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Abstract 

Global warming can either promote or constrain the invasive potential of alien species. In 

ectotherm invaders that exhibit a complex life cycle, success is inherently dependent on the 

capacity of each developmental stage to cope with environmental change. This is particularly 

relevant for invasive anurans, which disperse on land while requiring water for reproduction. 

However, it remains unknown how the different life stages respond in terms of energy 

expenditure under different climate change scenarios. We here quantified the oxygen uptake at 

rest (a proxy of the standard metabolic rate) at the aquatic tadpole stage, during metamorphosis 

(climax), and in the terrestrial phase (metamorphosed stage) at three environmental 

temperatures. To do so, we used marsh frogs (Pelophylax ridibundus), an amphibian with the 

largest invasive range within the palearctic realm and for which their adaptation to global 

warming might be key to their invasion success. Beyond an increase of metabolic rate with 

temperature, our data show variation in thermal adaptation across life stages and a higher 

metabolic cost during metamorphosis. These results suggest that the cost to shift habitat and 

face changes in temperature may be a constraint on the invasive potential of species with a 

complex life cycle which may be particularly vulnerable during metamorphosis. 
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1.  INTRODUCTION 

The successful establishment and dispersal of alien species is constrained by their capacity to 

overcome the conditions of their new environment (Prentis et al., 2008; Sakai et al., 2001). 

Alien species with a complex life cycle such as amphibians are expected to be even more 

challenged,  because of the habitat shift they undergo throughout their life (Laudet, 2011; Lowe 

et al., 2021). The life cycle of invasive amphibians typically begins with an aquatic larval stage 

followed by a biphasic stage (i.e., aquatic and terrestrial), separated by a metamorphosis. 

Metamorphosis involves massive changes in the morphology and physiology of 

organisms (Laudet, 2011). It is characterized by the apoptosis and resorption of larval tissues, 

the growth and differentiation of new adult tissues, and the remodeling of previous tissues for 

other functions (Dodd and Dodd, 1976). These changes are crucial, yet risky for organisms 

(Huey, 1980) and therefore likely under strong selection. This may, however, impair 

colonization potential in such biphasic invaders (Orlofske and Hopkins, 2009; Shine, 2012). 

Because of its massive changes, metamorphosis induces a high metabolic cost, and 

unfavourable environmental conditions are expected to impact the climax stage and to result in 

carry-over effects which may be detrimental to metamorphosed individuals later in life (Székely 

et al., 2020). 

Changes in environmental temperature are particularly relevant for ectotherms whose 

distribution often reflects their thermal tolerance and preferences (Evans et al., 2015; Ginal et 

al., 2021). As a consequence, the thermal variations projected due to climate change (IPCC, 

2022) could have profound effects on populations (Angilletta et al., 2002; Lowe et al., 2021). 

Changes in temperature are known to affect amphibians (Navas et al., 2008), including invasive 

species at both the adult (Araspin et al., 2020; Marchetti et al., 2023; McCann et al., 2018) and 

larval stages (Kruger et al., 2022; Sinai et al., 2022). Successful invasive species often show a 

broad thermal tolerance and a low thermal sensitivity of biological activity during both these 

stages (Padilla et al., 2023; Wagener et al., 2021). However, this may not be the case during 

metamorphosis (Laurence, 1975; Ruthsatz et al., 2020) which is critical to their establishment, 

dispersal, and ultimately their invasion potential. 

The goal of the present study is to test the effect of temperature on resting metabolic 

rate at key stages (tadpole, climax, metamorphosed stages) of the life cycle of a successful 

amphibian invader, the marsh frog. We have chosen this species due to its wide and fast 

invasion of Western Europe which may have been enhanced by multiple adaptations 

particularly in the framework of the current global warming (Padilla et al., 2023; Dufrenes et 

al., 2024). Resting metabolic rate is strongly linked with the efficiency of a multitude of 



 

physiological processes, such as growth, immunity, and physical performance, which are all 

essential to survival and the invasion success of a species. Consequently, exploring the effect 

of temperature on resting metabolic rate may help understand the invasive potential of a species. 

Resting metabolic rate is  the reflection of biochemical reactions such as protein synthesis and 

mitochondrial activity and is variable across tissues and taxa. Because warmer temperatures 

increase the average kinetic energy into a system, the speed at which a chemical reaction takes 

place will also increase (Arrhenius, 1889). Therefore, as temperature increases, faster chemical 

process within the organism will require more ATP leading to an increased oxygen 

consumption and metabolic rate. Resting metabolic rate is therefore expected to increase with 

temperature at all developmental stages. For the invasive marsh frogs, we expect the sensitive 

climax stage to show the highest metabolic rate at each temperature and to be more sensitive to 

increases in temperature compared to tadpole and metamorphosed stages. 

