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Abstract
In expanding populations, the allocation of resources to life-history traits is expected to 
change rapidly after the colonization of a new area. Understanding these changes is of 
crucial importance to predict the future changes in distribution ranges, and the possible 
impacts of expanding species on the colonized environments. Both theoretical and empiri-
cal studies have provided some evidence for an increased dispersal at the range edge of 
expanding populations. Because this phenomenon has been documented on large spatial 
scales, it seems difficult to determine what proportion of the phenotypic variation is due 
to the expansion process (spatial sorting) versus spatial variation in the environment (local 
adaptation). The aim of our study is to determine whether, in a small and recent expand-
ing population, the dispersal capacity is increased at the range edge compared to the range 
core despite a minimal role of local adaptation. We studied the modification of dispersal 
capacity at the range edge of an expanding population of the African clawed frog, Xenopus 
laevis recently settled in Western France. To do so, we used experiments to compare move-
ments of individuals depending on their location in the population, and capture–mark–
recapture field surveys to estimate variation in traits related to dispersal across the invasive 
range. Both methods consistently showed significantly higher dispersal rates and distances, 
as well as in the relative length of the hind limb, at the range edge, for both sexes. This 
result is the first report suggesting that changes in allocation to dispersal, and not only traits 
associated with dispersal, can occur at a small geographical and temporal scale, where the 
role of local adaptation is likely minimal. This study fills a gap in an issue where it is cur-
rently crucial, for conservation purposes, to understand the mechanisms involved in range 
expansions.
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Introduction

On a global scale, an increasing number of species experience changes in their distribu-
tions. Range shifts can be the direct or indirect consequences of human activities (Channell 
and Lomolino 2000; Parmesan and Yohe 2003). These shifts are essentially driven by three 
parameters summarizing the trade-offs in the life-history traits of an individual in a popula-
tion: density dependence, dispersal, and population growth (Burton et al. 2010). According 
to simulation and empirical studies, the allocation of resources to these traits is likely to 
change during the expansion of a population’s range, resulting in different probabilities for 
an individual to reproduce, disperse, and survive depending on its location within its range, 
i.e. the core or the edge of the range (Burton et  al. 2010). Empirical evidence abounds 
concerning the increased allocation to traits related to dispersal at the range edge for sev-
eral taxonomical groups, but direct evidence of enhanced dispersal has more rarely been 
reported (Chuang and Peterson 2016). As underlined in previous studies on the dispersal 
behavior of individuals in expanding populations, great caution is necessary to correctly 
estimate dispersal rates at the range edge as underestimates may lead to an under-predicted 
expansion rate into new areas (Lindström et al. 2013).

Spatial sorting has been suggested to play a substantial role in the increased dispersal 
at the range edge to the detriment of local adaptation (Chuang and Peterson 2016; Shine 
et  al. 2011). This phenomenon is described in the context of range expansions and can 
be defined as the accumulation of traits enhancing the dispersal rate of the population at 
the expanding range edge by repeated mating between long-dispersing individuals regard-
less of how this phenotype affects the survival and reproductive success of the organisms 
(Shine et al. 2011). But recent studies have demonstrated that other factors related to the 
variation in the environment play a role in the phenotypic plasticity observed in expanding 
populations through experiments (Van Petegem et al. 2017) and field studies (Stuart et al. 
2019). Furthermore, other evolutionary mechanisms, such as local adaptation, can occur 
during range expansions, especially along environmental gradients (Colautti and Barrett 
2013). But local adaptation has been shown to have a limited influence on phenotypes in 
contexts where individuals disperse a lot, such as metapopulations (Sultan and Spencer 
2002).

Thus, discriminating the influence of spatial sorting and local adaptation in the modified 
phenotypes of the range edge individuals appears as a crucial element in the understanding 
of the phenomenon driving range expansions. To empirically study this issue, the choice 
of an accurate model must take into account the environmental context: no environmental 
gradient along the range expansion, and a significant dispersal rate in every area of the 
population, and not only at the range edge (Sultan and Spencer 2002; Colautti and Barrett 
2013) to reduce the effect of local adaptation.

