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Abstract
The ideniicaion of historic and contemporary barriers to dispersal is central to the 
conservaion of endangered amphibians, but may be hindered by their complex life 
history and elusive nature. The complementary informaion generated by mitochon-
drial (mtDNA) and microsatellite markers generates a valuable tool in elucidaing pop-
ulaion structure and the impact of habitat fragmentaion. We applied this approach to 
the study of an endangered montane newt, Euproctus platycephalus. Endemic to the 
Mediterranean island of Sardinia, it is threatened by anthropogenic acivity, disease, 
and climate change. We have demonstrated a clear hierarchy of structure across ge-
neically divergent and spaially disinct subpopulaions. Divergence between three 

main mountain regions dominated geneic pariioning with both markers. 
Mitochondrial phylogeography revealed a deep division daing to ca. 1 million years 
ago (Mya), isolaing the northern region, and further difereniaion between the cen-
tral and southern regions ca. 0.5 Mya, suggesing an associaion with Pleistocene se-
vere glacial oscillaions. Our indings are consistent with a model of southward range 
expansion during glacial periods, with postglacial range retracion to montane habitat 
and subsequent geneic isolaion. Microsatellite markers revealed further strong pop-
ulaion structure, demonstraing signiicant divergence within the central region, and 
parial difereniaion within the south. The northern populaion showed reduced ge-
neic diversity. Discordance between mitochondrial and microsatellite markers at this 
scale indicated a further complexity of populaion structure, in keeping with male- 
biased dispersal and female philopatry. Our study underscores the need to elucidate 
crypic populaion structure in the ecology and conservaion strategies for endan-
gered island- restricted amphibians, especially in the context of disease and climate 
change.

K E Y W O R D S

Euproctus, geneic structure, Mediterranean island endemic, mitochondria microsatellite 
discordance
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1  | INTRODUCTION

A global decline in amphibians has been in evidence for more than 
25 years (Beebee & Griiths, 2005). The irst Global Amphibian 
Assessment (GAA) found 32.7% of amphibian species to be catego-
rized as threatened (IUCN 2001), including 427 species listed as being 
criically endangered, and 122 as possibly exinct (Stuart et al., 2004). 
Threats such as habitat loss or exploitaion are well recognized, and 
thus potenially reversible, but the declines of nearly half of the species 
assessed had no clearly ideniiable cause. In these cases, epidemic 
disease on a background of climate change is likely to be contributory 
(Pounds et al., 2006). However, the study of amphibians is hindered 
by their complex life history, their typical requirement for both aquaic 
and terrestrial habitat, and their oten elusive nature. Geneic meth-
ods provide a powerful tool in the ecology and conservaion of such 
species, for which accurate counts and measurement of dispersal rates 
are diicult to achieve using classic ield ecology approaches (Beebee, 
2005; Jehle & Arntzen, 2002). The ideniicaion of crypic diversity is 
essenial to characterize biodiversity and to elucidate underlying evo-
luionary processes. The assessment and monitoring of geneic vari-
ability in threatened populaions also provides important informaion. 
Small populaion size and reproducive isolaion exacerbate the loss 
of geneic variability through drit and inbreeding, which may impair 
the ability of threatened species to respond acively to disease and cli-
mate change (Allentot & O’Brien, 2010; Luquet et al., 2012; Pearman 
& Garner, 2005).

Historically, mitochondrial DNA (mtDNA) has been the most 
widely used molecular marker in nonmodel species, largely due to 
the availability of primers with interspeciic cross- reacivity (Kocher 
et al., 1989). The study of mtDNA haplotypes has provided import-
ant insights into the biogeographical history of amphibians, including 
the dominance of the Pleistocene glacial cycles in shaping migraion 
and geneic pariioning of temperate amphibian species (reviewed 
by Hewit, 2011). The ideniicaion of “historical impediments to 
dispersal” (Avise, 2009) is of relevance to current and future habitat 
management, especially in the face of climate change. The concept of 
phylogeneic disinciveness (Faith, 1992), weighted by conservaion 
urgency, has been proposed for priority- seing in the conservaion 
of Evoluionarily Disinct and Globally Endangered taxa (Isaac, Turvey, 
Collen, Waterman, & Baillie, 2007).