2  |  MATERIALS AND METHODS 

2.1  |Metamorphosed marsh frogs 

We used invasive marsh frogs which have been introduced to southern France from different 

localities, particularly the Balkans, at the end of twentieth century and which colonized most of 

our study area over the last two decades (Dufresnes et al. 2017; Denoël et al. 2022). A previous 

study has revealed a broad thermal tolerance, a high thermal preference, and a performance-

specific thermal sensitivity at the adult stage (Padilla et al., 2023). Here, metamorphosed frogs 

(n = 29; i.e. terrestrial juveniles and adults) were caught in August 2020 by hand or with a dip 

net from the border of typical artificial ponds called “Lavogne” in the Larzac region (43°46'N 

- 3°21'E to 43°53'N - 3°30'"E; Hérault, France). Previous molecular analysis confirmed the 

taxonomic assignment and the invasive status of the marsh frogs in the study area (i.e. 

Pelophylax ridibundus sensu lato; previously named Rana ridibunda) (Dufresnes et al., 2017) 

whereas previous dietary studies in the study area showed their predation on local amphibians 

and invertebrates (Pille et al., 2021, 2023). All individuals were PIT-tagged (Biolog-ID, 134.2 

KHz; Agrident reader) allowing individual identification (Donnelly et al., 1994). The tag was 

inserted dorsally under the skin (Christy, 1996). Frogs were brought inside large coolers filled 

with three centimetres of water to the Function and Evolution (FUNEVOL) laboratory at the 

Muséum national d’Histoire naturelle of Paris (France). The frogs were maintained singly in 

five litre tanks (21.4 x 36.5 x 16.5 cm; water depth: 5 cm) with holes in the lid. Tanks were 

inclined by placing a 10 cm wood block under one of the sides creating a dry area that occupied 

one third of the tank. Water in the tanks was renewed weekly. Two adult crickets (Acheta 



 

domestica) were provided twice weekly. Night and day periods were set to 12 h each. The room 

temperature was set at 24°C (Padilla et al., 2023) which is a typical temperature in the field 

during frog activity (pers. obs.) and close to the temperature where they engage in amplexus in 

captivity (Michaels and Försäter, 2017). 

2.2  |  Tadpoles 

Two adult frogs from the same pond (43°47'N - 3°29'"E) which were not used for other purposes 

and which had visible sexual traits (nuptial pads and vocal sacs in males; high body mass 

relatively to size in females) were placed together in a 140 L plastic tank (80 x 60 x 46 cm; 

water depth: 15 cm). A shelter (Turtle Hut, ZooMed®, 16.5 x 17 x 7 cm), artificial vegetation 

(Cashuarina, ZooMed®, 56 cm) and the same conditions as for metamorphosed frogs were 

provided. After two days, eggs were laid in the artificial vegetation. The two adult’s frogs were 

then moved to individual boxes. The tank was filled with tap water and water was cleaned every 

two weeks. Powdered fry food (sera®, Micron Nature) composed of zooplankton (18% krill) 

and phytoplankton (51% spirulina) was provided ad libitum. After 14 days, most tadpoles had 

reached stage 25 (i.e.  corresponding to the total disappearance of external gills and the presence 

of a fully developed spiracle (Gosner, 1960) were switched to five litre tanks (21.4 × 36.5 × 

16.5 cm; water depth: 14 cm), with five individuals per tank. It took three months after 

fertilization for the first tadpoles to reach metamorphosis. The climax was defined at stage 42, 

when metamorphosis begun and was identified by the abrupt emergence of the internally 

developed forelimbs (Gosner, 1960; Zechini et al., 2015). 

2.3  |  Standard metabolic rate 

We used oxygen consumption at rest on fasted animals (24 hours) as a proxy of standard 

metabolic rate. For tadpoles and climax stages, metabolic rate was quantified using an 

intermittent respirometry system (Loligo® Systems, Complete minichamber system, 

#SY20000) set inside an incubator (Aqualytic-Liebherr, TC 256 G/256L/2–40°C) to obtain the 

desired water temperature. Before each trial, individuals were weighed using a digital scale 

(Ohaus, Brooklyn, NY, USA; precision 0.1 mg). Each individual was transferred using a plastic 

tube filled with water and placed inside a respirometry chamber of 270 ml, diameter of 1.85 cm 

and a length of 6 cm filled with tap water and oxygenated with an air bubbler. Oxygen 

consumption was measured through the chamber by a fiber optic probe reading a sensor foil on 

the inside wall of the chamber. Probe calibration was done each week for 0% oxygen using a 

10% mixture of Na2SO3 and a bath of tap water hydrated for 20 minutes with a water bubbler. 

The temperature of the bath was continuously recorded, and a temperature compensation was 



 

done automatically by the software during recording. The trial consists of a flushing cycle of 

180 s followed by a delay phase of 30 seconds and a closed cycle of 180 seconds. Recordings 

were done continuously from 5 PM to 10 AM and the mean oxygen consumption rate (MO2) 

from each cycle (162 cycles for each individuals) was used. To account for background 

microbial respiration, we measured the empty chambers before and after the trial for three 

hours. Background respiration corrections were done on the MO2 values using the slope of its 

drift and then by the subtraction of the mean MO2 in empty chambers after measurements from 

the mean MO2 of the tadpoles. The system and chambers were cleaned after each trial using a 

chemical agent (Virkon®, Antec International, A DuPont Company). 