This is why, in this study, we used an invasive and expanding population of the African 
clawed frog, Xenopus laevis, introduced in France during the late 1980s (Fouquet 2001) 
to assess the changes in dispersal allocation during range expansion. This species is com-
monly used in research laboratories around the world and has been introduced on four con-
tinents (Measey et al. 2012). Yet, its ecology is poorly known and empirical data on over-
land movements and dispersal behavior of this species are surprisingly rare (Measey 2016). 
Xenopus laevis, was recently classified as one of the invasive amphibians with the most 
important ecological impacts in the world (Measey et  al. 2016), and is likely to expand 
greatly in Europe over the next decades (Ihlow et  al. 2016). An increased capacity for 
endurance and a longer relative length of the hind limbs at the range edge of an expanding 
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population of X. laevis has been reported in France (Louppe et al. 2017). The species occu-
pies a restricted geographic area in France (about 2000 km2) with a very limited variation 
in climatic conditions (Joly et al. 2010), and no substantial variation in the landscape which 
is dominated by pastureland, vineyards, and crop fields. Thus, this expanding population 
represents an opportunity to empirically test the role of spatial sorting and local adaptation 
in the changes in dispersal allocation at the edge of its range.

We expect that the variation in locomotor performance observed in Louppe et al. (2017) 
is related to an actual increase in the dispersal components, the dispersal rate (the propor-
tion of dispersing individuals) and the dispersal distance (Guillon and Bottein 2011) in this 
invasive population.

Material and methods

Study area: capture method

Xenopus laevis was introduced in Western France in the 1980’s from a breeding facility 
in Bouillé-Saint-Paul (Fouquet 2001). The species has colonized a large part of the Deux-
Sèvres and Maine-et-Loire departments, and expanded through the valleys of the Thouet 
and the Layon, two tributaries of the Loire river (Fig. 1). To capture frogs, fyke nets (60 cm 
length × 30 cm width, 6 mm mesh diameter) were introduced in ponds, with a constant cap-
ture effort fixed at one fyke net for every 50 m2 of water surface. Individuals were removed 
from the fyke nets and used for the experiments or marked and released depending on the 

Fig. 1   Pond sampling for the field survey (detailed in a, b) and the experiments. For a and b, some ponds 
were located beyond the 4-km radius surrounding the surveyed ponds and are not drawn in the map
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study. We selected ponds according to their location and to their characteristics (ponds in 
pasturelands, less than 500 m2, with no detected fish, away from towns and large roads). 
Individuals used in experimental trials were euthanized by immersion in Tricaine metano-
sulfonate (MS222) after the trials (explained below) in accordance with French law. The 
release of the individuals for the capture–recapture survey was authorized through a permit 
delivered by the Préfet of the Deux-Sèvres department.

Capture–mark–recapture survey

Sampling design

A 3-year capture–mark–recapture (CMR) study was conducted in the area occupied by X. 
laevis in France, from 2014 to 2016. All ponds were visited eight times from early May 
each year, with a 3-day interval. On the first visit, each captured individual was sexed, 
measured for its Snout-vent length (SVL) and hind limb length with a digital caliper 
(Mitutoyo Absolute IP67—precision 0.01 mm). We took care to make individuals adopt 
a relaxed and flattened position before proceeding to any measurement in order to ensure 
constancy in the measured parameters. Individuals were weighed with an electronic scale 
(XL 2PP—precision 0.01  g), and marked with a passive integrated transponder (Loligo 
Systems, #AB10320) under the skin of their back, before being released in the pond where 
there were captured. On the next visits, individuals were checked for the presence of a 
transponder. The recaptures of marked individuals were recorded, if the previous capture 
occurred during the same year. New individuals were sexed, measured and marked. On the 
second and third year, on the first recapture of each individual, all measures (SVL, limb 
length, body mass) were repeated.

Study sites

Two groups of four ponds were selected at the range edge and core, respectively. The group 
of core ponds is located approximately two kilometers away from the introduction site, 
and is surrounded by a mosaic landscape dominated by pasture lands, scattered crop fields 
and woods. The edge group is located close to the northern margin in the Layon river val-
ley, 25 km away from the introduction site. The landscape surrounding the ponds is domi-
nated by pasture lands and vineyards, with scattered woods and crop fields. Both edge and 
core sampling areas are crossed by many temporary streams and surrounded by low-traffic 
roads.

