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Introduction

Biological invasions have increased dramatically over the past two centuries [START_REF] Seebens | No saturation in the accumulation of alien species worldwide[END_REF].

These invasions are due to anthropogenic causes [START_REF] Liendo | Invasion patterns in riparian habitats: The role of anthropogenic pressure in temperate streams[END_REF] and have changed patterns of biodiversity at a global scale [START_REF] Simberloff | Impacts of biological invasions: what's what and the way forward[END_REF]. However, most introductions do not lead to invasions and a species can be invasive in one locality but not another [START_REF] Mack | Biotic invasions: causes, epidemiology, global consequences, and control[END_REF]. Indeed, in many cases intraspecific variation in invasion success has been demonstrated, raising the question of its drivers (Zenni and Nunez 2013). Species are often introduced in regions that differ dramatically in climate or habitat from their native ranges [START_REF] Facon | A general eco-evolutionary framework for understanding bioinvasions[END_REF][START_REF] Lodge | Biological invasions: lessons for ecology[END_REF]. Consequently, introduced species will face novel environments, stressors and a host of additional selective pressures that are different from those encountered in their native range [START_REF] Novak | The role of evolution in the invasion process[END_REF]. Subsequently, these introduced populations tend to evolve different traits in their introduced compared to their native ranges [START_REF] Maron | Rapid evolution of an invasive plant[END_REF]. Many organisms that have established in novel environments have shown the potential for rapid adaptation (Richardson and Pysek 2006;Lavergne and Molofski 2007;[START_REF] Urban | The cane toad's (Chaunus [Bufo] marinus) increasing ability to invade Australia is revealed by a dynamically updated range model[END_REF], which can occur within 20 generations or less [START_REF] Prentis | Adaptive evolution in invasive species[END_REF]. For example, invasive cane toads have been shown to rapidly evolve dispersal phenotypes due to spatial sorting [START_REF] Shine | An evolutionary process that assembles phenotypes through space rather than through time[END_REF]. Whereas certain life history and phenotypic traits of invading species may facilitate expansion by enabling them to outcompete indigenous species (Catford et al. 2008;[START_REF] Cortes | Thermal ecological physiology of native and invasive frog species: do invaders perform better?[END_REF], others may prove to be disadvantageous to the invader when environmental conditions change [START_REF] Simberloff | Now you see them, now you don't! -population crashes of established introduced species[END_REF]. This suggests that a high degree of plasticity or adaptability would be beneficial for invasive species.

Selection on dispersal capacity, particularly locomotor traits [START_REF] Stevens | Variation within and between closely related species uncovers high intra-specific variability in dispersal[END_REF], can be expected to occur in expanding invasive populations once established. However, the dispersal ability of an individual depends on many features, including temperature [START_REF] Bestion | Dispersal response to climate change: scaling down to intraspecific variation[END_REF]. Understanding how temperature impacts locomotion and dispersal is thus critical to predict future range expansions. Temperature is a characteristic of an animal's habitat and one of the dimensions of the ecologic niche [START_REF] Magnuson | Temperature as an ecological resource[END_REF]. Cellular responses to temperature are linked to the metabolism supplying ATP for cellular maintenance, membrane and protein synthesis [START_REF] Hulbert | Mechanisms underlying the cost of living in animals[END_REF] and play a role in growth, reproduction, locomotor performance. Thus, these processes have direct fitness consequences [START_REF] Johnston | Thermal plasticity of skeletal muscle phenotype in ectothermic vertebrates and its significance for locomotory behaviour[END_REF]Guderley 2004). Temperature performance curves describe the physiological capacity of an organism to respond to variation in temperature [START_REF] Sinclair | Can we predict ectotherm responses to climate change using thermal performance curves and body temperatures?[END_REF][START_REF] Angilletta | Estimating and comparing thermal performance curves[END_REF] and are a useful tool to quantify the potential for a species to thrive under varying thermal conditions. Locomotor performance is particularly relevant as it is fitness-relevant [START_REF] Arnold | Morphology, Performance and Fitness[END_REF], impacting survival and prey capture (i.e. burst performance traits), and dispersal (endurance capacity). In ectotherms, locomotor performance is directly dependent on temperature and as such variation in the temperature range in a novel area may determine the success of establishment and spread of an invasive species. However, the thermal environment often varies seasonally and daily, resulting in an intrinsic plasticity in the response of most animals to temperature [START_REF] Osborn | The spatial extent of 20th-century warmth in the context of the past 1200 years[END_REF]. Consequently, a greater plasticity in the dependence of locomotor performance on temperature may predispose certain organisms to become successful invaders.