The standard metabolic rate in metamorphosed frogs was measured using a flow through 

respirometer. Records were performed at least 60 h after animals were fed. To avoid a bias by 

the time of recording (morning/afternoon) animals were haphazardly selected for testing. 

Before each measurement, the frogs were patted dry and weighed. Eight respirometric chambers 

of 700 ml, diameter of 25.5 cm and a length of 7 cm were set inside an incubator (Aqualytic-

Liebherr, TC 256 G/256L/2–40°C) to briefly acclimate and maintain the animal to the desired 

air temperature. A direct sampling method (Lighton, 2019) was used by pushing air with a 

pump (PP2 dual channel field pump, Sable Systems International) to a mass flow meter (FB8 

flowbar-8 mass flow meter system, Sable Systems International) and then directly into the 

chambers. The first chamber was left empty for baselining. Flow was then transmitted to a 

multiplexer (RM8 respirometry flow multiplexer, Sable Systems International) and into a gas 

analyser (FMS field Metabolic System, Sable Systems International) allowing a sequential 

recording of each chamber. A week of preliminary measurements were performed which 

allowed animals to become familiar with the chambers and to optimise the set-up. A flow rate 

of 150 ml/min or 250 ml/min for larger animals (mass > 25 g) resulted in CO2 concentrations 

between 0.05 and 0.2 ml/min which we considered as a good trade-off between distinguishing 

gas exchange and avoiding hypercapnia (i.e., too much CO2 in the blood). We set the relative 

humidity to 80% using a controller of water vapor content of the air stream (DG-4 Dew Point 

generator, Sable Systems International), and at the end of trials, animals were always wet. The 

digital recording started with two minute of baselining, five min of recording for each chamber 

and ended with 3 minutes of baseline. Recordings were done for three and a half hours to allow 

the incubator and animals to reach the desired body temperature. O2 and CO2 received the same 

corrections (Lighton, 2019): (i) a mathematical scrubbing transformation, (ii) a drift correction 

using baseline measurements, (iii) a division by 100 to get fractional concentrations. Because 

O2 was analysed last, we corrected its lag time response so that its decrease corresponded to the 



 

CO2 increase. Because incurrent flow was known we could substitute excurrent flow and 

calculate the oxygen absorbed (V̇O2) and the carbon dioxide produced (V̇CO2) in ml/min by the 

animal using these equations: 

𝑉ሶ𝑂ଶ ൌ
𝐹𝑅𝑖ሾሺ𝐹𝑖𝑂ଶ െ 𝐹𝑒𝑂ଶሻ െ 𝐹𝑒𝑂ଶሺ𝐹𝑒𝐶𝑂ଶ െ 𝐹𝑖𝐶𝑂ଶሻሿ

1 െ 𝐹𝑒𝑂ଶ
 

𝑉ሶ𝐶𝑂ଶ ൌ
𝐹𝑅𝑖ሾሺ𝐹𝑒𝐶𝑂ଶ െ 𝐹𝑖𝐶𝑂ଶሻ െ 𝐹𝑒𝐶𝑂ଶሺ𝐹𝑖𝑂ଶ െ 𝐹𝑒𝑂ଶሻሿ

1 െ 𝐹𝑒𝐶𝑂ଶ
 

Where FR denotes flow rate, FeO2 and FeCO2 are the fractional content of each gas. The lower 

case “i” or “e” respectively refer to which mass flow was measured, incurrent or excurrent. 

Data were automatically processed using the macros in the ExpeData 1.9.27 software. We also 

used a macro to extract the VO2 mean lowest 90 seconds section pre-sampled from a 180 

seconds stable recording for each individual. VCO2 mean was thereafter extracted from the 

same section. After acquisition, animals were weighed, and then were put back inside their 

home terrarium with two crickets, which were eaten quickly. 

Measurements for tadpoles, climax, and metamorphosed stages were tested in a random 

order at three temperatures (13, 23, 30 °C) that describe a wide range of temperature within the 

limits that has been observed for adults (Padilla et al., 2023). VO2 was transformed in ml per 

hours for all stages. Oxygen consumption measurements were performed in accordance with 

all guidelines for the use of animals in research by the Association for the Study of Animal 

Behaviour (ASAB) and the Animal Behaviour Society (ABS). All animals quickly consumed 

the food provided after measurements indicating their well-being. 