Movement sampling

In 2016, after the end of the capture–mark–recapture survey, seven visits, with a 1-week 
interval between each visit, were performed in the ponds located in the area surrounding 
the core and edge groups of ponds (Fig.  1a, b). A radius of four kilometers around the 
CMR ponds was chosen for these visits (4.2 km and 5.1 km for the furthest pond at the 
range core and edge, respectively). Visits occurred in June and July 2016. On each visit, all 
individuals were checked for the presence of a transponder. For marked individuals, SVL 
and body mass were recorded, as well as limb length, the date and recapture site. The dis-
persal distance, DCMR, was calculated by dividing the distance crossed by the pond density 
in the cluster, and is expressed in kilometers travelled per pond. This correction was made 
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to control for the difference in pond density between areas as areas with more ponds per 
unit area may induce greater dispersal. This density was estimated by counting the ponds in 
a 50 km2 buffer surrounding both sampling areas. We also ran analyses on the raw, uncor-
rected data. The dispersal rate, RCMR, was estimated in each area by dividing the number of 
dispersing individuals by the total number of captured individuals.

Enclosure experiment

Experimental set‑up

To experimentally estimate dispersal we constructed a track composed of two lanes (80 m 
length × 0.7 m width × 0.5 m high). The substrate of the experimental corridors was com-
posed of grass, the height of which was maintained at 10 cm throughout the experiment. 
Plastic pools (30 × 20 × 15 cm) were filled with water and placed every 10 m with the sur-
face of the pools at ground level. The water in pools was changed before every experiment.

Data collection

A total of 451 individuals were used for this experiment. Among them, 247 (116 females 
and 131 males) and 204 (117 females and 87 males) individuals were captured at the range 
core and the range edge, respectively, in 10 ponds for each area (Fig.  1) throughout the 
activity period (from April to September, Courant et al. 2017a). The individuals used for 
this experimental study were captured in different ponds than those of the CMR survey. 
During trials, individuals were introduced at one end of the track. Dispersal movements 
occurred at night, X. laevis being mainly active during this period (Ringeis et al. 2017). 
For each trial night, a group of five males was placed in a lane and five females were intro-
duced in the other one. Thus, intersexual interference was avoided. From one night to the 
other, and for each lane, the sex and/or the end where individuals were introduced were 
changed. The distance crossed by each individual was recorded in the morning, 1 h after 
sunrise. For every individual, we noted the area (core or edge), the SVL and the length of 
the hind limb (femur, tibia, astragalus and the longest toe) with a digital caliper (Mitutoyo 
Absolute IP67—precision 0.01 mm). Body mass was measured using a digital scale (XL 
2PP—precision 0.01 g).

Before each trial, several environmental and experimental parameters were collected. 
The starting end of the corridor (End) and the lane where individuals were introduced 
(Lane) were noted. These parameters were taken into account in the statistical analysis as 
they may allow the identification of a possible experimental bias. Meteorological param-
eters were also recorded during data sampling. They were sampled by collecting the daily 
online data for the closest meteorological station (N°47.08250; W°-0.19944), or directly on 
site. For each trial night, the cloud cover (CC) was noted as a three-category factor (“1” for 
a cloud-free or slight overcast, “2” for a partial overcast, and “3” for a completely covered 
sky). Similarly, for nocturnal wind strength (NWS), we noted the absence of wind as “1” 
and a strong wind with “3”. The nocturnal rain (NR) was coded from “1” (no rain) to “3” 
(heavy rain). We also collected the maximal daily ambient temperature (MDT) and the 
moon phase. We considered the moonlight intensity (MI) following the relative brightness 
of the moon as a function of the lunar days (Nowinszky et al. 1979), i.e. the number of days 
since the last full moon.
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Statistical analyses

Morphology

To test for the effect of the sampling area on the relative length of the hind limb 
(HindR), we used the residuals of the regression of the hind limb length on the SVL in 
a linear mixed model with the area and sex as fixed effects, and the pond as a random 
effect. Only individuals that dispersed were used for this analysis. The morphological 
measurements are provided in the results as means and standard deviations (SD).