The African clawed frog, Xenopus laevis, is a principally aquatic frog native to sub-Saharan Africa [START_REF] Furman | Pan-African phylogeography of a model organism, the African clawed frog 'Xenopus laevis[END_REF] and is widely used in laboratories worldwide. This species shows important phenotypic differentiation between populations in its native range [START_REF] Preez | Population-specific incidence of testicular ovarian follicles in Xenopus laevis from South Africa: A potential issue in endocrine testing[END_REF]) suggesting that it is particularly plastic in its physiology. The escape or voluntary release of individuals has led to the establishment of populations on four continents: Asia, Europe, South America, and North America [START_REF] Measey | Ongoing invasions of the African clawed frog, Xenopus laevis: a global review[END_REF]. The invasive population from France is of particular interest due to its ongoing expansion and has been well studied in terms of its morphology and physiology [START_REF] Louppe | Differences in standard metabolic rate at the range edge versus the center of an expanding invasive population of Xenopus laevis in the West of France[END_REF], Padilla et al. 2019a,b), locomotor performance, [START_REF] Louppe | Differences in mobility at the range edge of an expanding invasive population of Xenopus laevis in the west of France[END_REF], reproduction [START_REF] Courant | Resources allocated to reproduction decrease at the range edge of an expanding population of an invasive amphibian[END_REF], behaviour [START_REF] Kruger | Anti-predator strategies of the invasive African clawed frog, Xenopus laevis, to native and invasive predators in western France[END_REF]) and genetic composition [START_REF] De Busschere | Unequal contribution of native South African phylogeographic lineages to the invasion of the African clawed frog, Xenopus laevis, in Europe[END_REF].

Moreover, negative impacts on native biota have been demonstrated (Courant et al. 2018a,b). Interestingly, the invasive population in France faces a different climate (Oceanic temperate) compared to the native climate in South Africa [START_REF] Rödder | Global realized niche divergence in the African clawed frog Xenopus laevis[END_REF]; Table 1). Given that the population has expanded rapidly over the past 40 years [START_REF] Vimercati | Asessing the effect of landscape features on pond colonisation by an elusive amphibian invader using environmental DNA[END_REF] this suggests that they either show broad thermal tolerance and plasticity or that they have adapted to the local climate.

Previous studies have suggested that future distribution scenarios for global invasions will be improved by the investigation of traits leading to invasiveness coupled to the dynamics of introduced species [START_REF] Courchamp | Invasion biology: specific problems and possible solutions[END_REF]. Moreover, a comparison of suites of morphological or physiological traits from native and non-native populations may help to understand the relationship between adaptive responses and successful invasions (Garcia et al. 2013). Studies of the thermal sensitivity of locomotor performance can provide a useful means to understand how physiological traits can limit species distributions and may help to identify and characterise future range expansions [START_REF] Chown | Adapting to climate change: a perspective from evolutionary physiology[END_REF]. The aim of the present study is to test whether the thermal sensitivity of locomotor performance differs in invasive and native populations (France and South Africa) of Xenopus laevis.

Specifically, we test whether performance breadths and optimal temperatures for stamina and burst performance in addition to critical thermal limits differ between populations. To do so we analysed terrestrial endurance and jumping capacities for individuals from the invasive (France) and native (South Africa) ranges.

Materials and methods

Individuals used in this study were caught in two different areas in South Africa (N = 30, 12 males and 18 females; KwaZulu-Natal N = 15, 8 females and 7 males; Western Cape N = 15, 10 females and 5 males). Animals from the two regions in South Africa showed no differences in their thermal responses (Stamina: F 1,24 = 0.16; P = 0.69; Burst: F 1,23 = 1.02; P = 0.322) and as such the data were pooled for all subsequent analyses. Individuals from the invasive population originated from western France (Deux-Sèvres; N = 43, 23 males and 20 females). Upon arrival in the laboratory in Paris each individual was pit-tagged allowing a unique identification. Animals were housed at the Function and Evolution laboratory of the National Museum of Natural History in Paris, France. Specimens from the native population were maintained in 30L aquaria, two per tank and those from the invasive population were housed in 65L aquaria with five to ten individuals per tank. Animals were fed thrice weekly with frozen heart beef or mosquito larvae. The temperature of water was maintained at 23°C and animals were acclimated at this temperature for two months before starting the experiments. All protocols were in accordance with the guidelines of institutional animal care and use committee at the MNHN.