2.4  |  Statistical analysis 

To avoid correlation effects between body mass and developmental stage but still accounting 

for allometric effects, we used VO2 divided by body mass. A linear mixed model was run on 

VO2/mass as our response variable, developmental stage and temperature as fixed factors, and 

individual identity as random effect to account for repeated measurements across the three 

temperatures. Conditional R-squared variance was extracted using the “rsquaredGLMM” 

function from the MuMIn packages (Barton, 2023). Within groups comparisons were 

performed using the “contrast” function from the emmeans package (Lenth, 2023) and we 

reported p-values. Validation was performed by visualising the residuals which had a 

homogeneous, normal distribution and by plotting the response variable on fitted values which 

resulted in a linear relation. All analyses were done using R version 4.3.1 (R Core Team 2023). 



 

3  |  RESULTS 

The mixed model explained 85.58% of the conditional variance in oxygen consumption where  

8.44% of the variation was explained by individual repeated measurements (random effect). 

Developmental stage (F2, 164 = 59.49, p < 0.001), temperature (F2, 164 = 34.31, p < 0.001), and 

the interaction between developmental stage and temperature (F5, 164 = 232.39, p < 0.001) had 

a significant effect on oxygen consumption relatively to the mass of each individual (VO2 ml 

h−1 g−1) (Fig. 1, 2). 

 

Fig. 1: Allometric effect of body size on oxygen consumption for three developmental stages and three 

temperatures in invasive marsh frogs (Pelophylax ridinbundus). Logarithm scales were used for each axis. 

Each square stand for an individual tadpole, triangles for metamorphosing individuals (climax stage), and 

circles for metamorphosed stages. The lines represent the linear regressions of oxygen consumption on body 

mass and the grey shade the confidence interval. The violet color stands for a 13 °C test temperature, blue 

for 23 °C, and green for 30 °C.  

Post-hoc contrasts of estimated marginals means revealed that almost all but two 

pairwise comparisons were significantly different from one another (p < 0.001 ; Fig. 2). Within 

tadpoles, the one tested at 23 °C did not show significantly different oxygen consumption from 



 

the one tested at 30 °C (p = 0.32 ; Fig. 2). Within a 13°C test temperature, tadpoles did not show 

a significantly different oxygen consumption from metamorphosed stages (p = 0.95 ; Fig. 2). 

 

 

Fig. 2: Thermal dependency of the mass specific metabolic rate among developmental stages of invasive 

marsh frogs (Pelophylax ridibundus). Standard errors are represented by error bars and the dots represent the 

mean. The violet color stands for a 13 °C test temperature, blue for 23 °C, and green for 30 °C. 

4  |  DISCUSSION 

The present work supports the hypothesis that organisms with a complex life cycle can show 

different biological responses to changes in their thermal environment throughout their life 

cycle. More specifically, it shows that organism at the climax stage (i.e. during the peak of 

metamorphosis) have the greatest energetic cost of all stages tested. Moreover,  in contrast to 

climax and metamorphosed stages, high temperatures are not associated with a significant 

increase of the metabolic rate in tadpoles. Surprisingly, and in contrast to previous observations 

on physical performance of metamorphosed amphibians, the temperature where metabolic rate 

is at its lowest differs from the preferred temperature and the optimal performance temperature 

(Padilla et al., 2023). The higher preferred and optimal temperature induce increased energetic 

demands on standard metabolic rate which may limit the energy available to other biological 

processes. Still, thermoregulatory behaviours in both metamorphosed individuals, such as 



 

basking or diving into the pond, and in earlier stages, such as vertical movements across the 

water column, may mitigate these effects. 

4.1| Not extreme enough 

Our results show that temperatures increasing from 13 to 23 °C significantly increase the 

metabolic rate of all stages. Similarly, most previous studies highlighted this positive 

correlation (Kern et al., 2015; Ruthsatz et al., 2020). However, from 23 to 30 °C only a trend 

of lower amplitude, but not significant, was observed in tadpole stage. This result suggests that 

tadpoles are able to maintain the same metabolic rate over this range of temperatures which 

may be a thermal adaptation to warmer temperatures. As the temperature at the bottom of the 

studied ponds and in the air reach respectively a maximum of 21.4 °C and a maximum of 33.2 

°C (Padilla et al., 2023), warmer temperatures likely occurring during the next century (IPCC, 

2022) may increase the metabolic rate of all stages and therefore induce a cost in terms of 

energy available for other biological activities (Steyermark, 2002). Indeed, in the main area 

currently invaded by marsh frogs in southern France, annual mean warming on land is expected 

to increase in the range of 0.9 – 5.6 °C by the end of the century (Ali et al., 2022). Yet, as 

metamorphosed marsh frogs can sustain a high performance at high temperatures with a 

preferred temperature at 21.8 °C (Padilla et al., 2023), it is likely that they can support this 

metabolic cost during key behaviours such as dispersal or predator escape. Variation is also 

expected to occur within each life stage and calls for more research at multiple time points 

during development. This would be particularly relevant at the different steps of metamorphosis 

and during the biphasic or terrestrial life, i.e. before and after maturity.  

