1  Interactive effect of altered thyroid hormone levels and five 
developmental temperatures on SMR (ml  O2/h/mg) in upper graphs: 
larvae at the onset of metamorphosis and lower graphs: froglets 
7 days after completion of metamorphic climax of the common frog 

(Rana temporaria). Dots show the mean body condition of each treat-
ment; whiskers show the ± standard error. Blue: SP = low TH levels. 
Green: control treatment. Red: T4 = high TH level

Fig. 2  Interactive effect of altered thyroid hormone levels and five 
developmental temperatures on body condition in upper graphs: lar-
vae at the onset of metamorphosis and lower graphs: froglets 7 days 
after completion of metamorphic climax of the common frog (Rana 

temporaria). Body condition was determined by the scaled mass 
index (SMI). Dots show the mean body condition of each treatment; 
whiskers show the ± standard error. Blue: SP = low TH levels. Green: 
C = Control treatment. Red: T4 = high TH levels



304 Journal of Comparative Physiology B (2020) 190:297–315

1 3

lowest SMR when reared at 18 °C. Nevertheless, tempera-
ture and treatment effects on SMR were not subject to a 
uniform pattern.

Body condition at the onset of metamorphosis was sig-
nificantly affected by the hormone treatment, Tdev, and the 
interactive effect of both (Table 1, Fig. 2). Higher tempera-
tures during development, high TH levels, and the inter-
active effect of both hormone treatments and higher Tdev 
decreased body condition, whereas low TH levels increased 
body condition. At all temperatures, body condition was 
lowest in high TH level animals and highest in SP animals. 
Body condition was best in larvae reared at 14 and 18 °C in 
all hormone treatments, whereas body condition was worst 
in larvae reared at highest temperature. Along the experi-
mental range of developmental temperatures, body condition 
was reduced by about 80% from the lowest to the highest 
temperature.

End of metamorphic climax

At the end of metamorphic climax, SMR of froglets was 
significantly influenced by high TH levels, by Tdev, and 
the interactive effect of both hormone treatments and Tdev 
(Table 1, Fig. 1). In general, highTH levels and tempera-
ture increased SMR, whereas the interactive effect of both 

decreased SMR. At low TH levels, froglets revealed the 
lowest SMR at 18 °C and 22 °C and the highest at 14 and 
28 °C. Froglets from control treatment had the lowest SMR 
when reared at 14 and 18 °C and the highest SMR at 28 °C. 
Froglets exposed to high TH levels during development had 
the lowest SMR at 14 and the highest SMR at highest tem-
peratures during development. Again, treatment effects on 
SMR were not subject to a uniform pattern, whereas tem-
perature effects were increasing from 18 to 28 °C. SMR was 
higher after the completion of metamorphosis than at the 
onset of metamorphosis. However, temperature and treat-
ment effects were subject to a uniform pattern at both life 
stages.

Body condition of newly metamorphosed froglets was 
affected by Tdev and altered TH levels and the interactive 
effect of higher temperatures and altered TH levels (Table 1, 
Fig. 2). In particular, higher temperatures during develop-
ment, high TH levels, and the interactive effect of both 
hormone treatments and higher Tdev decreased body con-
dition, whereas low TH levels increased body condition. 
At all temperatures, body condition was lowest in high TH 
level animals and highest in low TH level animals. Body 
condition was best in larvae reared at 14 and 18 °C in all 
hormone treatments, whereas body condition was worst in 
larvae reared at highest temperature. Along the experimen-
tal range of developmental temperatures, body condition 

Table 2  Effects of altered 
TH levels and developmental 
temperature on larval thermal 
tolerance (as measured by 
 CTmin,  CTmax, and thermal 
range of tolerance) in larvae 
of the common frog (R. 
temporaria) at the onset of 
metamorphosis (Gosner stage 
42; Gosner 1960)