Recent advances in genomic sequencing have facilitated the 
characterizaion of microsatellite loci in amphibians (Drechsler et al., 
2013), previously limited by the complexity of amphibian genomes, 
and by limited microsatellite cross- species ampliicaion (Hendrix, 
Hauswaldt, Veith, & Steinfartz, 2010). In contrast to mtDNA markers, 
microsatellites provide insight into more recent populaion geneic 
processes. Their applicaion thus generates more contemporary in-
formaion at the level of the individual, allowing the ideniicaion of 
current populaions and metapopulaions, and the inference of con-
necivity (Allentot & O’Brien, 2010) and of barriers to gene low at a 
microgeographical scale (Jehle & Arntzen, 2002). The complementary 
informaion generated by mtDNA and microsatellites markers thus 

makes their combined use a valuable tool in populaion geneics. In ad-
diion, the concordance of results from muliple loci reduces the risk of 
erroneous inferences, as stochasic processes may cause idiosyncraic 
phylogeneic breaks at a single locus even in the absence of historic 
barriers to dispersal (Kuo & Avise, 2005; Templeton, 2004).

In this study, we invesigate the populaion structure of the 
Sardinian brook newt, Euproctus platycephalus (Gravenhorst, 1829), a 
threatened amphibian species (IUCN Red List, 2014) that is diicult 
to study ecologically, and thus an ideal candidate for this approach 
(Beebee, 2005). Euproctus platycephalus is endemic to Sardinia, a 
Mediterranean island of area 24,090 km2, situated 200 km to the west 
of the Italian peninsula, from which it is separated by the Tyrrhenian 
Sea. In marked contrast to the Mediterranean mainland, which has 
very high amphibian species diversity, Sardinia hosts a limited number 
of amphibian species (Cox, Chanson, & Stuart, 2006; Cutelod, Garcia, 
Malak, Temple, & Katariya, 2009; Grill, Casula, Lecis, & Menken, 2007). 
Only three genera of Urodela occur on the island, including E. platy-

cephalus as the sole salamandrid. E. platycephalus is found in the main 
mountain systems of eastern Sardinia, where it typically breeds in 
streams at alitudes of 400–1,200 m (Lecis & Norris, 2003; Sindaco, 
Doria, Mazzei, & Bernini, 2006; Sotgiu et al., 2010).

The Mediterranean forest landscape of Sardinia (Baccheta et al., 
2009) has been subjected to large- scale anthropogenic disrupion 
including deforestaion, mining, and water abstracion for tourism 
and agriculture (Corsale, 2011; Rooy & Stumpel, 2003). The island 
has been the focus of a reforestaion iniiaive (Puddu, Falcucci, & 
Maiorano, 2012), and much of the surviving habitat is included within 
protected naional and regional parks. However, Euproctus habi-
tat coninues to be threatened by recurrent severe drought causing 
summer desiccaion of ponds (Pinna, Fonnesu, Sangiorgio, & Basset, 
2004). In addiion, chytrid infecion (Batrachochytrium dendrobaidis) 
has been documented in E. platycephalus (Bielby et al., 2013; Bovero 
et al., 2008; Tessa et al., 2013), an indicaion of the addiional ongoing 
threat of disease.

The geographical isolaion of the genus Euproctus is considered to 

date from the split of the Corsica–Sardinia microplate from the French–
Iberian massif, ca. 25 Mya. The subsequent separaion of Sardinia 
from Corsica, ca. 15–9 Mya (Boccalei et al., 1990), is generally used 
to infer the iming of the divergence of E. platycephalus from Euproctus 

montanus, the only other surviving member of the genus, which is en-
demic to Corsica (Caccone, Milinkovitch, Sbordoni, & Powell, 1997; 
Carranza & Amat, 2005; Miaud et al., 2009; Steinfartz, Veith, & Tautz, 
2000; Zhang, Papenfuss, Wake, Qu, & Wake, 2008). Despite its long 
isolaion, there is no morphological evidence for subspeciaion of 
E. platycephalus. It appears remarkably consistent throughout the is-
land, with the excepion of a geographical inluence on sexual size 
dimorphism and on iming of life history stages, recently reported by 
Angelini et al. (2015), which difereniates the southern populaions 
from those of the center and north. Lecis and Norris (2004b), using 
mitochondrial DNA markers, described intraspeciic geneic structure 
in E. platycephalus, broadly pariioning according to the three main 
mountain regions of Sardinia (Lecis & Norris, 2004b). However, more 
complex paterns of fragmentaion, demographic change, geneic 
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diversity, or gender bias cannot be elucidated by the use of mtDNA as 
the sole geneic marker (Godinho, Crespo, & Ferrand, 2008).