4.2| The energetic cost of metamorphosis 

As hypothesised, during climax, individuals exhibit a significantly higher energetic cost of body 

maintenance at each temperature compared to either the tadpole or metamorphosed stages. The 

numerous physiological and biochemical processes associated with metamorphosis from an 

aquatic larval into a metamorphosed biphasic (aquatic/terrestrial) state likely do lead to an 

increase in the metabolic rate at climax (Hulbert and Else, 2004; Kim, 2008). These changes, 

primarily triggered by thyroid (Gudernatsch, 1912; Magnus-Levy, 1895) and glucocorticoid 

hormones (Kirschman et al., 2017; Shewade et al., 2020), require a synchronized apoptosis of 

the larval structures followed by the growth and differentiation of adult cells (Furlow and Neff, 

2006; Shi et al., 2001), such as the reduction of the gills followed by the development of the 

lungs (Vitt and Caldwell, 2013) or the whole restructuration of the immune system to avoid 

autoimmune responses of tadpole lymphocytes to antigens of new metamorphosed frog’s 



 

tissues (Rollins-Smith, 1998; Robert and Ohta 2009). Beyond the immediate (Huey, 1980; 

Wassersug and Sperry, 1977) and carry over effects later in life (Beck and Congdon, 2000; 

Moore and Martin, 2019), a high metabolic cost may also restrict the energy available for other 

biological activities and decrease the survival and fitness of climax stages. We can expect this 

effect to be exacerbated in amphibians with a slower larval development, such as P. ridibundus 

or other ranids (Orlofske and Hopkins, 2009; Pandian and Marian, 2018) in contrast to rapid 

developing species such as bufonids (Beck and Congdon, 2003; Cabrera-Guzmán et al., 2013).  

4.3| Conclusion 

The overall low sensitivity of invasive species to changes in environmental temperature  likely 

makes them more resilient to future climate change (Kelley, 2014; Zerebecki and Sorte, 2011). 

The fact that invasive amphibians are facing a global warming during both their aquatic and 

biphasic life stages as well as during metamorphosis may challenge their invasion success. The 

present study is, to our knowledge, the first to quantify how changes in temperature throughout 

the three major stages (tadpole, climax, and metamorphosed stage) of the life cycle of an 

amphibian invader impact the metabolic cost of body maintenance. This cost, in tadpoles, 

remains stable at temperatures that are way warmer than their pond temperature, while it 

increases in climax and metamorphosed stages. Using mechanistic species distribution 

modelling combining the knowledge on this invasive species (see also Padilla et al., 2023) may 

provide a better estimation of the distribution changes under predicted climate warming 

scenarios.  

Acknowledgements 

We would like to thank F. Pille for his help during fieldwork and the landowners and 

municipalities for allowing access to their ponds. Animals were captured under a permit from 

the Direction Régionale de l’Environnement, de l’Aménagement et du Logement (Hérault). MD 

is a Research Director and PP is a FRIA (Formation à la Recherche dans l’Industrie et dans 

l’Agriculture) grantee of Fonds de la Recherche Scientifique – FNRS. 

Funding 

This study benefited from the Fonds de la Recherche Scientifique—FNRS by a PDR grant 

number T.0070.19 and mobility grants; a grant for a laboratory internship from the Royal 

Belgian Zoological Society; a mobility grant from the University of Liège. 



 

CRediT authorship contribution statement 

Pablo Padilla: Conceptualization, Formal analysis, Investigation, Methodology, Writing – 

original draft, Writing – review & editing. Anthony Herrel: Conceptualization, Methodology, 

Writing – review & editing, Supervision. Mathieu Denoël: Conceptualization, Methodology, 

Supervision, Writing – review & editing. 

Declaration of competing interest 

The authors declare no competing interests. 

References 

Ali, E., Cramer, W., Carnicer, J., Georgopoulou, E., Hilmi, N., Le Cozannet, G., Lionello, P., 

2022. Cross-Chapter Paper 4: Mediterranean region, in: Pörtner, H.-O. , Roberts, D.C., 

Tignor, M., Poloczanska, E.S., Mintenbeck, K., Alegría, A., Craig, M., Langsdorf, S., 

Löschke, S., Möller, V., Okem, A., Rama, B. (Eds.), Climate change 2022: impacts, 

adaptation and vulnerability. Contribution of working group II to the sixth assessment 

report of the intergovernmental panel on climate change. Cambridge Univ. Press, 

Cambridge, UK and New York, NY, USA, pp. 2233-2272. 

https://doi.org/10.1017/9781009325844.021 

Angilletta, M.J., Niewiarowski, P.H., Navas, C.A., 2002. The evolution of thermal physiology 

in ectotherms. J. Therm. Biol. 27, 249–268. https://doi.org/10.2741/E148 

Araspin, L., Martinez, A.S., Wagener, C., Courant, J., Louppe, V., Padilla, P., Measey, J., 

Herrel, A., 2020. Rapid shifts in the temperature dependence of locomotor performance in 

an invasive frog, xenopus laevis, implications for conservation. Integr. Comp. Biol. 60, 

456–466. https://doi.org/10.1093/icb/icaa010 

Arrhenius, S., 1889. Über die Reaktionsgeschwindigkeit bei der inversion von Rohrzucker 

durch säuren. Zeitschr. Physikal. Chemie, 4U, 226-248. https://doi.org/10.1515/zpch-

1889-041 

Barton, K., 2023. Package ‘ MuMIn ’ Multi-Model Interface. R Interface. 