Chi2 and P for linear mixed-effects models (LMM), using ‘Treatment’ (i.e., high TH, low TH, and control), 
‘Tdev’ and the interactions of ‘Treatment × Tdev’ as fixed factors; ‘aquarium’ as random factor. Low TH lev-
els = SP treatment. High TH levels = T4 treatment. Significance was set at P < 0.05. Bold indicates signifi-
cant P values. N(n) total number of studied individuals (total number of aquaria)

Dependent variable N Fixed effects Estimate SE Chi2 df P

LMM
 CTmin (°C) 450 (45) Intercept 1.01 0.41 21.418 2  < 0.001

Tdev − 0.11 0.59 113.29 1  < 0.001
Low TH − 0.05 0.59 21.41 2  < 0.001
High TH 0.22 0.01 21.41 2  < 0.001
Low TH × Tdev 0.01 0.02 1.63 2 0.441
High TH × Tdev − 0.01 0.02 1.63 2 0.441

 CTmax (°C) 450 (45) Intercept 24.20 1.83 3.59 2 0.166
Tdev − 0.36 2.60 76.19 1  < 0.001
Low TH − 1.29 2.60 3.59 2 0.166
High TH 0.57 0.08 3.59 2 0.166
Low TH × Tdev 0.05 0.11 0.40 2 0.818
High TH × Tdev 0.06 0.11 0.40 2 0.818

 Thermal range of tolerance 450 (45) Intercept 23.19 1.84 1.40 2 0.495
Tdev − 0.24 2.61 45.34 1   0.001
Low TH − 1.24 2.61 1.40 2 0.495
High TH 0.35 0.08 1.40 2 0.495
Low TH × Tdev 0.04 0.11 0.47 2 0.789
High TH × Tdev 0.07 0.11 0.47 2 0.789
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was reduced by about 85% from the lowest to the highest 
temperature. Body condition was lower after the comple-
tion of metamorphosis than at the onset of metamorphosis. 
Temperature and treatment effects were subject to a uniform 
pattern at both life stages.

Thermal tolerance at the onset of metamorphosis

The results for linear regressions show a significant relation 
between thermal limits (i.e.,  CTmin and  CTmax) and Tdev. 
 CTmin and  CTmax increased significantly with increasing 
developmental temperature except for larvae reared at 28 °C 
(Tables 2, 3). For every 1 °C increase in Tdev, the  CTmin 
and  CTmax increased by 0.24 °C and 0.58 °C, respectively, 
in the low TH treatment, by 0.22 °C and 0.57 °C in the 
control treatment, and by 0.20 °C and 0.63 °C in the high 
TH treatment. Slopes from linear regressions revealed a 
greater effect of Tdev on  CTmax than on  CTmin within all 
hormone treatments. TRT increased at higher temperatures 
as  CTmin increased less than  CTmax at higher temperatures. 
 CTmin,  CTmax, and TRT were significantly affected by Tdev 
(Table 2), whereas only  CTmin was significantly decreased 
and increased by low and high TH treatment, respectively 
(Table 2).

Discussion

The capacity for species to express developmental (i.e., in 
age and size at metamorphosis) and physiological plastic-
ity (i.e., in thermal tolerance and energetics) in response to 
temperature change is expected to help ectothermic species 
such as amphibians coping with some of the major drivers of 
biodiversity loss, such as climate-driven warming and other 