We have applied the complementary combinaion of newly char-
acterized microsatellite markers and mtDNA sequencing to invesigate 
the populaion structure and connecivity of E. platycephalus, taking 
advantage of a comprehensive archive of samples generated during 
a survey of chytrid infecion on the island (Bielby et al., 2013; Bovero 
et al., 2008). We used coalescence simulaion to infer the paterns and 
iming of divergence and demographic change, based on approximate 
Bayesian computaion (ABC; Beaumont, Zhang, & Balding, 2002). Our 
results are consistent with both deep geneic divisions and contem-
porary barriers to gene low, providing evidence that both historical 
and more recent factors underpin the current geneic structure. These 
indings will be of value in the ongoing conservaion management of 
this endangered amphibian, especially in the context of disease and 
climate change, with the potenial of extrapolaion to other island 
endemics.

2  | MATERIALS AND METHODS

2.1 | Samples

Euproctus platycephalus samples, comprising skin swabs (Müller, 
Lenhardt, & Theissinger, 2013), toe clips (Arntzen, Smithson, & 
Oldham, 1999) or larva tail ips (Polich, Searcy, & Shafer, 2013), were 
collected between 2005 and 2012 as part of a survey of B. dendro-

baidis infecion (Bielby et al., 2013; Bovero et al., 2008). DNA was 

extracted using DNeasy Blood and Tissue kit (Qiagen), with the ad-
diion during the issue lysis step of 0.5- mm Zirconia/silica beads 
(BioSpec Products) for swabs and 3- mm tungsten carbide beads 
(Qiagen) for toe clips. A total of 227 DNA samples were included in 
the study, from 13 GPS- deined sampling sites, spanning the three 
main mountain ranges of Sardinia to ensure coverage of the geo-
graphical range of the species. Results were analyzed for 168 success-
fully genotyped individuals (detailed in Table 1).

2.2 | Genotyping

2.2.1 | Mitochondrial DNA

A D- loop mtDNA sequence was selected to be comparable with the 
study of Steinfartz et al. (2000), who esimated a subsituion rate 
of 0.74%–0.86% per My in a phylogeny of D- loop sequences across 
Salamandra. MtDNA was ampliied using primers L- pro- ML and E. 
platy- H (Steinfartz et al., 2000) in 20 μl volumes with 50–200 ng 
DNA, 10 μl HotStarTaq Plus mastermix (Qiagen) and 5 μmol/L 
primers, with iniial denaturaion 95°C 5 min, 40 cycles of 94°C 
30 s, 58°C 90 s, 72°C 90 s, and inal extension 72°C 10 min. PCR 
products were puriied by precipitaion with 2.5 mol/L NaCl/20% 
PEG8000 (Teknova Inc). Sanger sequencing in each orientaion, 
using L- pro- ML, and an internal primer, SarEu1- H (Lecis & Norris, 
2004b), was undertaken commercially by GATC Biotech (Zurich). 
Electropherograms were visualized with Sequence Scanner Sotware 
2 (Applied Biosystems).

TABLE  1 Demographics of Euproctus platycephalus genotyped samples included in the study, showing coordinates and alitude of sampling 
sites, and year(s) of sampling

Code Site Region Lat N Long E
Alt m  
asl Year n M F nk L mtDNA

 1 HP Historical Pool North 40.856 9.142 905 2010/12 23 6 5 0 12 10

 2 BIA Fica Bianca North 40.842 9.114 983 2007 14 9 2 3 0 10

 3 AFF Aluente  
Pisciaroni

North 40.862 9.143 787 2009/11 6 0 0 2 0 4

 4 MO Monte Olia North 40.744 9.363 461 2009 1 0 0 1 0 1

 5 BP Bacu su Palu Central 40.18 9.559 337 2009 16 1 1 9 5 9

 6 PGC Grota dei  
Colombi

Central 40.172 9.491 597 2010 2 0 0 2 0 0

 7 SES Riu Serra e  
Scova

Central 39.974 9.495 854 2010/11 17 8 5 4 0 9

 8 PF Perdas de Fogu Central 39.603 9.491 480 2007 15 7 8 0 0 8

 9 MAR Rio Marani South 39.348 9.441 162 2007 20 10 8 2 0 10

10 LNR Late Night  
Return

South 39.352 9.447 279 2007 14 9 5 0 0 11

11 GUN Rio su  
Gunventu

South 39.301 9.406 421 2010/11 15 8 4 1 2 10

12 MAI Rio Maidopis South 39.302 9.404 715 2005 6 4 2 0 0 6

13 CER Rio sa Ceraxa South 39.272 9.442 535 2007 19 10 8 1 0 8

The nine main sites used in cluster analysis are shown in bold, and the addiional smaller sites in italic. Lat N, laitude north; long E, longitude east; alt m asl, 
alitude meters above sea level. n, number of individuals per site typed with microsatellite markers (total = 168); mtDNA, number of individuals also typed 
with mitochondrial DNA; M, adult or juvenile male; F, adult or juvenile female; nk, adult or juvenile, gender not known; L, larva; MO, Monte Olia.
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2.2.2 | Microsatellites

