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Abstract

Human activities affect microevolutionary dynamics by inducing environmental

changes. In particular, land cover conversion and loss of native habitats decrease

genetic diversity and jeopardize the adaptive ability of populations. Nonetheless,

new anthropogenic habitats can also promote the successful establishment of

emblematic pioneer species. We investigated this issue by examining the popula-

tion genetic features and evolutionary history of the natterjack toad (Bufo [Epi-

dalea] calamita) in northern France, where populations can be found in native

coastal habitats and coalfield habitats shaped by European industrial history, along

with an additional set of European populations located outside this focal area. We

predicted contrasting patterns of genetic structure, with newly settled coalfield

populations departing from migration–drift equilibrium. As expected, coalfield pop-

ulations showed a mosaic of genetically divergent populations with short-range

patterns of gene flow, and native coastal populations indicated an equilibrium

state with an isolation-by-distance pattern suggestive of postglacial range expan-

sion. However, coalfield populations exhibited (i) high levels of genetic diversity,

(ii) no evidence of local inbreeding or reduced effective population size and (iii)

multiple maternal mitochondrial lineages, a genetic footprint depicting independent

colonization events. Furthermore, approximate Bayesian computations suggested

several evolutionary trajectories from ancient isolation in glacial refugia during the

Pleistocene, with biogeographical signatures of recent expansion probably con-

founded by human-mediated mixing of different lineages. From an evolutionary

and conservation perspective, this study highlights the ecological value of indus-

trial areas, provided that ongoing regional gene flow is ensured within the existing

lineage boundaries.
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1 | INTRODUCTION

Anthropogenic land-use changes are by far the most important con-

temporary cause of native habitat loss and landscape fragmentation

(Fischer & Lindenmayer, 2007). The loss of habitats and isolation of

populations can decrease levels of gene flow among populations

and reduce the effective population size (Ne), two key components

of population genetic variability (Baguette, Blanchet, Legrand, Ste-

vens, & Turlure, 2013; Ellegren & Galtier, 2016). This is a major

threat to a wide array of taxa, especially amphibians that are the

vertebrate lineage with the highest number of species facing extinc-

tion (Allentoft & O’Brien, 2010; Beebee & Griffiths, 2005; Rivera-

Ort�ız, Aguilar, Arizmendi, Quesada, & Oyama, 2015; Wake & Vre-

denburg, 2008). The vulnerability of amphibians facing habitat loss is

attributed to numerous factors including relatively limited dispersal

capabilities, high breeding site fidelity, a complex life cycle requiring

different types of habitats (aquatic habitats for breeding period and/

or larvae stages and terrestrial habitats otherwise) often combined

with narrow habitat tolerance, and generally small Ne with high

demographic fluctuations (Beebee & Griffiths, 2005; Lourenc�o,
�Alvarez, Wang, & Velo-Ant�on, 2017; McCartney-Melstad & Shaffer,

2015).

Anthropogenic habitats can differ from native habitats with

respect to their colonization history and may have different evolu-

tionary effects (Alberti, 2015). Urban environments can host trapped

and isolated populations. In this context, recent studies investigated

the strength of genetic drift induced by reduced functional connec-

tivity across an urban matrix (e.g., Beninde et al., 2016; Furman, Sch-

effers, Taylor, Davis, & Paszkowski, 2016; Lourenc�o et al., 2017;

Munshi-South, Zak, & Pehek, 2013). However, it appears that new

anthropogenic habitats can also promote the establishment of pio-

neer species in highly disturbed areas (Amici et al., 2015; Flavenot,

Fellous, Abdelkrim, Baguette, & Coulon, 2015). This is particularly

true for postindustrial environments such as former mining areas

that may act as biodiversity refugia (Brock, Aboling, Stelzer, Esch, &

Papenbrock, 2007). Nonetheless, studies dealing with population

genetic features in such a posteriori-colonized environments are very

scarce and, to the best of our knowledge, only focused on a few

plant species (Brock et al., 2007; Esfeld et al., 2008; Pauwels et al.,

2012; Prinz, Weising, & Hensen, 2009). Our work aimed at bridging

this gap by assessing the current genetic patterns and evolutionary

history of an amphibian species in natural and reclaimed coal mine

environments.

In northern France, three centuries of coal extraction has led

to high habitat fragmentation and the formation of spoil heaps,

that is, artificial hills constituted by mineral materials extracted

with the coal. Spoil heaps (some of which cover 90 ha and exceed

140 m in height) have thin and nutrient-poor soil. Since the cessa-

tion of mining activities in the late 1980s, spoil heaps have consti-

tuted new continental xeric primary ecosystems suitable for

pioneer species, as well as a specialized flora adapted to anthro-

pogenic metal stress (Godin, 2002; Lemoine, 2012; Pauwels et al.,

2012). Presented as a negative symbol for a long time, the spoil

heaps of northern France are the latest addition to UNESCO’s

world heritage list and landowners, agencies and volunteer associa-

tions all work to protect this cultural and natural heritage and to

improve habitats for biodiversity and wildlife monitoring (Lemoine,

2012).

In this study, we investigated the population genetic structure of

the natterjack toad (Bufo [Epidalea] calamita, Laurenti, 1768) that

established in this new human-modified habitat, and examined the

related historical process of colonization. The natterjack toad is a

protected pioneer anuran species characterized by a wide geographi-

cal distribution ranging from central and western Europe and extend-

ing northwards to Sweden (Rowe, Harris, & Beebee, 2006). This

species generally establishes in nutrient-poor environments with

open and unshaded light sandy soils, such as coastal dunes, lowland

heaths, semi-deserts and meadows or marshes (Beebee & Denton,

1996; Denton, Hitchings, Beebee, & Gent, 1997; Wilkinson & Grif-

fiths, 2013). Species occurrence declines in the northern parts of its

range where populations are more fragmented and isolated (Allen-

toft, Siegismund, Briggs, & Andersen, 2009). Based on historical

records dating back to 1878 and current mapping within the coal-

field areas of northern France, the natterjack toad was historically

present in inland semi-natural habitats in the direct vicinity of mining

areas. Subsequently, this species successfully settled on the slopes

and in the surroundings of abandoned spoil heaps that constitute

suitable breeding and resting habitats with temporary ponds (Godin,

2002). Today, most historical semi-natural populations previously

located in the neighbourhood of the spoil heaps became extinct or

undetectable (see Fig. S1, Godin, 2002; Lemoine, 2012). Outside the

former coalfields, there are numerous populations established along

the coastline area in coastal sand dunes and saltmarshes known to

be their “native habitats.”