Morphometrics

Body dimensions were measured following Herrel et al (2012). The mass was measured with a digital scale (Ohaus, Brooklyn, NY, USA; precision ± 0.1g) and snout-vent-length was measured using a pair of digital callipers (Mitutyo; precision ± 0.01 mm).

Critical minimal and maximal temperatures

Individuals were placed in individual containers with some water (to prevent dehydration) and put in an incubator (Aqualytic-LIEBHERR, TC 256 G/256 L/2-40°C) where temperature was decreased or increased slowly (an average of 2°C each 45 minutes and 1°C each 45 minutes from 6°C downwards for minimal temperature and from 28°C upwards for maximal temperature). Animals were warmed up slowly as their thermal inertia was substantial and faster rates resulted in animals being cooler or warmer than the temperature set on the incubator. Animals were inspected regularly and checked for the lack of a righting response. As soon as animals were no longer able to turn over after having been placed on their back, we considered that temperature (measured with a thermocouple inserted into the cloaca) to be that animal's critical temperature.

Performance

Stamina tests were performed at 19, 23, 27 and 31°C. We were unable to measure stamina at 16°C as animals warmed up during the stamina tests often up to 2°C above their initial temperature of 16°C.

The muscle contractions occurring during repeated jumping likely produce enough heat to warm up the animals over the course of a stamina trial which lasted often five to six minutes at these low temperatures. Individuals were placed in individual containers with some water (to prevent dehydration) for 3h hours in an incubator set at the desired test temperature. For each trial, body temperature was recorded using a K-type thermocouple before and after performance. The room temperature was set as close as possible to the test temperature. Measures of stamina were performed by chasing animals individually until exhaustion (animals unable to right themselves when put on their back) across a 3m long circular track with a humified cork substrate (Herrel and Bonneaud 2012;[START_REF] Louppe | Differences in mobility at the range edge of an expanding invasive population of Xenopus laevis in the west of France[END_REF]). The total distance and time to exhaustion at the end of the trial were recorded. After each trial animals were returned to their tank, fed and left to rest for at least 2 days. Trials were repeated twice per individual and the maximal time and distance were retained for further analyses.

Burst performance was measured at 16, 19, 23, 27 and 31°C. Individuals were placed in small containers with some water for 3 hours in an incubator set at the desired test temperature. Jump force data were obtained via a force plate (Kistler Instruments AG, Type 5691A; see [START_REF] Herrel | Jumping performance in the highly aquatic frog, Xenopus tropicalis: sex-specific relationships between morphology and performance[END_REF]. Animals were placed on the force plate and were stimulated to jump five or six times within a one-minute recording session. Forces were recorded at 500Hz and we used the Kistler Bioware software to extract peak X, Y and Z forces (in Newtons). We then calculated the vector sum of the three forces and used the resultant force in all further analyses. Three trials per individual were recorded and the maximum jump force across all jumps and all trials was retained for further analyses.

Statistical analyses

In order to fulfil assumptions of normality and homoscedasticity, all data were log 10 transformed before analyses. Analyses were performed using R (version i386 3.4.2; R core team). To test for differences in locomotor performance (burst and stamina) between populations, univariate analyses (ANOVAs) were run. Within populations (i.e. South Africa and France) we further tested for effects of temperature, mass, sex, snout-vent-length (SVL) and their interactions on locomotor performance using repeated measures multivariate analyses of variance (MANOVAs). Next, pairwise multiple comparisons tests (pairwise.t.test, "Stats" package version 3.4.2) with Bonferroni-Holm adjusted pvalues to test which temperatures differed from one another (temperature range: Stamina [19,23,27,31°C]; Burst [16,19,23,27,31°C]). For each individual thermal performance curves [START_REF] Angilletta | Thermal adaptation: a theoretical and empirical synthesis[END_REF] were created using the minimum convex polygon method [START_REF] Van Berkum | Evolutionary patterns of the thermal sensitivity of sprint speed in Anolis lizards[END_REF].