natural and anthropogenic environmental stressors (reviewed 
in Nowakowski et al. 2018; Seebacher et al. 2015). The 
interactions of warmer and more variable temperatures and 
different stressors are not well known (Boone et al. 2007; 
Polo-Cavia and Gomez-Mestre 2017) and knowledge on 
their impact on amphibian declines is still rare (Blaustein 
et al. 2011). Our results suggest that both larvae and froglets 
7 days after completion of metamorphosis of R. temporaria 
are not able to acclimate to higher developmental tempera-
tures by adjusting their maintenance energy costs (i.e., SMR) 
and that this capacity is impaired by the interaction between 
higher temperature and altered TH status to some extent as 
often elicited by environmental stressors. However, larvae 
at the onset of metamorphosis were able to acclimate to 
increased developmental temperature by increasing their 
thermal limits and broadened their range in thermal toler-
ance. The capacity for physiological plasticity and body con-
dition, however, decreased at higher temperatures, an effect 
which persisted across the metamorphic boundary resulting 
in froglets with highly reduced body condition. We con-
sequently demonstrated that larval traits can carry-over to 
influence post-metamorphic performance, suggesting that 
life-history stages may not evolve independently.

Altered TH levels and higher temperatures affect 
SMR and body condition

In amphibian larvae as in all ectothermic animals, ambi-
ent temperature regulates the rates of all physiological and 
biochemical processes (Smith-Gill and Berven 1979; Tata 
2006; Little and Seebacher 2016) impacting growth, devel-
opment, and metabolism. An increase in ambient temper-
ature may, therefore, substantially increase the SMR, but 
larvae may compensate for those thermal changes through 
acclimation and, thus, reduce the increase of SMR due to 
higher temperatures (Angilletta et al. 2006; Seebacher et al. 
2015; Berg et al. 2017). Values for SMR were in the range of 
other studies and species (e.g., Lithobates sylvatica, Orlofske 
and Hopkins 2009; Xenopus laevis, Ruthsatz et al. 2018c; 
Rana temporaria, Lindgren and Laurila 2009; Rana pipiens; 
Steyermark et al. 2005). In this study, the SMR of larval 
R. temporaria was higher when larvae developed at higher 
temperatures. Moreover, SMR was relatively stable in all 
hormone treatments across temperatures treatments from 
14 to 22 °C. Not until 25 °C, SMR increased significantly 
compared to other temperature treatments independent from 
TH level. As the variability in SMR increased at higher tem-
peratures, we suggest that larvae differed in their capacity 
for physiological plasticity at the individual level with some 
still maintaining a relatively stable SMR as shown for tem-
peratures from 14 to 22 °C by acclimation to higher tempera-
tures. Furthermore, our results indicate that the optimum 
temperature to maintain SMR during development is around 

Table 3  Linear regressions of critical thermal limits (as measured by 
 CTmin and  CTmax) with developmental temperature in R. temporaria 
larvae

Significance was set at P < 0.05. N = 75. Low TH levels = SP treat-
ment. High TH levels = T4 treatment. P was < 0.001 for all linear 
regressions

Dependent 
variable

Treatment (N) Developmental temperature (°C)

Slope SESlope R2

CTmin Low TH (75) 0.24 0.007 0.928
Control (75) 0.22 0.006 0.969
High TH (75) 0.20 0.009 0.801

CTmax Low TH (75) 0.58 0.023 0.895
Control (75) 0.57 0.084 0.394
High TH (75) 0.63 0.044 0.738
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18 °C mostly independent from TH levels. Thus, environ-
mental stress may not influence the optimum temperature for 
maintaining a constant SMR. In natural breeding ponds of 
R. temporaria, temperatures during development are within 
this optimum temperature range and may outstrip this range 
under short-term temperature fluctuations (i.e., diurnal 
change) and in late developmental stages due to a seasonal 
mean temperature increase. However, Drakulić et al. (2017) 
demonstrated that mean seasonal temperature in Germany 
and southern Europe was 20 °C and lower suggesting that 
larvae of R. temporaria may experience mean temperatures 
within their thermal optimum for maintaining a stable SMR 
under natural conditions.