Field survey

First, we made sure that the density of individuals in the ponds of the CMR survey 
did not influence their probability to emigrate from the pond of first capture. Thus, the 
density in each pond was estimated using the number of individuals captured in each 
pond and the pond surface area. The relationship between the density and the proportion 
of emigrating individuals recorded after the 3-year survey was assessed using a linear 
regression. To analyze differences in dispersal movements between populations of the 
core and the edge of the range, we used DCMR in a linear mixed model with the cluster 
and the biological parameters of individuals, i.e. sex, SVL and HindR, as fixed effects. 
We used the capture site nested within the cluster as a random effect. We also calculated 
the dispersal rate RCMR by dividing the number of records of moving individuals by the 
total number of individuals captured for a given cluster and a given sex. We performed 
similar analyses for DCMR. Additionally, we focused on the sex-ratio of moving indi-
viduals by taking into account the number of captured individuals in each area during 
the initial CMR survey. To do so, we performed a Chi-Square test for each area with the 
number of moving individuals of each sex, with the proportion of individuals of each 
sex captured during the CMR survey.

Experiments

The effect of the capture area (range edge or range core) was tested on the dispersal 
rate, REXPE, calculated as the ratio between the number of individuals that moved and 
the number of individuals used in the experiment. The effect of the capture area was 
also calculated on the dispersal distance, DEXPE, calculated as the ratio between the esti-
mated distance and the maximal distance (80 meters) that animals could cross. These 
effects were tested using a linear mixed model for each of these dispersal traits. Envi-
ronmental (CC, MDT and MI), biological (SVL, Body mass, Sex, HindR) and experi-
mental (Month, End and Lane) parameters were used as covariates for both models. 
We added the interactions between CC and MI, MDT and NWS, and NWS and MI 
as covariates. The capture site nested in the area was used as a random predictor. To 
select the parameters significantly influencing dispersal traits, we used a backward step-
wise selection, following the recommendations of Hegyi and Laczi (2015) by using the 
stepwise-reintroduction for parameter estimation (SRPE), because the original method 
is largely criticized (Whittingham et al. 2006). This method implies to first perform a 
stepwise regression with a linear mixed model to obtain a first model with the selected 
parameters. Then, each unselected parameter is added one by one to the model with the 
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selected parameters. For parameters improving the model and having a significant effect 
(using the Akaike Information Criterion, AIC), we implemented them in the final model 
shown in the results.

Graphics and statistical analyses were performed in R 3.5.1 (R Core Team 2019), 
using the nlme package (Pinheiro et  al. 2013) to perform linear mixed models with 
backward stepwise selections and ggplot2 (Wickham 2009) to build the graphs. The 
map and the distances traveled by free-ranging frogs from the pond of first capture to 
the pond of last capture were respectively built and measured using the Quantum GIS 
software (QGD Team 2019).

Results

Morphology

For females, the mean SVL reached 87.23 mm ( ± 2.29 mm SD; N = 84) and 83.89 mm 
( ± 1.50 mm SD; N = 117) at the range core and the range edge, respectively. For males, 
it reached 70.86 mm ( ± 0.97 mm SD; N = 111) and 69.49 mm ( ± 0.88 mm SD; N = 91) 
at the range core and the range edge, respectively. The area (core vs. edge) had a signifi-
cant effect on the variation in relative hind limb length of individuals measured in the 
field survey and the experiment (linear mixed model: F1,27 = 11.03, p < 0.005), with a 
significantly higher relative hind limb length at the range edge (Fig. 2). It also differed 
between sexes (linear mixed model: F2,378 = 125.71, p < 0.0001), with a significantly 
longer relative hind limb length for males in each cluster (Fig. 2).

Fig. 2   Variation in relative hind 
limb length (limb length/snout-
vent length × 100) for males 
(unfilled triangles) and females 
(filled triangles) of Xenopus 
laevis captured at the range 
edge and the range core of the 
population introduced in Western 
France for animals included in 
the experiments and in the field 
surveys. Symbols and error bars 
represent the means and the 
standard deviations, respectively
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Dispersal estimates from the field survey

The proportion of individuals leaving the ponds where they were first captured ranged from 
8.51 to 31.48% in the ponds at the range edge, and from 4.48 to 15.18% at the range core 
(Table 1). There was no significant relationship between the animal density in a pond and 
the proportion of individuals leaving the pond (R2 = 0.31; F3,4 = 0.59; p = 0.65).