Beck, C.W., Congdon, J.D., 2003. Energetics of metamorphic climax in the southern toad (Bufo 

terrestris). Oecologia 137, 344–351. https://doi.org/10.1007/s00442-003-1374-5 

Beck, C.W., Congdon, J.D., 2000. Effects of age and size at metamorphosis on performance 

and metabolic rates of southern toad, Bufo terrestris, metamorphs. Funct. Ecol. 14, 32–38. 

https://doi.org/10.1046/j.1365-2435.2000.00386.x 

 



 

Cabrera-Guzmán, E., Crossland, M.R., Brown, G.P., Shine, R., 2013. Larger body size at 

metamorphosis enhances survival, growth and performance of young cane toads (Rhinella 

marina). PLoS One 8, e70121. https://doi.org/10.1371/journal.pone.0070121 

Christy, M.T., 1996. The efficacy of using passive integrated transponder (PIT) tags without 

anaesthetic in free-living frogs. Aust. Zool. 30, 139–142. 

https://doi.org/10.7882/AZ.1996.004 

Denoël, M., Duret, C., Lorrain-Soligon, L, Padilla, P., Pavis, J., Tendron, P., Ficetola, G.F., 

Falaschi, M., 2022. High habitat invasibility unveils the invasiveness potential of water 

frogs. Biol Invasions 24, 3447–3459. https://doi.org/10.1007/s10530-022-02849-9 

Dodd, M.H.I., Dodd, J.M., 1976. The biology of metamorphosis, in: Lofts, B. (Ed.), Physiology 

of the amphibia. Academic Press, New York, pp. 467–599. https://doi.org/10.1016/B978-

0-12-455403-0.50015-3 

Donnelly, M.A., Guyer, C., Juterbock, J.E., Alford, R.A., 1994. Techniques for marking 

amphibians, in: Heyer W.R, Donnelly M.A, McDiarmid R.W, Hayek L.-A.C and Foster 

(Eds.), Measuring and monitoring biological diversity. Standard methods for amphibians 

Washington, DC, Smithsonian Institution Press, pp. 277–284. 

Dufresnes, C., Denoël, M., di Santo, L., Dubey, S., 2017. Multiple uprising invasions of 

Pelophylax water frogs, potentially inducing a new hybridogenetic complex. Sci. Rep. 7, 

6506. https://doi.org/10.1038/s41598-017-06655-5 

Dufresnes, C., Monod-Broca, B., Bellati, A., Canestrelli, D., Ambu, J., Wielstra , B., Dubey, 

S., Crochet, P.A., Denoël, M., Jablonski, D., 2024. Piecing the barcoding puzzle of 

Palearctic water frogs (Pelophylax) sheds light on amphibian biogeography and global 

invasions. Glob. Change Biol. 30, e17180. https://doi.org/10.1111/gcb.17180 

Evans, T.G., Diamond, S.E., Kelly, M.W., 2015. Mechanistic species distribution modelling as 

a link between physiology and conservation. Conserv. Physiol. 3, 1–16. 

https://doi.org/10.1093/conphys/cov056 

Furlow, J.D., Neff, E.S., 2006. A developmental switch induced by thyroid hormone: Xenopus 

laevis metamorphosis. Trends Endocrinol. Metab. 17, 40–47. 

https://doi.org/10.1016/j.tem.2006.01.007 

Ginal, P., Mokhatla, M., Kruger, N., Secondi, J., Herrel, A., Measey, J., Rödder, D., 2021. 

Ecophysiological models for global invaders: Is Europe a big playground for the African 

clawed frog? J. Exp. Zool. Part A Ecol. Integr. Physiol. 335, 158–172. 

https://doi.org/10.1002/jez.2432 

 



 

Gosner, K.L., 1960. A simplified table for staging anuran embryos and larvae with notes on 

identification. Herpetologica 16, 183–190. 