Climate change is altering patterns of environmental tem-
perature with potentially important repercussions for ecto-
therms that must simultaneously cope with contaminants or 
other environmental stressors (Hallman and Brooks 2015). 
In this study, SMR was increased also at low TH levels 
through the exposure to SP, and we suggest that aquatic 
contaminants alone may result in increased metabolism 
due their toxicity independent from the thyroid metabo-
lism. Chronically higher metabolism, from contaminants 
alone, occurs in fish (Beyers et al. 1999), larval amphibians 
(McDaniel et al. 2004), and bivalves (Lannig et al. 2008; 
reviewed in Hallman and Brooks 2015). Thus, researchers 
are raising concern that organisms living in chronically pol-
luted water might be at greater risk from global warming if 
they cannot provide the additional energy needed to cope 
with simultaneous thermal stress (Rowe and Crandall 2018). 
Therefore, it has also been suggested that not climate change 
itself may affect amphibians, but rather will act in combina-
tion with biotic and abiotic factors increasing their effects 
(López-Alcaide and Macip-Ríos 2011; Baier et al. 2016). 
In the present study, the effect of high TH level was not 
intensified at higher temperatures. Therefore, larvae exposed 
to higher temperatures are not likely to be affected more by 
environmental stressors than larvae at colder temperatures 
experienced before and during metamorphic climax.

In general, ectothermic species from temperate latitudes 
display a greater capacity for physiological acclimation 
than species from tropical climates (reviewed in Vo and 
Gridi-Papp 2017). Therefore, a capacity to respond plas-
tically in physiological traits should be high in temperate 
species such as R. temporaria (Janzen 1967). In particular, 
larvae of R. temporaria are known to have a more plastic 
response to environmental variation than other species (Lau-
rila and Kujasalo 1999; Groezinger et al., 2018). This is 
especially true in terms of growth and developmental rate 
as they are exposed to large inter- and intra-annual habitat 
variability. Therefore, temperate anuran species in general 

but especially larvae of R. temporaria may compensate for 
direct (i.e., temperature increase) and indirect effects (i.e., 
shortening of hydroperiod, increasing tadpole density, and 
the concentration of contaminants as the pond desiccates; 
Egea-Serrano and Van Buskirk 2016) of global warming 
through temperature-induced developmental and physiologi-
cal plasticity. Thus, those species may be less vulnerable to 
the thermal impacts of climate change than tropical species. 
However, a higher SMR may also be adaptive in the face 
of global change, since a higher SMR is likely to allow for 
quicker metamorphosis in larval amphibians and, thus, for 
passing this highly vulnerable phase. Furthermore, a higher 
SMR in larvae can be associated with adaptable traits, like 
increased activity, or competitive ability (i.e., foraging effi-
ciency and space occupancy). With a fast foraging rate, one 
would expect body size to increase faster than slower forag-
ers. Also, a higher SMR in juvenile and adult amphibians 
is also related to higher activity and forgaing success and 
better dispersal. If so, a high SMR may even be selected for 
under natural circumstances. However, the capacity for tem-
perature-induced plasticity is known to be related to local 
adaptations in anuran larvae (Laugen et al. 2003; Muir et al. 
2014; Drakulić et al. 2016) and, thus, is population-specific.

Despite temperature effects on SMR, reductions in body 
condition (i.e., the ability to store energy) were noted in lar-
vae having altered levels of THs that were reared at higher 
temperatures (i.e. the interactive effect of multiple stressors). 
Since (anthropogenic) global change will introduce multi-
ple environmental stressors (e.g., changes in temperature 
and additional factors) to natural larval habitats of anuran 
larvae, the capacity to store energy during the larval stage 
may be reduced with possible ramifications for the energetic 
efficiency of metamorphosis. Independent from TH status, 
body condition was highest and SMR was relatively low in 
larvae reared at 14, 18, and 22 °C, and SMR was also rela-
tively low at these temperatures, and therefore, our results 
underscore that the optimum temperature during develop-
ment is between 18 and 22 °C. This is in accordance with the 
previous studies (Rühmekopf 1958; Drakulić et al., 2017). 
Any increase in temperatures above this optimum increases 
SMR and may lead to a small but constant increase in ener-
getic demands. Potential consequences of increased meta-
bolic expenditures in a resource-limited, high density system 
are reduced growth, developmental rates, or larval survival, 
which could ultimately affect recruitment to the terrestrial 
habitat (Rowe and Crandall 2018; Ruthsatz et al. 2018b). In 
contrast to TH level and temperature effects on SMR, effects 
on body condition were distinct. Therefore, we assume that 
higher Tdev and altered TH levels affect body condition 
independently from effects on SMR. As we could recently 
show that TH level significantly affects energy allocation to 
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developmental and maintenance cost during metamorphic 
climax (Ruthsatz et al. 2019), we suppose that energy alloca-
tion might be disrupted by altered TH level and higher Tdev 
at all life stages.