For females, the dispersal rate, RCMR, was significantly different between the range core 
and the range edge (Chi2 = 10.52, df = 1, p = 0.001), with 7.69% (12 moves) and 15.25% 
(34 moves) of the females moving at the range core and at the range edge, respectively. 
The dispersal rate was not different for males, however (Chi2 = 0.28, df = 1, p = 0.559), with 
13.36% (31 moves) and 14.40% (27 moves) for the range core and range edge, respec-
tively. The sex ratio was significantly male-biased at the range core (Chi2 = 7.13; df = 1; 
p = 0.008), with 59.79% of males (N = 232) and 40.21% of females (N = 156). However, the 
sex-ratio was not biased at the range edge, with 53.54% (N = 257) and 46.46% (N = 223) 
of males and females, respectively (Chi2 = 1.07; df = 1; p = 0.301). In agreement with these 
results, we found that the dispersal rate was not significantly male-biased at the range edge 
(Chi2 = 0.0002; df = 1; p = 0.989) and nearly significantly male-biased at the range core 
(Chi2 = 3.81; df = 1; p = 0.051).

During a 2 years time period, females travelled between 0.15 and 1.29 km at the range 
core and between 0.12 and 4.01 km at the range edge. During the same time period, males 
travelled between 0.15 and 1.52 km at the range core and between 0.20 and 3.63 km at 
the range edge. The analysis performed on the raw Euclidean distances showed that the 
distances crossed by individuals from the range edge were significantly longer than the 
distances crossed by individuals from the range core (linear mixed model: F1,97 = 16.36, 
p < 0.01). A similar result was obtained when considering the distance travelled cor-
rected by pond density DCMR (linear mixed model: F1,97 = 8.67, p < 0.05; Fig. 3b). For both 
response variables, we observed no effect of sex (linear mixed model: F1,97 = 0.45, p = 0.64) 
or relative hind limb length (linear mixed model: F1,97 = 0.02, p = 0.90) on DCMR.

Experimental estimates of dispersal traits

The proportion of moving individuals in the experimental set-up varied significantly 
(Table  2) between core (REXPE = 62.07%; N = 72) and edge females (REXPE = 71.79%; 
N = 84). For males, the pattern was analogous, with REXPE = 61.07% (N = 80) and 

Table 1   Emigration estimates after the capture–mark–recapture survey

Densities were calculated as the ratio between NTotal and the pond surface area

Population Pond ID NTotal NEmigration Emigration (%) Pond surface Density

Edge 1 376 32 8.51 315 1.19
Edge 2 79 8 11.39 466 0.17
Edge 3 54 17 31.48 504 0.11
Edge 4 30 3 10 636 0.05
Core 1 112 17 15.18 66 1.70
Core 2 67 3 4.48 491 0.14
Core 3 111 15 13.51 211 0.53
Core 4 88 9 10.23 236 0.37
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REXPE = 73.56% (N = 64) for the males of the range core and the range edge, respectively. 
There was no effect of sex on REXPE, but some environmental parameters had a significant 
effect (Table 2).

According to the linear mixed model the variables related to the experimental device 
(End and Lane), cloud cover (CC), nocturnal rain (NR), sex, snout-vent length (SVL) 
and sampling were not selected in the backward stepwise selection (Table 2). The cluster 
effect on DEXPE was, however, significant (Table 2), with a higher DEXPE for individuals 
from the range edge (Fig. 3a). The mean DEXPE at the range edge was 14.34% higher for 
males and 8.25% higher for females compared to the range core. Nocturnal wind strength 
(NWS), moonlight intensity (MI), their interaction, and the interaction of maximal daily 
temperature (MDT) with nocturnal wind strength (NWS) had significant effects on DEXPE 
(Table 2).