Gudernatsch, J.F., 1912. Feeding experiments on tadpoles. Arch. Entwickl. Org. 35, 457–483. 

https://doi.org/10.1007/BF02277051 

Huey, R.B., 1980. Sprint velocity of tadpoles (Bufo boreas) through metamorphosis. Copeia 

1980, 537. https://doi.org/10.2307/1444534 

Hulbert, A.J., Else, P.L., 2004. Basal metabolic rate: history, composition, regulation, and 

usefulness. Physiol. Biochem. Zool. 77, 869–876. https://doi.org/10.1086/422768 

IPCC, 2022. Climate change 2022: impacts, adaptation and vulnerability. Working group II 

contribution to the sixth assessment report of the intergovernamental panel on climate 

change. Cambridge Univ. Press, Cambridge, UK and New York, NY. 

https://doi.org/10.1017/9781009325844.Front 

Kelley, A.L., 2014. The role thermal physiology plays in species invasion. Conserv. Physiol. 2, 

1–14. https://doi.org/10.1093/conphys/cou045 

Kern, P., Cramp, R.L., Franklin, C.E., 2015. Physiological responses of ectotherms to daily 

temperature variation. J. Exp. Biol. 218, 3068–3076. https://doi.org/10.1242/jeb.123166 

Kim, B., 2008. Thyroid hormone as a determinant of energy expenditure and the basal 

metabolic rate. Thyroid 18, 141–144. https://doi.org/10.1089/thy.2007.0266 

Kirschman, L.J., McCue, M.D., Boyles, J.G., Warne, R.W., 2017. Exogenous stress hormones 

alter energetic and nutrient costs of development and metamorphosis. J. Exp. Biol. 220, 

3391–3397. https://doi.org/10.1242/jeb.164830 

Kruger, N., Secondi, J., du Preez, L., Herrel, A., Measey, J., 2022. Phenotypic variation in 

Xenopus laevis tadpoles from contrasting climatic regimes is the result of adaptation and 

plasticity. Oecologia 200, 37–50. https://doi.org/10.1007/s00442-022-05240-6 

Laudet, V., 2011. The origins and evolution of vertebrate metamorphosis. Curr. Biol. 21, R726–

R737. https://doi.org/10.1016/j.cub.2011.07.030 

Laurence, G.C., 1975. Laboratory growth and metabolism of the winter flounder 

Pseudopleuronectes americanus from hatching through metamorphosis at three 

temperatures. Mar. Biol. 32, 223–229. https://doi.org/10.1007/BF00399202 

Lenth, R., 2023. emmeans: Estimated Marginal Means, aka Least-squares means.  

https://CRAN.R-project.org/package=emmeans 

Lighton, J.R.., 2008. Measuring metabolic rates. A manual for scientists, 2nd edition. Oxford 

Univ. Press, Oxford. 

 



 

Lowe, W.H., Martin, T.E., Skelly, D.K., Woods, H.A., 2021. Metamorphosis in an era of 

increasing climate variability. Trends Ecol. Evol. 36, 360–375. 

https://doi.org/10.1016/j.tree.2020.11.012 

Magnus-Levy, A., 1895. Ueber den respiratorischen Gaswechsel unter Einfluss de Thyroidea 

sowie unter verschiedenen pathologische Zustand. Berlin Klin Wochschr, 32, 650-652. 

Marchetti, J.R., Beard, K.H., Virgin, E.E., Lewis, E.L., Hess, S.C., Ki, K.C., Sermersheim, 

L.O., Furtado, A.P., French, S.S., 2023. Invasive frogs show persistent physiological 

differences to elevation and acclimate to colder temperatures. J. Therm. Biol. 114, 103590. 

https://doi.org/10.1016/j.jtherbio.2023.103590 

McCann, S.M., Kosmala, G.K., Greenlees, M.J., Shine, R., 2018. Physiological plasticity in a 

successful invader: rapid acclimation to cold occurs only in cool-climate populations of 

cane toads (Rhinella marina). Conserv. Physiol. 6. 

https://doi.org/10.1093/conphys/cox072 

Michaels, C.J., Försäter, K., 2017. Captive breeding of Pelophylax water frogs under controlled 

conditions indoors. Herpetol. Bull. 142, 29–34. 

Moore, M.P., Martin, R.A., 2019. On the evolution of carry-over effects. J. Anim. Ecol. 88, 

1832–1844. https://doi.org/10.1111/1365-2656.13081 

Navas, C.A., Gomes, F.R., Carvalho, J.E., 2008. Thermal relationships and exercise physiology 

in anuran amphibians: Integration and evolutionary implications. Comp. Biochem. 

Physiol. - A Mol. Integr. Physiol. 151, 344–362. 

https://doi.org/10.1016/j.cbpa.2007.07.003 

Orlofske, S.A., Hopkins, W.A., 2009. Energetics of metamorphic climax in the pickerel frog 

(Lithobates palustris). Comp. Biochem. Physiol. - A Mol. Integr. Physiol. 154, 191–196. 

https://doi.org/10.1016/j.cbpa.2009.06.001 

Padilla, P., Herrel, A., Denoël, M., 2023. May future climate change promote the invasion of 

the marsh frog? An integrative thermo-physiological study. Oecologia 202, 227–238. 