Carry‑over effects on post‑metamorphic stage

Sublethal stressful conditions experienced during larval 
stage can have long-term consequences for performance 
and fitness through carry-over effects (Räsänen et al. 2002; 
Crean et al. 2011). In the present study, we clearly demon-
strated that larval exposure to higher developmental tem-
peratures and environmental stress not only affects SMR and 
body condition at the onset of metamorphosis but also at the 
end of metamorphic climax in froglets of R. temporaria. 
Consequently, we follow Pechenik (2006) in suggesting that 
metamorphosis is not “a new beginning”, since effects of 
stressful larval environments may persist beyond the meta-
morphic boundary and result in strong carry-over effects 
on juveniles and adults (Smith 1987; Berven 1990; Goater 
1994; Pechenik 2006; Altwegg and Reyer 2003; Scott et al. 
2007; Morey and Reznick 2001; Van Allen et al. 2010). A 
very few studies have investigated the mechanistic underpin-
nings of altered physiological machanisms (i.e., SMR and 
energy stores) associated with altered TH levels as caused 
by environmental stressors and developmental temperature. 
Since THs are the major triggers of energy metabolism and 
are positively correlated with metabolic rate (McNabb and 
King 1993; Rowe et al. 1998; Burraco and Gomez-Mestre 
2016) including maintenance costs (Orlofske and Hopkins 
2009; Ruthsatz et al. 2019), larvae experiencing environ-
mental stress may show a different capacity to store energy, 
which in turn impacts their body condition at the onset of 
metamorphosis, energy budget for metamorphic climax, 
and body condition after completion of metamorphosis. In 
a previous study, we showed that TH level affects energy 
allocation and energetic efficiency of metamorphic climax 
(Ruthsatz et al. 2019). We assume that this effect is more 
pronounced at higher developmental temperatures lead-
ing to the profound reductions in body condition at higher 
temperatures in the present study. Effects of TH level and 
developmental temperature on energy allocation seem to be 
more effective than those on SMR. However, other factors 
might also be involved such as larval density which directly 
influences developmental and growth rate (Semlitsch and 
Caldwell 1982; Wilbur 1977; Dash and Hota 1980) Yagi and 
Green (2016) found that in toad Anaryxus fowleri, a larval 
density of 1.67/l was stressful resulting in smaller larvae. 
Other studies, however, use higher densities than used in 
this study (Ding et al. 2015). Examining post-metamorphic 
fitness consequences of larval traits in isolation is likely to 

obscure important interactive effects (Crean et al. 2011). 
Therefore, we assume that carry-over effects on body con-
dition of juvenile froglets are a result of a complex inter-
action between different physiological traits during meta-
morphosis. However, carry-over effects were measured at 
the end of metamorphosis, at 11 weeks maximum. Thus, 
carry-over effects during the proceeding juvenile stage are 
still unknown, and growth compensation may be an impor-
tant component of developmental plasticity not studied here. 
Furthermore, carry-over effects are evident at 11 weeks, but 
it is unclear how lasting these effects may be. Nevertheless, 
Morey and Reznick (2001) state that carry-over effects from 
larval to juvenile stage are suggested to remain for at least 
several months after metamorphosis. Consequently, in tem-
perate R. temporaria, carry-over effects on body condition 
may impair the capacity for energy accumulation needed 
for a successful hibernation in winter and, thus, juvenile 
survival.