We conducted an extensive population genetic structure analy-

sis based on both nuclear and mitochondrial data. We performed

an exhaustive sampling of natterjack toad populations located in

the anthropogenic habitats of the mining area and the natural

coastal areas of northern France. Our main objectives were (i) to

determine whether coastal natural and inland coalfield populations

differ in terms of patterns of genetic structure and (ii) to assess the

colonization and evolutionary history of inland coalfield populations.

Owing to founder effects during the establishment of coalfield pop-

ulations and to high habitat fragmentation impeding gene flow, our

expectations were twofold. First, we expected reduced migration

and increased drift for mining area populations compared to native

coastal populations, with higher levels of genetic differentiation and

lower levels of genetic diversity. Next, we hypothesized a common

ancestry between coastal natural populations and mining area pop-

ulations, the latter being thought to be founded by natural colo-

nization events and/or accidental translocations of individuals

during former mining activities from previous semi-natural inland

habitats hosting the natterjack toad (Godin, 2002). Lastly, we dis-

cussed the evolutionary implications and validity of our findings for

the long-term management of pioneer species in anthropogenic

areas.
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2 | MATERIALS AND METHODS

2.1 | Study area

Northern France is a broad open plain with, in the west, a shoreline

composed of cliffs and wide beaches sheltering wildlife protection

areas and, in the east, inland areas mainly composed of anthro-

pogenic habitats (Figure 1a and Fig. S1). The coalfield area of north-

ern France covers 1,200 km2 from east to west (Figure 1a). This

industrial area illustrates the significant human impact with land-

scapes shaped over three centuries by coal extraction, which was

virtually a monoindustry in this region from the 1700s to the 1900s.

Coal activities led to the formation of more than 300 spoil heaps

connected by railways along with extensive urban development.

Today, the mining area consists of a very fragmented landscape

dominated by urban habitats and conventional farming and crossed

by several chains of spoil heaps constituting new continental open

habitats. Some spoil heaps are still exploited for schist extraction;

others have been abandoned or are now managed for leisure or

wildlife protection. Natural early-successional habitats such as

coastal sand dunes are likely to be the primary “native” sites for

B. calamita. This species has now successfully colonized numerous

spoil heaps, potentially from former semi-natural habitats such as

marshes or grassland in the neighbourhood of coalfield areas

(Fig. S1). Our sampling thus focused on the newly colonized mining

area and the neighbouring coastal area of northern France likely to

host native populations. Additional populations located in different

areas of the biogeographical range were also collected to calibrate

the genetic divergence of coastline and mining area populations of

northern France and to shed light on the settlement history of the

natterjack toad in this peculiar area (Figure 1a).

2.2 | Sampling procedure

Overall, a total of 68 populations (1,209 adult individuals) were sam-

pled. We collected DNA from 959 B. calamita individuals in 53 dif-

ferent populations in the focal study area in northern France, with a

mean (�SD) of 18 � 12 individuals sampled per population: 32 pop-

ulations (MA-1 to MA-32) were located within the mining area and

21 populations (C-1 to C-21) were located along the coastal area

(Figure 1a, Table 1). To date, no B. calamita populations have been

recorded between the coastal and coalfield areas, and we consider

population sampling to be exhaustive based on reported locations

from 20 years ago (Godin, 2002; Fig. S1). To assess broad genetic

structure patterns and test the origin of northern France populations,

250 additional individuals were collected from 15 populations in

other parts of the B. calamita geographical distribution with a mean

(�SD) of 17 � 6 individuals per population; 12 of these populations

F IGURE 1 (a) Location of the 68 populations of Bufo [Epidalea] calamita sampled in western Europe. Inset map focuses on fine-scale
geographical distribution of 53 populations located in the focal study area in northern France, with circle sizes being proportional to the
number of sampled individuals. Shaded area indicates the location of the coalfield area in northern France. (b) Results of Bayesian clustering
assignment probability of individuals (barplot on the left) and of populations (maps on the right) giving their membership in K = 5 genetic
clusters. Each individual is represented by a thin line partitioned into K coloured segments displaying the individual estimated membership
fractions in K clusters. Each population is represented by a diagram partitioned into K colours displaying the mean population estimated
membership fractions in K clusters
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were collected in other regions of France, two in Switzerland and

one in Sweden (see Figure 1a and Table 1). Individuals were caught

by night during the breeding period (from March to June). Each

locality was sampled once in 2013 or 2014. A noninvasive sampling

method was used (Broquet, Berset-Braendli, Emaresi, & Fumagalli,

2006). Plain sterile 15SC Copan (Brescia Italia) swabs were used to

take samples of buccal cells for each captured individual and were

stored at �20°C or dried prior to DNA extraction in the laboratory.

Individuals were immediately released after buccal swabbing.

2.3 | Laboratorial procedures and data quality
control

Whole genomic DNA was extracted from swabs using Macherey-

Nagel (D€uren, Germany) NucleoSpin� 96 trace kits following the

standard protocol outlined in the manufacturer’s handbook. To

assess nuclear DNA polymorphism, all samples were genotyped at

37 nuclear microsatellite loci (Table 1). Of these loci, 15 are

described in Rowe, Beebee, and Burke (1997, 2000) and Rogell, Gyl-

lenstrand, and H€oglund (2005) and 22 are recently developed loci,

described in Faucher, God�e, and Arnaud (2016) (see Table S1).