Microsatellite markers were developed from E. platycephalus se-
quences by Ecogenics GmbH (Switzerland) using high- throughput se-
quencing as described by Abdelkrim, Robertson, Stanton, and Gemmell 
(2009). In brief, 7 μg of genomic DNA was analyzed on a Roche 454 
GS- FLX plaform. Of 48,848 reads with an average length of 294 base 
pairs (bp), 106 were found to contain a microsatellite insert with a 
minimum of six repeats for a tri-  or tetranucleoide unit, or 10 repeats 
for a dinucleoide unit. Primers were designed by Ecogenics GmbH for 
36 microsatellite inserts and tested using 15 individual E. platycepha-

lus DNA samples from the Insitute of Zoology archive. Ater further 
preliminary studies, eight polymorphic loci were selected for geno-
typing. Loci were ampliied in simplex under condiions opimized for 
each primer pair, as preliminary studies had shown a high incidence of 
secondary products with muliplex PCR, which impeded allele scor-
ing. PCR was performed in 10 μl volumes with 20–100 ng DNA, 5 μl 

mastermix (HotStarTaq Plus or Muliplex; Qiagen), 5 μmol/L unlabeled 
reverse primer and 5 μmol/L luorophore- labeled forward primer 
(Applied Biosystems). Ampliicaion was performed in a G- Storm GS1 
thermal cycler (Gene Technologies), with iniial denaturaion 95°C 
5 min, 45 cycles of 94°C 30 s, 57–59°C 90 s, 72°C 90 s, and inal ex-
tension 72°C 10 min. Primer sequences and locus- speciic PCR con-
diions are summarized in Table 2. Ampliied products were resolved 
by capillary electrophoresis on a 3130xl Geneic Analyser (Applied 
Biosystems) with a LIZ- 500 size standard (Applied Biosystems). Alleles 
were scored manually, using PeakScanner 1.0 sotware (Applied 

Biosystems). Scoring was performed blind to the ideniicaion of in-
dividual samples to reduce subjecive bias. If the allele bands could 
not be unequivocally difereniated from stuter bands, split bands or 
nonspeciic peaks, the PCR was classed as having failed, and repeated. 
Genotypes were tested for scoring errors using MICROCHECKER (van 
Oosterhout, Hutchinson, Wills, & Shipley, 2004).

2.3 | mtDNA data analysis

Consensus 491- bp sequences of noncoding D- loop mtDNA were 
aligned using ClustalW (Larkin et al., 2007) implemented in BioEdit 
v7.2.0 (Hall, 1999). Haplotype diversity, nucleoide diversity and 
geneic difereniaion between populaions were computed in 
DNasp v5 (Librado & Rozas, 2009) using 1,000 permutaions. 
Nucleoide subsituion models (Nei & Kumar, 2000) were com-
pared in MEGA5 (Tamura et al., 2011). The Tamura three- parameter 
model with gamma distribuion (T92 + G; Tamura, 1992) and the  
Hasegawa–Kishino–Yano (HKY) model with gamma distribuion and a 
proporion of invariable sites (Hasegawa, Kishino, & Yano, 1985) gave 
the lowest values of Akaike informaion criterion, corrected (AICc) 
and were used in subsequent analyses as indicated.

Maximum- likelihood tree topology was inferred in MEGA5, 
with the inclusion of a homologous D- loop sequence for E. mon-

tanus (GenBank EU880316; Zhang et al., 2008). Triturus cristatus 

(GenBank EU880336; Zhang et al., 2008) was used as the outgroup 
sequence, being within the clade of European newts encompassing 
Euproctus (Weisrock et al., 2006; Zhang et al., 2008), but outside 