Thermal tolerance is determined by developmental 
temperature

Understanding the capacity for plasticity in the range of 
thermal tolerance and how this plasticity is altered by other 
environmental stressors may be crucial to predicting how 
physiological variation can influence a species’ response to 
global change (Katzenberger et al. 2014; Seebacher et al. 
2015). In this study, larvae exhibited thermal acclimation, 
such that individuals from higher developmental tempera-
tures increased their  CTmax and broadened their range in 
tolerable temperatures, mechanisms previously observed 
in other amphibians (Schaefer and Ryan 2006; Gunderson 
and Stillman 2015; Little and Seebacher 2016). We could 
not report any significant effects of altered TH levels on 
the upper thermal limit and the thermal range of tolerance 
in R. temporaria, indicating that these physiological traits 
are not under the control of the thyroid system. Therefore, 
altered TH levels as caused by environmental stressors 
may not affect the capacity for an acclimation in upper 
thermal limits and thermal range of tolerance. Thus, larvae 
under environmental stress are still able to compensate for 
changes in developmental temperature.

Even if a long-term increase in annual average tempera-
ture is the consequence of global climate change, envi-
ronmental change also results in short-term, both stochas-
tic and predictable, extreme thermal events, particularly 
in temperate freshwater habitats (Seebacher et al. 2015; 
Gutiérrez-Pesquera et al. 2016; Burggren 2018). There-
fore, laboratory studies on the capacity for physiological 
plasticity in thermal tolerance (especially in  CTmax) as the 
present study are of special relevance for predictions on 
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vulnerability of anuran larvae to those short-term thermal 
challenges. Current IPCC models for global temperature 
in the coming century (IPCC 2014) do not suggest warm-
ing of the magnitude necessary to threaten temperate 
larvae such as R. temporaria by exceeding their  CTmax 
(Rowe and Crandall 2018). In contrast, positive effects 
of climate-driven warming are expected in populations of 
many organisms that occur at temperatures colder than 
their thermal optima (Deutsch et al. 2008; Kingsolver et al. 
2013; reviewed in Egea-Serrano and Van Buskirk 2016). 
This appears to be the case for R. temporaria in central 
and northern Europe (Duarte et al. 2012) but may not for 
populations in southern Europe as they are locally adapted 
to higher temperatures (Lindgren and Laurila 2009). How-
ever, climatic anomalies as recorded in Europe for summer 
temperatures in 2003 (Neveu 2009) and recent spring and 
summer in 2018 and 2019 (Deutscher Wetterdienst 2008) 
representing the highest seasonal temperatures, since 
weather was recorded (Luterbacher et al. 2004; Neveu 
2009; Deutscher Wetterdienst), may lead to sub-optimal 
temperatures accompanied by an increased desiccation 
risk and decreased food availability in larval habitats of 
R. temporaria. So far, it is challenging to project winners 
and losers in terms of climate change in light of the fact 
that multiple factors, beyond mere warming or increased 
variance in temperature, may simultaneously occur.

Conclusions

Environmental change due to global warming and other 
environmental stressors is complex and often unpredict-
able (Burggren 2018) and anuran larvae will, therefore, 
be exposed to multiple environmental stressors. Our study 
combines the effects of the multiple stressors accompa-
nying direct effects of climate change in a multifactorial 
design. By directly altering the TH levels, we simulate the 
proximate effects of various environmental stressors and 
may conclude how proximate effects of multiple stressors 
may affect the acclimation capacity of amphibians across 
life stages. Our results emphasize that of R. temporaria 
might cope with short- and long-term changes as larvae 
and froglets are able to compensate to some extent for new 
thermal challenges independent from interactions with 
other environmental stressors impairing growth and devel-
opment by altering endogenous TH levels. Thus, higher 
temperatures during development could result in increased 
mean fitness in temperate species such as R. temporaria 
compared to tropical species. As environmental tempera-
tures greatly influence the behavior and physiology but 
also the distribution of aquatic ectotherms (Narum et al. 