Optimal temperatures as well as temperature breadths T pb80 and T pb95 were analysed using univariate analyses of variance (ANOVAs) to test for differences between populations and performance traits.

Results

Within the native population (South Africa) a significant difference in snout-vent-length (SVL) (F 1,24 = 36.56; P < 0.001;) and mass (F 1,24 = 40.22; P < 0.001) was observed with females being larger than males (Table 2). No differences in mass and SVL were observed between sexes in our sample of the invasive population (France).

Stamina

Temperature significantly affected the maximal distance jumped until exhaustion in native (F 3,54 = 58.87, P < 0.001;) and invasive X. laevis (F 1,32 = 42,68; P < 0.001; Fig. 1, Table 3). Snout-vent length had a significant effect on the maximum distance jumped in native X. laevis (F 3,96 = 159.04, P < 0.001).

Temperature also had a significant impact on the time spent jumping until exhaustion for the native (F 3,54 = 113.52, P < 0.001) and invasive populations (F 3,96 = 151.48, P < 0.001). Moreover, the time spent jumping was dependent on the mass of the individuals (F 3,54 = 2.98, P = 0.04). In the invasive population, a significant interaction between sex and temperature was observed (F 3,96 = 3.76, P = 0.013). Post-hoc tests showed that, in terms of distance, French frogs performed significantly differently between each temperature (P < 0.001) in contrast to frogs from South Africa which differed for some but not all temperatures (Table 4). Post-hoc tests on the time to exhaustion showed significant differences between all temperatures for both populations (Invasive: P < 0.001; native: P < 0.05). Native frogs performed significantly better than invasive frogs at 23 °C (F 1,64 = 47.91, P < 0.001), 27 °C (F 1,64 = 34.01, P < 0.001), and 31 °C (F 1,64 = 21.99, P < 0.001), but not 19 °C (F 1,64 = 0.448, P = 0.51). The time to exertion further differed significantly between populations at all tested temperature (P < 0.001, for all temperatures) with invasive frogs becoming exhausted sooner.

Burst performance

Temperature significantly affected burst performance in the native population (F 4,70 = 20.854; P < 0.001; Fig. 2,Table 5). Snout-vent length and mass also significantly impacted jump force in these animals (SVL: F 1,17 = 10.77, P = 0.004; mass: F 1,17 = 7.17, P = 0.015). In the invasive population, temperature also significantly affected jump force (F 4,118 = 17.73, P < 0.001; Fig. 2,Table 5). Jump force was further also dependent on snout-vent length and sex in the invasive population (SVL: F 4,118 = 2.94, P = 0.023; sex: F 4,118 =5.25, P < 0.001). Post-hoc tests demonstrated significant differences between some, but not all, temperatures irrespective of the population of origin (Table 6). No significant differences in burst performance were detected between populations at the different test temperatures (P > 0.05; Table 5).

Optimal temperature, critical temperatures, and performance breadths

Temperature optima varied significantly between populations for stamina (Topt France : 19.36°C; Topt South Africa : 21.56 °C; F 1,56 = 28.3, P < 0.001; Table 7). For burst performance no differences in optimal temperature were detected, however (Topt France : 23.94°C; Topt South Africa : 24.48°C; P > 0.05).

There were no significant differences between populations in their 80 and 95% thermal performance breadths (all P > 0.05). However, there are significant differences in the upper and lower limits of the performance breadth interval (80%: F 1,56 =6.87, P < 0.01; 95%: F 1,56 =35.07, P < 0.005; Table 7, Figs. 1,2) indicating a left-shift of the temperature performance curve. Critical temperatures did not significantly differ between populations (CT min : F 1,50 =0.079, P = 0.78; CT max F 1,68 =3.31, P = 0.07; Table 8).