TABLE  2 Characterisics of the eight microsatellite loci used in the study

Locus Sequence 5′–3′ PCR Repeat A Size bp H
o

H
s

H
t

EP1 F: TGG TGC CTC ATG TGT TCC G 57° ACAT 18 146–218 0.686 0.665 0.838

R: GTG GCG GAT GGA AGC AAA G

EP7 F: TCC AGG TTG GCT TGG ATG G 57° ATGT 11 244–285 0.389 0.428 0.705

R: AGA ACA GGC CAC AAC AGA G

EP8 F: TCT TTC TAA GAT TAT GGA ACG CC 57° TGAA 9 168–204 0.44 0.536 0.692

R: TTC GCA GTC CCA GAT AGC C

EP16 F: GCT ATG TAT CTG TGC GTG C 57° AAAT 10 164–208 0.369 0.405 0.438

R: GGT TTC ACT GCC CGC TTA C

EP21 F: GCA CTC CAC TGC CTT TTG G Muli 58° ACAT 12 164–215 0.574 0.785 0.87

R: TAT GAA TTG CCC AGT GCC

EP29 F: ACG AAT CGG CAG TGT CCA G 59° Mg 3.0 AAT 14 180–231 0.402 0.513 0.758

R: AGC TTG TGT CAG TCT GGT TTG

EP31 F: ACT GGA AAA AGC TAA TTG ATA GAT G 57° AGAT 31 159–299 0.596 0.859 0.924

R: TTG CTT ATG TAA ATT GGA AAT GTT

EP33 F: GTG CAC CCA GTC AAT CAC AC 59° Mg 2.5 AATC 12 187–223 0.662 0.726 0.778

R: ACT GAA TCG CAG ACC CAG

PCR, primer- speciic PCR condiions including annealing temperature; muli, Qiagen Muliplex mastermix (all others in Qiagen HotStarTaqPlus mastermix); 
Mg, inal concentraion of MgCl2 (mmol/L) if supplemented. F, forward; R, reverse.A, total number of alleles in 168 individuals from 13 sampling locaions; 
size: range of allele sizes; bp, base pairs. Nei’s diversity staisics (Nei, 1973) were calculated in FSTAT jackknifed across populaions, using nine populaions 
comprising 14–32 individuals, Ho, observed heterozygosity; Hs, expected heterozygosity under HWE within subpopulaions; Ht, expected heterozygosity in 
total populaion.

info:ddbj-embl-genbank/EU880316
info:ddbj-embl-genbank/EU880336
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the monophyleic Euproctus in- group (Sanderson & Shafer, 2002). 
Topology was tested by bootstrap resampling (1,000 replicates).

Molecular daing was performed in BEAST v2.1.3 (Bouckaert 
et al., 2014), with mtDNA sequences reduced to haplotypes, and a 
calibrated Yule tree model. HKY was used as the site subsituion 
model (Hasegawa et al., 1985). A monophyly prior was used to con-
strain the E. platycephalus–E. montanus node to allow for calibraion. 
This had no efect on topology and node support as shown by com-
parison with a tree without constraints (not shown). To test the as-
sumpion of a constant rate of nucleoide subsituion, log- likelihood 
(lnL) values of trees including with and without molecular clock con-
straints were compared using MEGA5. The null hypothesis of equal 
evoluionary rate throughout the tree was not rejected (with clock 
lnL = −1039.21, without clock lnL = −1023.49, p = .1411). This is in 
keeping with the rate constancy reported in interspeciic studies of 
salamandrids (Caccone et al., 1997; Weisrock et al., 2006). In the ab-
sence of independent evidence to inform the calibraion of a relaxed 
clock model (Arbogast, Edwards, Wakeley, Beerli, & Slowinski, 2002), 
a strict molecular clock was therefore used. For the analysis of pop-
ulaion data and in closely related species, as in our study, this can 
be considered a “good approximate of reality” (dos Reis, Donoghue, 
& Yang, 2016). An arbitrary prior age of 12 My was speciied on the 
E. platycephalus–E. montanus divergence node, selected to relect the 
midpoint of the esimated ime of separaion of Corsica and Sardinia 
ca. 15–9 Mya (Boccalei et al., 1990). A normal distribuion was used 
to relect bidirecional calibraion uncertainty (mean 12 My and sigma 
1.5, giving a central 97.5% range of 9–15 My). The program was run 
with 108 Markov chain Monte Carlo cycles, with 20% burn- in. Chain 
convergence and measures of efecive sample sizes were assessed in 
Tracer v1.6 (Rambaut, Suchard, Xie, & Drummond, 2014). Files from 
three independent runs were combined with LogCombiner in BEAST 
v2.1.3. TreeAnnotator was then used to determine the maximum clade 
credibility tree. Trees were edited in FigTree v1.4 (Rambaut, 2012).