Amplification procedures (PCR), multiplexing and genotyping were

carried out following the standard protocols described in Faucher

et al. (2016). PCR products were analysed using an ABI Prism

3730xl Analyzer (Applied Biosystems, Foster City, CA), and multilo-

cus genotypes were manually scored using GENEMAPPER 3.7 software.

Individuals that failed to amplify or that showed dubious genotypes

underwent a second round of PCR. All the 1,209 individuals were

successfully genotyped at the 37 loci with an overall missing data

rate of 1.95%.

Analyses of genetic diversity were applied to 62 populations (of

68) characterized by a minimum sample size of seven genotyped

individuals. The six remaining populations were only used for the

Bayesian clustering analyses (see below). Linkage disequilibrium (LD)

among pairs of loci and across populations was tested using a log-

likelihood ratio statistic described in Raymond and Rousset (1995).

Departures from Hardy–Weinberg (HW) equilibrium were tested for

hypotheses of either excess or deficit in heterozygotes using a multi-

sample score test, which defines a global test across populations

(Rousset & Raymond, 1995). In both cases, the Markov chain

method implemented in the software GENEPOP v4.4.3 (Rousset, 2008)

provided unbiased estimates of probability using the following

parameters: 10,000 dememorizations, 1,000 batches and 10,000 iter-

ations per batch. Because multiple statistical tests were performed,

we applied a sequential Bonferroni correction to p-values for a fam-

ily-wise error rate of a = .05 (Rice, 1989).

Mitochondrial genetic diversity was also investigated using single

nucleotide polymorphisms (SNPs) with a “kompetitive” allele-specific

PCR (KASPar) genotyping assay method and primers defined by K

Biosciences (Hoddesdon, UK), as described in Faucher et al. (2016).

Fifteen SNPs located along a total of 2,200 bp from the D-loop and

the 16S gene and previously found to be polymorphic were sur-

veyed using amplification procedures and detection of polymorphismT
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as in Faucher et al. (2016). An average of 11 individuals per popula-

tion were genotyped (see Table 1). Overall, the 15 SNPs were suc-

cessfully amplified for 750 individuals on 855 chosen randomly

(1.7% missing SNP data per locus). Individuals with SNP missing data

were discarded from further analyses. Finally, each SNP combination

was treated as a single haplotype because the mitochondrial genome

is inherited as a single linkage unit.

2.4 | Genetic diversity and contemporary Ne

Each population was described by calculating the total number of

alleles observed in nuclear microsatellites (AT), the average number

of alleles per nuclear locus (An), the observed heterozygosity (HO),

the gene diversity (HE) and the number of mitochondrial haplotypes

(MT). Similarly, allelic richness (Ar) and haplotypic richness (Mr) were

estimated after accounting for population variation in sample sizes

with a rarefaction method and a hierarchical sampling design imple-

mented in the software package HPRARE (Kalinowski, 2005). As a mea-

sure of individual inbreeding, the internal relatedness (IR) was

estimated for each individual using the R package GENHET (Coulon,

2009).

Long-term and contemporary Ne shapes current levels of genetic

diversity and determines the strength of genetic drift (Ellegren &

Galtier, 2016). Ne was estimated using the LD method described in

Waples (2006) and implemented in NEESTIMATOR v2.0 (Do et al.,

2014). This estimator is fairly robust to violations of the closed-

population assumption when migration rates are moderate (Waples

& England, 2011). Alleles with frequency less than 5% were excluded

and 95% confidence intervals were obtained by jackknifing across

loci. Ne estimates are very sensitive to reduced sample sizes, even

when a large number of loci are employed (Wang, 2016). Popula-

tions with sample sizes ≤15 were therefore excluded from the analy-

ses. Overlapping generations may also bias contemporary Ne

estimates which should be interpreted with cautions (Waples, Antao,

& Luikart, 2014). Nonetheless, LD estimations of Ne allow reliable

relative comparisons across populations (e.g., Lourenc�o et al., 2017;

Wang, 2012).

2.5 | Population genetic affiliation and levels of
genetic differentiation

Population genetic affinities were first described with a neighbor-

joining (NJ) tree based on pairwise genetic Cavalli-Sforza and

Edwards (1967) distances (DCE), using POPULATIONS 1.2.32 software

(http://bioinformatics.org/~tryphon/populations/). For a visual

assessment of the mitochondrial geographical distribution, haplotype

distribution was mapped and genealogical relationships among haplo-

types were estimated using a median-joining haplotype network

drawn with POPART (http://popart.otago.ac.nz).

Next, we used a nonspatially explicit Bayesian clustering analysis,

without any a priori population affiliation, as implemented in the

program STRUCTURE v 2.3.4 (Hubisz, Falush, Stephens, & Pritchard,

2009; Pritchard, Stephens, & Donnelly, 2000). This analysis was

applied on two data sets: (i) a full data set comprising 68 populations

and (ii) a data set comprising 53 populations sampled in the focal

area of northern France (Figure 1a). We used 500,000 burn-in Mar-

kov chain Monte Carlo (MCMC) iterations followed by 5 9 106

MCMC iterations post-burn-in, carried out on 30 replicates for each

value of the tested number of clusters (K) ranging from 2 to 53 or

68 (depending on the focal population data set surveyed). The most

likely K was evaluated using the calculation of the ad hoc statistic

DK following Evanno, Regnaut, and Goudet (2005). CLUMPP v 1.1

(Jakobsson & Rosenberg, 2007) and DISTRUCT v 1.1 (Rosenberg, 2004)

were used to identify the most likely clustering solution among repli-

cated runs and for graphical display, respectively. As suggested by

Puechmaille (2016), we controlled for the effect of uneven sampling

schemes: additional analyses were performed with even sample sizes

per geographical cluster previously observed. For this, 22 popula-

tions (mean 6 per genetic cluster, totalizing 376 individuals) were

randomly chosen. As a complementary analysis free of any genetic

assumptions, a spatial principal component analysis (sPCA, Jombart,

Devillard, Dufour, & Pontier, 2008) was also performed as described

in Fig. S5.