Discussion

Critical temperatures

When organisms are confronted with temperatures approaching their thermal tolerance limits, they can often avoid these using behavioural strategies [START_REF] Sinclair | Can we predict ectotherm responses to climate change using thermal performance curves and body temperatures?[END_REF]. Outside its physiological range an organism cannot maintain locomotor function and ultimately cannot survive [START_REF] Angilletta | Thermal adaptation: a theoretical and empirical synthesis[END_REF]. This is a direct consequence of the thermal sensitivity of metabolic processes [START_REF] Gillooly | Effects of size and temperature on metabolic rate[END_REF]. Behavioural modulation may be less easy for principally aquatic animals like X. laevis and consequently the thermal tolerance limits can be expected to be broad. The thermal tolerance limits measured here were relatively broad. However, ectotherms from high latitudes often have even broader thermal breadths as thermal tolerance breadth increase with increasing latitude [START_REF] Sunday | Global analysis of thermal tolerance and latitude in ectotherms[END_REF]. In our study thermal limits did not differ significantly between the native and invasive populations (France: 4.1 to 31.7 °C; South Africa: 4.3 to 31.4 °C) (Table 8). Thus, the invasive population has conserved the same physiological limits as the native population, in accordance with the idea that thermal ecology is conserved in many reptiles and amphibians [START_REF] Sinervo | Erosion of lizard diversity by climate change and altered thermal niches[END_REF].

Moreover, if the limits in the native range are broad enough to cover the range of active temperatures in the invasive range, no changes would be expected.

Locomotor performance

Metabolism imposes strong constraints on resource allocation to fitness-relevant traits [START_REF] Brown | Toward a metabolic theory of ecology[END_REF]). Previous studies have suggested that thermal performance curves tend to have the same shape, with performance increasing with increasing temperature until a maximum is reached at the optimal temperature (T opt ) and then rapidly decreasing [START_REF] Angilletta | The evolution of thermal physiology in ectotherms[END_REF]. Invasive and native populations in our study showed similar shapes of the thermal performance curve (Figs. 1,2).

Interestingly, the temperature optima differed between the different performance traits with burst performance showing a higher optimal temperature than endurance capacity. This is in accordance with previous studies showing that thermal optima and preferences can differ for different performance tasks [START_REF] Huey | Integrating thermal physiology and ecology of ectotherms: A discussion of approaches[END_REF][START_REF] Van Damme | The thermal dependence of feeding behaviour, food consumption and gut-Passage time in the lizard Lacerta vivipara, Jacquin[END_REF][START_REF] Martin | Why "suboptimal" is optimal: Jensen's inequality and ectotherm thermal preferences[END_REF], Herrel and Bonneaud 2012). Burst performance appears to be physiologically optimised at higher temperatures than endurance capacity. In many animals jump performance increases with increasing temperature [START_REF] James | How important are skeletal muscle mechanics in setting limits on jumping performance?[END_REF][START_REF] James | Warmer is better: thermal sensitivity of both maximal and sustained power output in the iliotibialis muscle isolated from adult Xenopus tropicalis[END_REF] until a physiological limit threshold [START_REF] Hirano | Jumping performance of frogs (rana pipiens) as a function of muscle temperature[END_REF].

Moreover, it has been shown that the power produced by the iliotibialis muscle in Xenopus tropicalis increases with temperature, suggesting that warmer is better for burst performance (Herrel and[START_REF] James | Warmer is better: thermal sensitivity of both maximal and sustained power output in the iliotibialis muscle isolated from adult Xenopus tropicalis[END_REF], in accordance with our results.

Optimal temperatures for endurance capacity differed between native and invasive populations (South Africa: 21.56°C, France: 19.36°C). Moreover, the absolute endurance was significantly greater in frogs from the native population, except at 19°C. Thus, invasive frogs performed relatively better at cooler temperatures compared to the native South African frogs. In France, the climate is colder than in South Africa (Table 1), a significantly different climatic niche compared to that in the native range [START_REF] Rödder | Global realized niche divergence in the African clawed frog Xenopus laevis[END_REF]. The observed differences in thermal optima appear correlated with differences in environmental temperatures (Table 1), in accordance with the prediction that the thermal optimum will be set at the temperature most encountered in the environment [START_REF] Huey | Evolution of resistance to high temperature in ectotherms[END_REF][START_REF] Navas | Thermal relationships and exercise physiology in anuran amphibians: Integration and evolutionary implications[END_REF]). Variation in muscle contraction kinetics can explain variation in locomotor speed (John-Alder 1989) and oxygen transport relevant for endurance capacity. In amphibians, the maximal rate of oxygen consumption is strongly dependent on temperature [START_REF] Seymour | Behavioral thermoregulation by juvenile green toads, Bufo debilis[END_REF]. Indeed, even the resting or basal metabolism in amphibians increases with temperature [START_REF] Whitford | The effects of temperature on respiration in the amphibia[END_REF]. In contrast to endurance capacity, native and invasive populations performed equally well for burst performance. It has been demonstrated previously that force production is less temperature dependent compared to muscle contractive velocity or metabolic rate [START_REF] Herrel | Fight versus flight: physiological basis for temperature dependent behavioral shifts in lizards[END_REF]) and as such the lack of differences in the thermal dependence of jump force is not unexpected.