To further analyze the intraspeciic mtDNA genealogy, a hap-
lotype network (Posada & Crandall, 2001) was constructed in 
NETWORK v4.6.1 (www.luxus-engineering.com) using the median- 
joining method (Bandelt, Forster, & Röhl, 1999). TCS sotware 
(Clement, Posada, & Crandall, 2000) was used to implement the par-
simony method (Templeton, Crandall, & Sing, 1992), to complement 
NETWORK results, and to idenify the likely ancestral or root haplo-
type. We esimated evoluionary divergence (DML) between the ances-
tral haplotype and the other haplotype sequences using the Tamura 
3- parameter model in MEGA5 to calculate the number of base sub-
situions per site between sequences. The rate variaion among sites 
was modeled with a gamma distribuion (shape parameter = 0.3). This 
was used to derive the rate of nucleoide subsituion (r) and ime (T) 
of divergence between haplogroups, according to T = DML/2r (Hughes 
& Verra, 2001), using values of T derived from calibraion in BEAST, or 
a mtDNA D- loop mean mutaion rate (r) in salamanders of 0.8%/My, 
as esimated by Steinfartz et al. (2000).

We invesigated potenial populaion size changes in DNAsp v5 
(Librado & Rozas, 2009) using mismatch distribuion analysis and de-
termining raggedness r (Harpending, 1994), D* and F* (Fu & Li, 1993) 

and R2 (Ramos- Onsins & Rozas, 2002) staisics. The observed distri-
buion of pairwise diferences was compared with the distribuion ex-
pected for a model of sudden expansion (Rogers & Harpending, 1992).

2.4 | Microsatellite data analysis

Microsatellite loci were tested for linkage disequilibrium in FSTAT 
v 2.9.3.2 (Goudet, 2001). FSTAT was also used to test allele rich-
ness, corrected for sample size, and esimators of F staisics (Weir 
& Cockerham, 1984) across loci and populaions. Relatedness was 
esimated as for Queller and Goodnight (1989). The inbreeding co-
eicient F (Frankham, Ballou, & Briscoe, 2010) was esimated using 
the inbreeding funcion of the adegenet package, version 2.0.0 
(Jombart, 2008) implemented in R, version 3.2.2 (R Development 
Core Team, 2015). A Wilcoxon rank- sum test, implemented in R, 
was used to compare the means of esimated F values between dif-
ferent regions. Difereniaion between populaions was tested by 
pairwise FST in FSTAT, with 1,000 permutaions and Bonferroni cor-
recion (Rice, 1989). Populaions were compared with respect to al-
lele richness and F staisics in FSTAT, using 1,000 permutaions. An 
unrooted neighbor- joining tree (Saitou & Nei, 1987) was generated 
with the method of Fitch (Fitch & Margoliash, 1967) in PHYLIP v3.695 
(Felsenstein, 1993), based on the pairwise microsatellite geneic dis-
tance matrix generated in FSTAT.

STRUCTURE v2.3 (Falush, Stephens, & Pritchard, 2003; Pritchard, 
Stephens, & Donnelly, 2000) was used to infer geneic clustering ac-
cording to microsatellite allele frequencies. The nine sampling sites 
containing more than 10 individuals were included, using the admixture 
model to allow for the possibility of mixed ancestry. Sampling locaion 
was included as locprior (Hubisz, Falush, Stephens, & Pritchard, 2009). 
Ten replicate runs were performed for diferent numbers of clusters 
(K), for K = 1–9, with MCMC 1,000,000 ater burn- in 50,000. Mean 
log- likelihood values for each value of K were computed in Structure 
Harvester (Earl, 2012), which also derived values of deltaK, based on 
the rate of change in log probability for diferent values of K, detect-
ing the uppermost hierarchical level of structure (Evanno, Regnaut, 
& Goudet, 2005). The highest log- likelihood posterior probability 
was seen at K = 6 (shown in Secion 3). To assign probabilisically the 
proporion of individual membership to each of the six STRUCTURE- 
deined clusters for individuals from the smaller sampling sites not 
included in the original analysis, STRUCTURE was rerun for K = 6 
including all samples. Cluster membership coeicients from replicate 
runs were permuted in CLUMPP (Jakobsson & Rosenberg, 2007).

Hierarchical clustering was further invesigated using discriminant 
analysis of principal components (DAPC; Jombart, Devillard, & Balloux, 
2010) in the adegenet package, version 2.0.0 (Jombart, 2008; Jombart 
& Ahmed, 2011) implemented in R, version 3.2.2 (R Development Core 
Team, 2015). The ind.clusters funcion of adegenet was iniially applied 
to individuals from the nine main sampling sites and then to subgroups 
of the main sites, grouped according to region. The opimal number of 
clusters was determined by examining the curves of Bayesian informa-
ion criterion (BIC) values as a funcion of the number of clusters (k) for 
each case. The dapc funcion was then applied to the same groupings 

http://www.fluxus-engineering.com
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of sites, using cross- validaion and α- score funcions to determine the 
opimum number of principal components to retain in each analysis.