Genetic differentiation was assessed using F-statistics according

to the Weir and Cockerham (1984) ANOVA procedure on nuclear

data across loci and populations using SPAGEDI version 1.4 (Hardy &

Vekemans, 2002). Mono- and multilocus intrapopulation fixation

indices (FIS) and interpopulation fixation indices (FST) were estimated

and tested for significance using 10,000 permutations. Mitochondrial

genetic differentiation was further assessed using GST, an estimator

equivalent to FST (Pons & Petit, 1996), also using SPAGEDI and tested

for significance with 10,000 individual permutations among popula-

tions. To evaluate how observed genetic structure is shaped by con-

temporary gene flow or is a vestige of past historical events, mean

mitochondrial GST estimates were compared to mean NST estimates,

an index of genetic differentiation accounting for phylogenetic dis-

tances between mitochondrial haplotypes (Pons & Petit, 1996). Like-

wise, FST estimates were also compared to the index of genetic

differentiation RST, which is based on variance in allelic size (Slatkin,

1995). NST and RST estimates were compared to GST and FST esti-

mates using 10,000 permutations of genetic distance between hap-

lotypes and of allele size, respectively, using SPAGEDI.

2.6 | Statistical comparison of genetic parameters
and spatial genetic structure (SGS) patterns

We tested for significant differences in mean genetic diversity (HE,

HO, Ar, Mr), Ne estimates, mean IR and mean pairwise FST among the

main inferred genetic clusters (see above) in the focal study area in

northern France. One-way analysis of variance (ANOVA) was used in

cases where the data followed normality and homoscedasticity, while

a nonparametric Kruskal–Wallis test was used when assumptions

were not met. When statistically significant differences were

detected, a post hoc Tukey–Kramer HSD’s test or a post hoc Kruskal

multicomparison test was performed for ANOVA and Kruskal–Wallis

test, respectively. For nuclear genetic diversity, a generalized linear
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model with loci set as random effect, followed by a multicomparison

test on means by Tukey’s contrast, was further used to test for sig-

nificant differences among genetic clusters (R packages, “lme4,”

Bates, M€achler, Bolker, & Walker, 2015 and “multcomp,” Hothorn,

Bretz, & Westfall, 2008).

The occurrence of SGS was tested at the individual level by apply-

ing spatial autocorrelation analyses as implemented in SPAGEDI. Nason’s

kinship coefficient Fij (Loiselle, Sork, John, & Graham, 1995) was cho-

sen as a pairwise estimator of individual genetic relatedness, as it has

robust statistical properties (Vekemans & Hardy, 2004). To visualize

SGS, Fij values were averaged over a set of 10 distance classes defined

to obtain the same number of individual pairs within each distance

class. Standard errors of Fij were estimated using a jackknifing proce-

dure over loci. Significance of Fij estimates was calculated by 10,000

permutations of individual locations for the nuclear and the mitochon-

drial haplotype data set. To quantify and compare the strength of SGS

among populations without arbitrarily setting geographical distance

intervals, we used the Sp statistics (Vekemans & Hardy, 2004). Caution

is also required when interpreting the extent of positive SGS displayed

by the first x-intercept of correlograms (Favre-Bac, Mony, Ernoult,

Burel, & Arnaud, 2016; Peakall, Ruibal, & Lindenmayer, 2003). To pro-

vide an approximation of the true extent of detectable positive SGS,

we further performed analyses of cumulative distance classes by

increasing distance class sizes spanning the minimum distance

between samples to the maximum distance of sampling, as described

in Peakall et al. (2003). Finally, isolation-by-distance (IBD) patterns

were investigated using polynomial regression and Mantel tests of

association as described in Oden and Sokal (1986) and Smouse, Long,

and Sokal (1986) to estimate the significance of relationships between

pairwise DCE genetic distances and pairwise geographical distances

among populations.

2.7 | Evolutionary history of populations in the
focal study area

Based on the genetic clusters depicted in the data set, approximate

Bayesian computation (ABC) analyses were used to determine the his-

torical process involved in the settlement of populations. We evalu-

ated whether the observed genetic variability in northern France

resulted from (i) an eastern continental origin, (ii) a western coastal ori-

gin or (iii) another unsampled native locality. The objective was also to

discriminate between recent human-mediated translocations and colo-

nization from populations historically located in inland habitats in the

neighbourhood of the mining area. Divergence times were estimated

to gain further insights into evolutionary history chronology.

Scenarios were evaluated in a two-step analysis. A first set of

scenarios (set A) aimed to analyse the origin of each target genetic

unit in northern France by using the nuclear genetic units depicted

outside the focal study area in northern France as putative sources

(Figure 2a). Based on the results yielded by set A, a second set of

scenarios (set B) aimed to depict the relationship among the differ-

ent target genetic units and to estimate their divergence times taking

into account all the observed genetic units (Figure 2b). Overall, three

demographic scenarios were defined for each analysis step following

each of the three hypotheses on population origins. ABC analyses

were computed using the software DIYABC v.2 (Cornuet et al., 2014).

For all scenarios, an identical set of microsatellite loci was simu-

lated. Due to computational limitations and the infinite number of pos-

sible scenarios when numerous populations are considered, inferences

were based on finite set of geographically delimited groups. These

genetically homogenous groups were defined using Bayesian cluster-

ing analysis (see above). In each group of the focal study area, popula-

tions with the smallest nuclear pairwise genetic differentiation index

(FST < .075) were selected (N = 95, N = 132 and N = 65 for coastal,

western coalfield and eastern coalfield populations, respectively) to

represent the whole group for comparisons with data simulated under

the different scenarios, as suggested in Lombaert et al. (2014). For the

genetic units outside the focal study area, all individuals belonging to

each external genetic cluster were included to guarantee sufficient

sample size (N = 94 in western lineage and N = 103 in eastern lin-

eage). The origin of target genetic units in the focal study area was

then tested based on adjacent groups and by simplifying the scenarios

as much as possible to avoid poor estimation of parameters (Bertorelle,

Benazzo, & Mona, 2010). Assuming postglacial recolonization hypoth-

esis with leading-edge expansions along the Atlantic coastline (Rowe

et al., 2006), scenarios were set with divergence time in generations

(t1 to t4), putative ancestral effective population size (Na), current

effective population size estimates (N1 to N5) and effective sizes of

founder populations (Nf1, Nf2, Nf3, Nf4) (see Table S2). Analyses were

performed with historical, demographic and mutational parameter val-

ues drawn from the prior distributions described in Table S2 (e.g., Cor-

nille et al., 2013; Dussex, Wegmann, & Robertson, 2014; Lombaert

et al., 2014). Detailed steps of each analysis are described in Table S2.