Performance breadths

In addition to the shift in the thermal optimum for endurance capacity, a shift in the 80% thermal performance limits for endurance capacity was observed between the native and invasive populations. Indeed, the thermal performance curve shows a left-shift towards cooler temperatures of about two degrees in the invasive population. Consequently, the invasive French population appears better adapted to lower temperatures for endurance. However, the absolute breadth of the performance curve did not differ between populations showing that the overall shape of the performance curve did not evolve. This may suggest a level of intrinsic constraint to the ability in X. laevis to broaden its temperature performance curve beyond certain physiological limits.

Plasticity has a clear and ubiquitous role in promoting phenotypic changes in response to climate variation [START_REF] Pigliucci | Evolution of phenotypic plasticity: where are we going now?[END_REF][START_REF] Urban | Plasticity and genetic adaptation mediate amphibian and reptile responses to climate change[END_REF]. As temperature affects both locomotion and skeletal muscle performance, some ectotherms show acclimation under different thermal environments in order to maintain skeletal muscle and locomotor performance [START_REF] Johnston | Thermal plasticity of skeletal muscle phenotype in ectothermic vertebrates and its significance for locomotory behaviour[END_REF]Padilla et al., 2018a). However, other studies have shown that thermal physiology may evolve. For example, in Limnodynastes peronii differences appear among populations with populations from cooler environments tending to perform better at lower temperatures [START_REF] Wilson | Geographic variation in thermal sensitivity of jumping performance in the frog Limnodynastes peronii[END_REF]). As the invasive population expressed differences in the optimal temperature for endurance and shifts in the thermal limits despite being kept in a common environment for several months at identical temperatures, our results suggest that X. laevis has effectively adapted to the thermal environment of its invasive range in France. As French individuals are derived from two distinct genetic lineages from southern Africa [START_REF] De Busschere | Unequal contribution of native South African phylogeographic lineages to the invasion of the African clawed frog, Xenopus laevis, in Europe[END_REF], the genetic admixture could have facilitated the observed thermal adaptation.

Species distribution models (SDM) are commonly used in ecological and evolutionary studies and use geographic information on species presence and absence in different climatic zones [START_REF] Brown | SDMtoolbox: a python-based GIS toolkit for landscape genetic, biogeographic and species distribution model analyses[END_REF] to make predictions on future ranges under different scenarios of climate change (Ilhow et al. 2016). However, our data show rapid changes in the thermal performance of dispersal capacity (i.e. endurance) in the invasive population of X. laevis that are not taken into account in these SDMs.

Although the future distribution of X. laevis is likely to increase with climate change (Ilhow et al. 2016), these predictions do not include the ability of X. laevis to rapidly adapt to different climatic conditions and likely underestimate the future invasion potential of the species. Future modelling efforts should focus on incorporating physiological information on the thermal dependence of dispersal as well as potential for adaptation. 

Figure 1 :

 1 Figure 1: temperature performance curves illustrating the impact of temperature on endurance capacity in terms of distance (A, C) and time (B, D) for X. laevis from France (A, B) and South Africa (C, D). Indicated are the 80% thermal performance breadths for each trait and each population. Symbols represent means ± standard errors of the mean.

Figure 2 :

 2 Figure 2: temperature performance curves illustrating the impact of temperature on jump force for X. laevis from France (top) and South Africa (bottom). Indicated are the 80 % thermal performance breadths for each trait and each population. Symbols represent means ± standard errors of the mean.
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