Discussion

We report consistent variation in the dispersal capacity of individuals captured at the edge 
and range core of the invasive range of Xenopus laevis in Western France using two differ-
ent approaches, experimental and observational. These results are based on the measure-
ment of one-time movements in an experimental track and movements detected during a 
multi-year field survey. In the experimental study, we recorded a significant increase in 
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both dispersal rate and dispersal distance from the core to the range edge. For both sexes, 
the DCMR for range-edge individuals was almost twice as high as for range-core individu-
als. The French invasive population of X. laevis is located in a relatively small area and 
the landscape is composed of a mosaic of pastureland and crop fields. The variation of 
climatic conditions is very limited across the range (Joly et al. 2010). Thus, this population 
is unlikely to face different environmental constraints across its range which could induce 
local adaptation. The introduction is also recent (30–40 years), which probably limits the 
scope for divergent selection to generate different phenotypes. The only remaining source 
of natural selection would be due to the environmental conditions at the pond level that 
could differ between clusters. We were, however, cautious in selecting ponds with environ-
mental characteristics that were as similar as possible. Moreover, the individuals occupy-
ing the core ponds were also dispersing at a non negligible rate. This supports the idea 
of a population where gene flow is important in the core areas, with a possible but not 
confirmed metapopulation organisation, which does not favour local adaptation (Sultan and 
Spencer 2002). Thus, the changes in dispersal allocation at the range edge reported in this 
study likely result from spatial sorting, as predicted by theory (Burton et al. 2010; Shine 
et al. 2011).

Despite these results, we cannot state completely on the absence of local adaptation 
amongst the drivers of the expansion of the X. laevis populations. Thus, the respective 
role of each evolutionary mechanism should be assessed using common garden experi-
ments coupled with individual-based models such as those performed on the spider mite 
by Van Petegem et al. (2016). Independent of the capture area, the rates of moving indi-
viduals were high enough to suggest that this species does not exhibit strong site fidel-
ity, an extremely variable trait among amphibians (Gamble et  al. 2007), and that it may 
be structured in metapopulations, as many other amphibians species (Smith and Green 
2005). Further analyses on the capture–mark–recapture survey may provide useful insights 
concerning the way that the populations of X. laevis are structured. The movement rate 
reported here appears larger than the values reported in the native area of X. laevis (De 
Villiers and Measey 2017). This difference may partially result from different densities in 
the hydrographic systems between Western France and the Cape region in South Africa. 
Xenopus laevis is known as principally aquatic, but the fact that our survey ponds were not 
connected by rivers or streams shows that it is capable of frequent overland movements as 
observed in the native population in South Africa (De Villiers and Measey 2017). Thus, 
our results and other empirical data (Measey 2016; De Villiers and Measey 2017) highlight 
the importance of overland movements for this species.

According to the field survey, our data suggest that females move less frequently than 
males at the range core. Male-biased dispersal rates have been reported for various species, 
and are mostly associated with sexual dimorphism, mating system, parental care, or ter-
ritoriality (Trochet et al. 2016). As far as we know, X. laevis does not display parental care, 
as it commonly consumes its own eggs and larvae (Vogt et al. 2017; Courant et al. 2017b; 
Thorp et al. 2018). Moreover, we also did not record strong changes in sexual dimorphism 
that could explain the disappearance of the male-biased dispersal rate at the range edge. 
Male X. laevis are known to defend territories from one to five square meters (Ringeis et al. 
2017), however. In contrast, enhanced competition for resources with other native species 
may occur at the range edge (Brown et al. 2013) and lead to an increased proportion of 
dispersing individuals of both sexes at the range edge. Competition for resources is indeed 
known to influence resource allocation to dispersal, especially in expanding populations 
(Burton et al. 2010). Alternatively, spatial sorting may lead to selection for individuals that 
are behaviourally more inclined to move, as recorded for the invasive cane toad in Australia 
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(Gruber et al. 2017a, b). Future empirical studies investigating the changes in competitive 
ability and studies into the behavioural tendency to move at the range edge are needed.

Conclusions

Our results suggest that the increased dispersal at the range edge of expanding popula-
tions can occur at a small spatial scale in recently founded populations, thus underscoring 
the role of spatial sorting in the expansion dynamics. Taking into account the role of this 
evolutionary process in species distribution models and conservation plans for biological 
invaders or endangered species experiencing range shifts becomes crucial as a number of 
empirical studies confirm the occurrence of this process at various spatial scales and even 
after a few generations. Hence, the colonization of X. laevis in Europe, likely enhanced by 
climate change (Ihlow et al. 2016), may be further accelerated by the increased dispersal in 
peripheral populations. Spatial sorting is expected to affect the trade-offs involving disper-
sal, with reproduction or survival, eventually imposing an upper limit to the colonization 
capacity of a population. By focusing on cases where local adaptation is unlikely to drive 
phenotypic divergence, we may gain insights into the evolutionary processes occurring 
during range expansion.
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