3 | RESULTS

3.1 | Genetic diversity and contemporary Ne

Of the 37 nuclear microsatellite loci, two were monomorphic (Buca3

and BC38, see Table S1). Exact tests demonstrated no LD among

F IGURE 2 Graphical representation of competing scenarios of the settlement of Bufo [Epidalea] calamita in the focal study area in northern
France, tested by approximate Bayesian computation. Na, N1 to N5, Nf1 to Nf4 refer to effective population sizes of putative ancestral, standing
populations and past transitory populations, respectively, and t1 to t4 refer to divergence times (prior settings of model parameters are given in
Table S2). The first set of scenarios (a) aims to determine the origins of each northern lineage by evaluating the relationships of each northern
target unit with respect to lineages located outside northern France (eastern and western France lineages). The second set of scenarios (b)
aims to determine the northern France lineage relationships taking into account all the lineages observed. All hypotheses assumed a shared
ancestor and ancient divergence of western and eastern France lineages from the last climate cooling (see Results on genetic affiliations)
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loci. Two loci, Bcall9 and Bc22, were excluded due to technical arte-

facts (i.e., null alleles and/or allele drop-out). The remaining loci per-

fectly matched expectations of HW proportions, with Ar ranging

from 1.59 to 5.01 (Table S1). Levels of intrapopulation genetic diver-

sity were very variable with the Swedish population being character-

ized by the lowest level of nuclear and mitochondrial diversity

(Table 1). Based on the 35 nuclear microsatellite loci used in the

subsequent analyses, multilocus AT ranged from 52 alleles to 157

alleles per population. Sixteen of 62 populations showed an overall

significant deviation from HW equilibrium, which was due to only

few significant single-locus effects, involving either excess or deficit

in heterozygotes (Table 1). Effective population sizes ranged from 7

to 1,506, but were mostly comprised between 10 and 60, with a

mean of 93 and a median of 45 (Table 1).

In terms of mitochondrial genetic diversity, 21 haplotypes were

found with three major haplotypes accounting for 58% of the mito-

chondrial diversity, and other haplotypes differing from one of these

major haplotypes by one to four mutation steps. Haplotypes were

closely related because only 16% of the haplotype pairwise compar-

isons indicated haplotypic divergence of more than five mutation

steps (Figure 3a). Over the whole data set, populations exhibited

from one to five different haplotypes (Table 1 and Figure 3b). Only

one major haplotype (Hap 11) was shared by the focal study popula-

tions in northern France and the other populations (Figure 3b). Inter-

estingly, of the 12 haplotypes that were exclusively observed in the

focal study area, eight haplotypes occurred only in coalfield popula-

tions (Figure 3b).

3.2 | Population genetic affiliation and levels of
genetic differentiation

We found significant genetic differentiation over all sampled popula-

tions, with a mean multilocus FST of .177 � .008 (p < .001) for the

nuclear data and a mean GST of .487 (p < .001) for the mitochondrial

data. 98.6% of nuclear pairwise FST and 89% of mitochondrial pair-

wise GST were significant, ranging from .00 to .582 and from .00 to

1.000, respectively. Additionally, a significant phylogeographical sig-

nal was detected for both nuclear and mitochondrial data when

using a random balanced subset of 22 populations over the whole

sampled area to avoid bias due to uneven sampling (see Table S3).

(a) (b)

F IGURE 3 (a) Median-joining network depicting the relationships among 21 haplotypes (H1 to H21) observed in 68 sampled populations of
Bufo [Epidalea] calamita. Mitochondrial diversity is based on a combination of 15 mitochondrial DNA SNPs coded as a single haplotype. Each
black trait represents one nucleotide difference. (b) Maps showing the geographical distribution of mitochondrial diversity for 68 sampled
populations of B. calamita. Inset map refers to the fine-scale geographical distribution of populations sampled in the focal study area in
northern France. Colours refer to the haplotype identities given in the haplotype network
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Clear genetic partitioning was detected over the whole data set of

sampled populations and within the focal study area in northern

France. Bayesian clustering, sPCA and NJ tree results concurred, indi-

cating the occurrence of five distinct genetic clusters. Bayesian clus-

tering analysis suggested two levels of structure in the whole data set

because the K vs. DK distribution was multimodal, with a hierarchical

structure at K = 2 and at K = 5 (Fig. S2a). When K = 2, the inferred

genetic clusters consisted of one group composed of individuals from

the focal study area (northern France) and one group of individuals

from other regions. This result arose due to uneven sampling efforts.

Additional runs involving randomly chosen, more balanced data sets

showed a clear partitioning, splitting the subset into three genetic clus-

ters according to geographical location (Fig. S3). The second modal

K = 5 obtained in the analysis of the whole data set showed genetic

clusters in clear concordance with geographical location (Figure 1b).

Very few admixed individuals occurred within populations: more than

88% of individuals from western France (WF-1 to WF-5) and eastern

France (E-1 to E-6) were assigned to their respective cluster with at

least 90% membership probability. In the focal study area (northern

France), individuals were split among three genetically distinct clusters

according to their spatial distribution: coastline populations, western

and eastern coalfield populations with admixed populations in the

western coalfield cluster (Figure 1b). Genetic affinities among popula-

tions depicted by tree topology (Fig. S4) and sPCA (Fig. S5a) unam-

biguously confirmed this pattern. Furthermore, mitochondrial data

mirrored spatial affiliation patterns depicted by nuclear data: each of

the five clusters identified was characterized by a specific distribution

of haplotypes (Figure 3b).