https://doi.org/10.1007/s00442-023-05402-0 

Pandian, A.T.J., Marian, M.P., 1985. Time and energy costs of metamorphosis in the Indian 

bullfrog Rana tigrina. Copeia, 653–662. https://doi.org/10.2307/1444758 

Pille, F., Pinto, L., Denoël, M., 2021. Predation pressure of invasive marsh frogs: a threat to 

native amphibians? Diversity, 13, 595. https://doi.org/10.3390/d13110595 

Pille, F., Pinto, L., Denoël, M., 2023. Functional and temporal facets of predation by marsh 

frogs across the aquatic–terrestrial ecotone of ponds and implications in the context of 

biological invasions. Fresh. Biol., 68, 2184-2196. https://doi.org/10.1111/fwb.14186 



 

Prentis, P.J., Wilson, J.R.U., Dormontt, E.E., Richardson, D.M., Lowe, A.J., 2008. Adaptive 

evolution in invasive species. Trends Plant Sci. 13, 288–294. 

https://doi.org/10.1016/j.tplants.2008.03.004 

Robert, J., Ohta, Y., 2009. Comparative and developmental study of the immune system in 

Xenopus. Dev. Dyn., 238, 1249-1270. https://doi.org/10.1002/dvdy.21891 

Rollins‐Smith, L. A.,1998. Metamorphosis and the amphibian immune system. Immun. Rev., 

166, 221-230. https://doi.org/10.1111/j.1600-065x.1998.tb01265.x 

Ruthsatz, K., Dausmann, K.H., Reinhardt, S., Robinson, T., Sabatino, N.M., Peck, M.A., Glos, 

J., 2020. Post-metamorphic carry-over effects of altered thyroid hormone level and 

developmental temperature: physiological plasticity and body condition at two life stages 

in Rana temporaria. J. Comp. Physiol. B 190, 297–315. https://doi.org/10.1007/s00360-

020-01271-8 

Sakai, A.K., Allendorf, F.W., Holt, J.S., Lodge, D.M., Molofsky, J., With, K.A., Baughman, 

S., Cabin, R.J., Cohen, J.E., Ellstrand, N.C., McCauley, D.E., O’Neil, P., Parker, I.M., 

Thompson, J.N., Weller, S.G., 2001. The population biology of invasive species. Annu. 

Rev. Ecol. Syst. 32, 305–332. https://doi.org/10.1146/annurev.ecolsys.32.081501.114037 

Shewade, L.H., Schoephoerster, J.A., Patmann, M.D., Kulkarni, S.S., Buchholz, D.R., 2020. 

Corticosterone is essential for survival through frog metamorphosis. Endocrinol. 161, 1–

15. https://doi.org/10.1210/endocr/bqaa193 

Shi, Y.B., Fu, L., Hsia, S.C.V., Tomita, A., Buchholz, D., 2001. Thyroid hormone regulation 

of apoptotic tissue remodeling during anuran metamorphosis. Cell Res. 11, 245–252. 

https://doi.org/10.1038/sj.cr.7290093 

Shine, R., 2012. Invasive species as drivers of evolutionary change: cane toads in tropical 

Australia. Evol. Appl. 5, 107–116. https://doi.org/10.1111/j.1752-4571.2011.00201.x 

Sinai, N., Glos, J., Mohan, A. V., Lyra, M.L., Riepe, M., Thöle, E., Zummach, C., Ruthsatz, 

K., 2022. Developmental plasticity in amphibian larvae across the world: investigating the 

roles of temperature and latitude. J. Therm. Biol. 106: 103233 

https://doi.org/10.1016/j.jtherbio.2022.103233 

Steyermark, A.C., 2002. A high standard metabolic rate constrains juvenile growth. Zoology 

105, 147–151. https://doi.org/10.1078/0944-2006-00055 

Székely, D., Cogǎlniceanu, D., Székely, P., Armijos-Ojeda, D., Espinosa-Mogrovejo, V., 

Denoël, M., 2020. How to recover from a bad start: size at metamorphosis affects growth 

and survival in a tropical amphibian. BMC Ecol. 20, 24. https://doi.org/10.1186/s12898-

020-00291-w 



 

Vitt, L. J., Caldwell, J. P., 2013. Herpetology: an introductory biology of amphibians and 

reptiles. Academic press. 

Wagener, C., Kruger, N., Measey, J., 2021. Progeny of Xenopus laevis from altitudinal 

extremes display adaptive physiological performance. J. Exp. Biol. 224, jeb23303. 

https://doi.org/10.1242/jeb.233031 

Wassersug, R.J., Sperry, D.G., 1977. The relationships of locomotion to differential predation 

on Pseudacris triseriata (Anura: Hylidae). Ecology 58, 830–839. 

https://doi.org/10.2307/1936218 

Zechini, L., Lilley, A., Downie, J.R., Walsh, P.T., 2015. Why do frog and toad forelimbs 

suddenly (but asynchronously) appear, every time metamorphosis is near? Funct. Ecol. 29, 

816–822. https://doi.org/10.1111/1365-2435.12386 

Zerebecki, R.A., Sorte, C.J.B., 2011. Temperature tolerance and stress proteins as mechanisms 

of invasive species success. PLoS One, e14806. 

https://doi.org/10.1371/journal.pone.0014806 

 