2013), the capacity for acclimation to higher temperatures 
may influence the frog range expansion into hotter climates 
(Seebacher and Franklin 2011; Jessop et al. 2018). How-
ever, R. temporaria is distributed over a wide geographic 
range with large differences in climatic conditions (Stahl-
berg et al. 200; Lindgren and Laurila 2009), and thus, pop-
ulations may differ in their local adaptations to thermal 
environments and their acclimation capacity. Comparative 
studies across populations and species would help to iden-
tify the potential for acclimation or inter-specific differ-
ences, respectively. The present findings also emphasize 
that impacts of larval environment on physiological traits 
(i.e., SMR and body condition) at the onset of metamor-
phosis persist beyond metamorphic climax to postmetamo-
prhic stage by carry-over effects. As phenotypic traits are 
often used as indicators of the effects of the larval stage on 
future fitness for organisms with complex life cycles, we 
suggest that multiple environmental stressors associated 
with global change may affect all life stages of amphibians 
with possible consequences for individual fitness and long-
lasting effects on amphibian populations. More research 
needs to be conducted to elucidate how the levels of stress 
and the interactions of stressors in both the larval and the 
later juvenile stages affect what is carried from the larval to 
juvenile life-history stages in organisms with complex life 
cycles (Van Allen et al. 2010). Future studies on physiolog-
ical plasticity of larval anurans should investigate whether 
the ability for acclimation changes across life stages and 
should focus on long-term carry-over effects on juvenile 
and adult performance.
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Appendix

See Tables 4 and 5.

Table 4  Descriptive statistics 
of mass (mg) at the onset of 
metamorphosis (Gosner stage 
42) and after completion of 
metamorphic climax (Gosner 
stage 46) in larvae and 
froglets of the common frog 
R. temporaria at five different 
developmental temperatures 
exposed at different TH levels

T4 high TH level, SP low TH level

Temperature Treatment Maximum Minimum Mean SE N

Mass (mg) at the onset of metamorphosis (Gosner stage 42)
 14 Control 578 640 605.9 2.2 41

Low TH 632 702 671.3 2.9 43
High TH 380 419 400.2 1.7 39

 18 Control 471 500 484.2 1.2 43
Low TH 499 549 521.2 2.23 41
High TH 296 335 312.4 1.9 42

 22 Control 346 384 362.0 1.5 55
Low TH 433 496 462.4 2.5 59
High TH 172 206 188.7 1.6 49

 25 Control 112 152 133.3 1.7 38
Low TH 219 254 233.3 1.8 35
High TH 83 104 94.7 1.1 31

 28 Control 62 99 81.1 1.4 41
Low TH 96 134 113.1 1.8 42
High TH 51 89 69.6 2.1 28

Mass (mg) after completion of metamorphosis (Gosner stage 46)
 14 Control 379 417 401.1 1.4 41

Low TH 412 469 435.5 2.6 39
High TH 217 248 228.5 1.5 34

 18 Control 284 315 302.8 1.5 42
Low TH 349 405 373.3 2.8 36
High TH 80 113 94.5 1.4 37

 22 Control 93 124 105.2 1.3 53
Low TH 274 314 293.6 1.4 55
High TH 42 67 52.2 1.2 42

 25 Control 42 65 50.8 1.3 33
Low TH 59 96 75.0 2.3 34
High TH 37 54 46.1 1.0 27

 28 Control 34 49 41.3 0.7 36
Low TH 40 58 49.0 0.9 38
High TH 29 42 36.4 0.8 23

http://creativecommons.org/licenses/by/4.0/
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