When focusing only on the focal study area in northern France,

Bayesian analyses confirmed the genetic divergence among coastline,

western coalfield and eastern coalfield populations and yielded iden-

tical patterns of clustering, with two major modes at K = 2 (coastal

vs. coalfield populations) and K = 3 (coastal, western and eastern

coalfield populations) (Fig. S2b). The sPCA synthetic map of the first

three global scores distinguished identical population affiliation along

with a further genetic break between southern and northern littoral

populations (Fig. S5b). An overall significant genetic differentiation

still occurred with a mean multilocus FST estimate of .110 � .009

(p < .001) and GST = .403 (p < .001). No phylogeographical signal

was detected within the focal study area in northern France: RST

(.109; p < .001) and NST (.413; p < .001) did not significantly differ

from the FST and GST (Table S3).

3.3 | Statistical comparison of genetic parameters
and SGS patterns

Levels of genetic diversity and inbreeding were compared among the

three groups defined within the focal study area in northern France.

No significant difference occurred regarding FIS or Ar (Figure 4a,b).

Similarly, no significant difference was observed in terms of single-

sample Ne estimates (Figure 4c, Kruskal–Wallis; v2 = 6.2472;

p > .05). Nonetheless, as showed by He, Ho and Mr estimates, coastal

populations appeared to be significantly less genetically diverse

compared with eastern coalfield populations or both eastern and

western coalfield populations (ANOVA, v2 = 27.664, df = 2,

p < .001, ANOVA, v2 = 24.305, df = 2, p < .001, Kruskal–Wallis;

v2 = 11.441; p < .01, respectively, Figure 4d–f). Coastal populations

also showed a significantly higher individual inbreeding level

(ANOVA; F = 9.184; p < .001) compared with coalfield populations

(Figure 4g). Trends for lower mean pairwise nuclear FST but higher

mean mitochondrial pairwise GST were observed in coastal popula-

tions (ANOVA; F = 3.624; p < .05 and Kruskal–Wallis; v2 = 16.637;

p < .001, Figure 4h,i).

SGS depicted by the correlograms in Figure 5 showed a consistent

pattern of decreasing genetic relatedness with increasing geographical

distance. Strength of SGS was 5- to 60-fold higher for mitochondrial

DNA data set compared with the nuclear DNA data set (Figure 5a–f).

There was a considerable difference in the extent of SGS between

coastal populations and inland populations. Nuclear kinship coefficient

dropped to zero at 40 km until reaching significant negative value

around 80 km in the case of coastal populations, whereas this drop

occurred at much shorter spatial scale (ffi5 km) in the two coalfield

clusters (Figure 5a–c). Similar patterns hold for mitochondrial data,

especially for coalfield populations for which a more compact spatial

autocorrelation pattern was found (Figure 5d–f). Analyses of cumula-

tive distance classes unambiguously confirmed this contrasting extent

of positive SGS (Fig. S6). A significant IBD both along the coastline and

within the mining area was observed (rz = .514 along the coastline,

rz = .693 in western coalfield and rz = .516 in eastern coalfield; all at

p < .001, Figure 5g–i). Linear relationships clearly hold only at very

short geographical distances in the coalfield area (<5 km), whereas

IBD extends over larger geographical distances along the coastline.

3.4 | Evolutionary history of populations in the
focal study area

Pre-evaluation of prior-parameter combinations and results of model

checking can be found in Table S5 and Fig. S7. For the first sets of sce-

narios aiming to evaluate the putative origins of the genetic units

observed in northern France, the relative posterior probabilities calcu-

lated for each scenario provided the strongest statistical support for

scenario A1, suggesting a common western origin for the three north-

ern lineages (P (L) = .976, 95% CI [0.967–0.985], P (L) = .948, 95% CI

[0.936–0.960] and P (L) = .949, 95% CI [0.908–0.990] for the coastal,

the western and the eastern coalfield areas, respectively) (see Table S4

for detailed results). The low type II error rate calculated for these

most likely scenarios suggests that these probability estimations are

robust, with a low probability of choosing a false scenario.

The relative posterior probabilities calculated for each scenario

of simulation set B, which aimed at deciphering the relationships

among the different genetic units of northern France, provided the

strongest statistical support for scenario B1 (P(L) = .913, 95% CI

[0.892–0.934]), which also showed the lowest type II error rate (Fig-

ure 2b). This scenario suggests that the eastern cluster diverged

300,000 years ago (Tables S4 and S5), followed by the western clus-

ter, during the last glacial maximum (138,000 years ago). Finally, the
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coastal genetic cluster divergence was dated to 52,000 years ago

and the within-mining area divergence shaping the eastern and west-

ern genetic differentiation was estimated to 14,000 years ago.

4 | DISCUSSION

Intraspecific genetic variation is a key component of biodiversity: it

determines ecological and evolutionary outcomes such as the poten-

tial of a given species to respond to environmental changes associ-

ated with human activities (Alberti, 2015; DiBattista, 2008; Mimura

et al., 2017). Recent studies investigated the impact of anthro-

pogenic land conversion, like urbanization or quarrying activities, on

genetic diversity (e.g., Beninde et al., 2016; Flavenot et al., 2015;