2.5 | Approximate Bayesian computaion

In this study, we used ABC implemented in DIYABC version 2.1.0 
(Cornuet et al., 2014). The underlying process of DIYABC (Beaumont 
et al., 2002; Cornuet et al., 2008) is to simulate datasets for scenarios, 
drawing parameters from prior distribuions based on observed ge-
neic structure. The simulated datasets with summary staisics clos-
est to those of the observed dataset are then used to idenify the 
model scenario that best its the data. While this approach cannot 
conirm the “right” model and generates broader conidence intervals 
and less accurate parameter esimates than full- likelihood methods 
(Robert, Cornuet, Marin, & Pillai, 2011), it provides a useful basis to 
assess the likelihood of plausible alternaive scenarios. ABC will not 
disinguish between complicated models if the expected values for 
the summary staisics do not difer (Wakeley, 2003). We therefore 
adopted the approach of using compeing scenarios to address spe-
ciic quesions and then to generate a inal model in which to infer 
posterior parameters for the model. Replicates of basic scenarios 
were used to establish the range of core parameters and assess the 
consistency of results. The iming, duraion and magnitude of changes 
in populaion size were evaluated in models based on supported 
scenarios.

The mtDNA dataset was used to invesigate the divergence of 
the northern clade, including screening for botlenecks, and for the 
populaion expansion suggested by mtDNA pairwise nucleoide mis-
match analysis, using evoluionary scenarios and priors informed by 
BEAST and NETWORK results. The microsatellite dataset was used 
to infer evoluionary processes occurring between the parial central/
southern divergence shown on mtDNA haplotype analysis, and the 
current status based on the hierarchical populaion structure shown 
by STRUCTURE and DAPC, and to esimate efecive populaion size 
and more recent demographic changes. Independent simulaions were 
performed for mtDNA and microsatellite geneic datasets because of 
observed mtDNA/microsatellite discordance, and results suggesing 
microsatellite homoplasy (see Secion 3).

For mtDNA, the HKY mutaion model (Hasegawa et al., 1985) 
was adopted, with parameters informed by the best iing model 
in MEGA5 (proporion of invariant sites 61%, shape of the gamma 
0.78). Log prior distribuions were used for mean mutaion rate and 
mean coeicient, with default seings other than for the minimum 
mean mutaion rate (set at 1.00E- 8) and for the maximum mean co-
eicient (set at 50). Individual loci were set to take the same value 
(=mean). Default seings were used for the microsatellite mutaion 
priors, based on the generalized stepwise model (Di Rienzo et al., 
1994; Estoup, Jarne, & Cornuet, 2002). The mutaion model default 
priors are consistent with the microsatellite mutaion rate observed 
in the eastern iger salamander (Bulut et al., 2009). All loci were 
treated as a single group. A minimum of 105 simulaions was per-
formed per scenario. Scenarios were compared using linear discrim-
inant analysis of summary staisics with logisic regression analysis 

(Beaumont, 2008; Fagundes et al., 2007) for esimaion of posterior 
probability with 95% conidence intervals (Cornuet et al., 2008). A 
total of 500 pseudo- observed datasets (pods) were simulated under 
each scenario to esimate error and assess conidence in scenario 
choice (Cornuet, Ravigné, & Estoup, 2010). Parameters were esi-
mated from the posterior parameter distribuions of the 1% simu-
lated datasets closest to the observed, using logit transformaion. 
Precision and bias of posterior parameters were assessed using pods 
with parameter values drawn from the posterior distribuion for the 
relevant scenario. Models were also evaluated for goodness of it and 
potenial discrepancies (Gelman, Carlin, Stern, & Rubin, 1995), with 
the inclusion of a range of summary staisics that had not been used 
for the original simulaion process (Cornuet et al., 2010). ABC meth-
ods including prior seings and summary staisics used for simula-
ion and for model checking are further detailed in the Supporing 
informaion.

3  | RESULTS

3.1 | Quality of DNA

Poor ampliicaion, irrespecive of the primer set used, was observed 
in 59 DNA samples (26% of total), all of which had been extracted 
from swab samples. This failure rate relects both low yield, and a 
DNA extracion method which had been opimized for the detecion 
of B. dendrobaidis spores. These samples were not included in subse-
quent analysis.