Lourenc�o et al., 2017). However, the effect of postindustrial areas

such as coalfields on patterns of genetic structure remains to be

investigated. To the best of our knowledge, among the very few

population genetics studies performed in such human-modified envi-

ronments (e.g., Brock et al., 2007; Esfeld et al., 2008), this work is

the first describing in detail current genetic patterns for a vertebrate

species. We found that coalfield areas shelter distinct genetic lin-

eages of the natterjack toad and that these populations are also

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

F IGURE 4 Variation in (a) mean multilocus intrapopulation fixation index (FIS), (b) nuclear allelic richness (Ar), (c) effective population size
estimates on nuclear data, (d) gene diversity (He) and (e) observed heterozygosity (Ho) among the three genetic clusters depicted within the
focal study area in northern France: coastal population cluster, western coalfield population cluster and eastern coalfield population cluster.
Also indicated are (f) mitochondrial haplotypic richness, (g) internal relatedness IR, (h) mean pairwise FST estimates and (i) mean mitochondrial
pairwise GST. Significant differences tested by a Tukey–Kramer HSD test or Kruskal–Wallis multicomparison test are indicated by letters
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F IGURE 5 Spatial genetic structure in Bufo [Epidalea] calamita populations located within the focal study area in northern France and
defined as belonging to three distinct genetic clusters: coastline populations, western coalfield populations and eastern coalfield populations.
Average pairwise kinship coefficients (Fij, Loiselle et al., 1995) between individuals are plotted against geographical distance for nuclear
microsatellites (a–c) and mitochondrial haplotypes (d–f) for the three clusters of populations. Dashed lines indicate the upper and lower 95% CI
limits of no significant spatial genetic structure (● p < .05, p > .05). Also indicated for each cluster are the Sp statistics and their statistical
significance, allowing comparisons of the strength of spatial genetic structure. Scatterplots of chord genetic distance (DCE; Cavalli-Sforza &
Edwards, 1967) against pairs of Euclidean geographical distance for the three genetic clusters (g–i). Polynomial regression lines are plotted for
spatial scales indicated in colour, orange: <5 km, green: 5–20 km, blue: 20–50 km [ and purple: >50 km. The number of pairwise comparisons
is comprised between 18 and 78. Mantel coefficients rz computed for each spatial scale and regression-adjusted R-squared (R2) are also
indicated. p < .05; **p < .01; ***p < .001.
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characterized by different patterns of genetic structure compared to

populations found in natural habitats. Our findings and their evolu-

tionary and conservation implications are discussed below.

4.1 | Level and spatial arrangement of genetic
variability in anthropogenic and natural areas

Populations established in urbanized fragmented and/or human-

modified colonized habitats may display lower levels of genetic

diversity, higher inbreeding and lower contemporary Ne, especially

for amphibian species (McCartney-Melstad & Shaffer, 2015; Rivera-

Ort�ız et al., 2015). For instance, Munshi-South et al. (2013) found a

significant decline in genetic diversity in urban populations of the

Dusky salamander in New York City. In contrast, Furman et al.

(2016) found no evidence of genetic erosion and increased genetic

differentiation in natural and artificially constructed wetlands in a

wood frog, despite extensive urbanization. In the same way, isolated

urban populations of the Fire salamander did not exhibit lower levels

of genetic diversity and showed similar Ne compared to rural popula-

tions (Lourenc�o et al., 2017).

In our study, natural coastal populations of natterjack toad met a

regional gene flow–genetic drift equilibrium with a continuous IBD

pattern over increasing spatial scales. Conversely, a positive SGS was

observed at much shorter spatial scales in inland coalfield areas. This

highlights a different regional dynamics, with genetic drift being

much more influential than gene flow beyond a spatial scale of

5 km. Such a departure from gene flow–drift equilibrium is found in

a wide array of taxa (e.g., Austin, Lougheed, & Boag, 2004; H€anfling

& Weetman, 2006; Hutchison & Templeton, 1999; Phillipsen, Kirk,

Bogan, Mims, & Julian, 2015). Besides, our results are supported by

higher levels of nuclear and mitochondrial genetic differentiation

among coalfield populations compared with the coastal populations

over a similar geographical area. Overall, this pattern supports a

mosaic of genetically distinct populations with genetic breaks occur-

ring over a few kilometres probably due to the unfavourable habitat

(highly urbanized or intensive farming) surrounding spoil heaps in

coalfield areas. Such pronounced SGS is a common feature in reptil-

ian and amphibian populations where natural or human-induced dis-

persal barriers are prevailing factors in disrupting gene flow (Arioli,

Jakob, & Reyer, 2010; Beninde et al., 2016; Munshi-South et al.,

2013; Sotiropoulos et al., 2013; Vos, Antonisse-De Jong, Goedhart,

& Smulders, 2001).

However, despite coalfield populations being isolated due to

habitat fragmentation, we observed no decrease in the levels of

gene diversity in natterjack toad. In contrast, coalfield populations

showed higher levels of genetic diversity and lower inbreeding levels

compared with natural coastal populations. Moreover, we did not

detect any differences in terms of contemporary Ne between natural

coastal and coalfield populations, a result also found in Lourenc�o
et al. (2017) when comparing Fire salamanders in rural and urbanized

environments. Our Ne estimates ranged from 7 to 600 and were

comparable to effective population sizes observed in other pond-

breeding amphibians located outside urbanized environments, like

Yosemite toads or Fire salamanders (Lourenc�o et al., 2017; Wang,

2012; Wang, Johnson, Johnson, & Shaffer, 2011). Our Ne estimates

were also higher than those estimated by Beebee (2009) in a range

of natural British and European continental B. calamita populations.

Inland coalfield estimated values of Ne were even in the upper range

of Ne for amphibian populations whose values are usually expected

to be under 100 and frequently closer to 10 (reviewed in Phillipsen,

Funk, Hoffman, Monsen, & Blouin, 2011). Altogether, our results

support the conservation value of postindustrial areas because they

host populations with substantial levels of genetic diversity and con-

sistent contemporary Ne. Our results are very similar to the few

studies conducted on similar environments: plant species living in

former mining areas, like Orchidaceae, Compositae, Chenopodiaceae

or Brassicaceae, also exhibited a high genetic variation that did not

differ from natural populations (Brock et al., 2007; Esfeld et al.,

2008; Pauwels et al., 2012; Prinz et al., 2009).

Whereas lower levels of genetic diversity and higher inbreeding

levels in natural coastline populations can be attributed to postglacial

leading-edge colonization that involves strong genetic drift (Rowe

et al., 2006; Slatkin & Excoffier, 2012), the high levels of genetic

diversity within the coalfield area may be a result of independent

colonization events from surrounding populations. Indeed, colonizers

from multiple sources are known to enhance intrapopulation genetic

diversity (Whitlock & McCauley, 1990). Among the few available

comparable studies, this process of colonization has been suggested

in Suaeda maritima, a halophyte plant species that repeatedly colo-

nized former potash mining dumps in Germany (Prinz et al., 2009;

see also Esfeld et al., 2008). In our case study, B. calamita is known

to be a pioneer species with high dispersal capabilities (Miaud,

Sanuy, Avrillier, Sanuy, & Miaud, 2000; Sinsch, Oromi, Miaud, Den-

ton, & Sanuy, 2012). Thus, the most parsimonious hypothesis is that

toads successfully dispersed from natural populations initially estab-

lished in former semi-natural habitats (humid meadows or pastures)

located in the vicinity of the coalfields (Godin, 2002). Additionally,

accidental human-mediated introductions of individuals from

unknown sources, during mining activities or currently by individual

translocations, cannot be ruled out, as observed in the European tree

frog (Andersen, Fog, & Damgaard, 2004). The exceptional levels of

mitochondrial diversity found in the two coalfield entities reinforce

the likelihood of multiple waves of immigration events from diverse

sources. Together, the occurrence of distinct maternal lineages and

the absence of equilibrium between gene flow and drift suggest an

establishment of colonizers from previous semi-natural areas sur-

rounding the coalfields, potentially facilitated by trade operations

related to mining activities.

4.2 | Population evolutionary history

Local interactions between the microevolutionary processes of gene

flow and genetic drift do not exclude biogeographic historical pro-

cesses as key factors shaping the current genetic structure (e.g., Aus-

tin et al., 2004; Dussex et al., 2014). Indeed, it is now well

established that Pleistocene climate cycling had a major role in
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driving the present patterns of genetic structure for several taxa in

Europe (Hewitt, 1999; Stewart, Lister, Barnes, & Dalen, 2010). The

divergence time estimates in each most likely ABC scenario were

consistent and our results suggest a common history but distinct

subsequent recolonization pathways of each evolutionary unit

located in the focal area (northern France). The three northern

genetic units and the eastern and the western genetic units located

south of the focal study area diverged during the Pleistocene from

around �300,000 to �14,000 years ago. Different glacial refugia

during climatic cooling drove population genetic divergence following

a south-to-north pathway: first an eastern genetic unit split, second

a western genetic unit split, third a northern coastal genetic unit split

and finally a recent split of the eastern and western coalfield genetic

units in the last 14,000 years. Several studies in a wide array of taxa

have already raised the hypothesis of multiple European glacial refu-

gia during the Pleistocene (Cornille et al., 2013; Havrdov�a et al.,

2015; Hewitt, 1999; Ursenbacher et al., 2015). Rowe et al. (2006)

suggest that local but relatively recent and short-lived glacial refugia,

located in northern France and central-eastern Europe from 20,000

to 9,000 years ago, explain the lineages observed throughout the

natterjack toad geographical range distribution. These long-term iso-

lation events in different refugia may explain the observed diver-

gence between northern genetic units and the western genetic unit.

Our salient result was the common ancestry of the three genetic

units depicted in the focal study area, dating back around

50,000 years ago. Former inland semi-natural populations that sub-

sequently established in the neighbouring coalfield areas have there-

fore a common history with natural coastal populations. The

timescale is, however, too short to get more precise inferences using

ABC analyses. It should also be noted that the occurrence of multi-

ple mtDNA lineages in this postglacial expansion area may be sug-

gestive of an impact of recent human activities that mixed different

postglacial lineages, which may inflate time divergence estimates

(Lombaert et al., 2014). Future studies involving assignment tests

and a comprehensive sampling across the species’ range are required

to gain further insights into the evolutionary history of observed lin-

eages.

4.3 | Evolutionary and conservation implications

Ignoring the nature of intraspecific genetic variation in management

decisions can lead to negative consequences for biodiversity conser-

vation (Allentoft & O’Brien, 2010; McCartney-Melstad & Shaffer,

2015; Mimura et al., 2017). We depicted clear genetic boundaries in

contrasting habitats, which can be used for defining conservation

and management units. Our results (large levels of genetic diversity

and Ne) suggest that the erosive effect of genetic drift is not cur-

rently a major threat for natterjack populations in coalfield areas.

Based on the few comparable studies involving plant populations

established in postmining areas, Prinz et al. (2009) argued that this

may be the rule rather than an exception. Hence, former mining

areas can act as refugia areas and offset natural habitat loss for pio-

neer species living in early-successional habitats (Esfeld et al., 2008).

Altogether, these results highlight the value of former mining areas

for the long-term conservation of animal and plant pioneer species,

as found for other nonurbanized areas such as quarries (e.g., Flave-

not et al., 2015). Highly genetically diverse natterjack populations

established in the mining areas have probably benefited from acci-

dental human-mediated transport, lower predation risk and/or

reduced competition with the common toad (Beebee & Denton,

1996). For natural coastal populations, additional investigations are

needed to determine whether population reinforcement is required.

Nevertheless, transfers across such ecologically well-differentiated

habitats (coastal vs. coalfield habitats) should be discouraged to

avoid possible outbreeding depression. Indeed, local adaptation to

coalfield environment conditions might already have been estab-

lished (e.g., Pauwels et al., 2012 in Brassicaceae). The challenge is

now to replace the past colonizer and migrant flow by ongoing

effective regional gene flow because we clearly demonstrated

nonequilibrium conditions with gene flow occurring only at short

spatial scales (less than 10 km). The protection of spoil heaps and

surrounding open habitats is essential for the conservation of viable

populations. However, the whole landscape configuration remains a

key factor for the long-term management of connecting pathways

among populations living in such exceptional areas inherited from

European industrial history.
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