3.2 | Mitochondrial DNA

A D- loop fragment was ampliied and sequenced in 96 individuals, in-
cluding a minimum of eight from each of the nine main sampling sites 
(Table 1). The inal alignment was 491 bp, including 16 variable sites, 
13 being parsimony informaive. Fiteen diferent haplotypes were 
ideniied, of which six were unique to single individuals.

Figure 1 presents the consensus posterior probability phyloge-
neic tree inferred in BEAST 2 from haplotype sequences, including 
E. montanus, and rooted with T. cristatus. Maximum- likelihood topol-
ogy and bootstrap support for trees computed with MEGA 5 yielded 
equivalent results (not shown). All trees showed a very strongly sup-
ported node with clear divergence of a clade comprising haplotypes 
from northern populaions from a clade encompassing both south 
and central regions. Both the northern and the south/central clades 
showed further divergence with strong nodal support, generaing par-
ial separaion of central and south haplotypes.

Deep division was also apparent in the median- joining haplotype 
network implemented in NETWORK (Figure 1), in which northern 
haplogroups were separated from central haplogroups by a mini-
mum of ive mutaions. By contrast, the network showed incomplete 
resoluion between central and southern regions; haplotype C1 was 
shared between six individuals from central populaions, and one 
from the south. The E. montanus sequence was posiioned in the net-
work at 63 mutaions from the central E. platycephalus haplotypes. 
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Equivalent topology was seen in the network yielded using the par-
simony method in TCS sotware (not shown) although the E. mon-

tanus sequence could not be connected in the same network as 
E. platycephalus.

The table in Figure 1 shows the esimated ages with highest prob-
ability density intervals for the well- supported nodes in the haplotype 
phylogeneic tree, calibrated according to a 12 Mya split between 
E platycephalus and E. montanus. By this approach, the divergence of 
the northern clade from the central/south was esimated at 1.13 Mya. 
Further divergence within the north was dated to 0.56 Mya, similar to 
the onset of divergence within the central and southern haplogroups 
(0.58 Mya). Based on the maximum- likelihood geneic distance be-
tween E. montanus and the C1 haplotype, ideniied in TCS as the likely 
ancestral haplotype, the nucleoide subsituion rate was calculated to 
be 0.5% per million years.

Pairwise mismatch distribuion analysis of the combined southern 
and central groups, but not for the northern group, showed a single 
peak at a mismatch value of 1–2 nucleoides, with a distribuion vi-
sually similar to that predicted under a sudden expansion model 
(Figure 2). Values of Fu’s D* and F* neutrality staisics (Fu & Li, 1993) 
for the combined center–south group were signiicantly negaive, in 
keeping with demographic expansion.

3.3 | Microsatellites

3.3.1 | Diversity

We generated microsatellite genotypes for a total of 168 individu-
als sampled at 13 GPS- deined sites. Successful ampliicaion across 
all eight loci was achieved in 145 individuals (86.4%), with failure to 
amplify at a single locus in 17 (10.1%), and at 2 loci in 6 (3.5%). There 
was no associaion of failure to amplify with individual loci or popula-
ions and no signiicant linkage disequilibrium between any pairs of 
loci. Polymorphism was apparent at all loci in all populaions, with 
allele numbers ranging from 9 to 31 for individual loci (Table 2). All 
individual genotypes were diferent, indicaing that no individual had 
been sampled more than once. No more than two allelic bands were 
recorded per individual, making it unlikely that skin cells derived more 
than one individual had been inadvertently sampled, a potenial risk 
associated with the use of external swab samples (Müller et al., 2013). 
While there was deviaion from Hardy–Weinberg equilibrium (HWE; 
p < .001), the results did not suggest the presence of null alleles afect-
ing speciic loci or populaions (Tables 2 and 3). Simulators of F stais-
ics were signiicantly greater than zero (99% conidence intervals FIT 

.22–.43; FST .095–.316; FIS .056–.265), allowing the null hypothesis of 

F IGURE  1 Deep divergence revealed by mtDNA sequencing. Left: Bayesian phylogenetic tree of Euproctus platycephalus mtDNA haplotypes 
implemented in BEAST, using a strict molecular clock model. The tree was rooted with Triturus cristatus (not shown on figure for clarity). An 
arbitrary prior node age of 12 My was specified on the E. platycephalus–Euproctus montanus divergence node (starred). Values for posterior 
probabilities of >0.75 are shown at the relevant nodes. The inset table shows the inferred ages and 95% highest posterior density (HPD) 
intervals for the numbered nodes. The vertical bars to the right of the tree show clustering of haplotypes into north (blue), central (green), and 
south (orange) haplogroups. Right: Median- joining haplotype network, implemented in NETWORK. Circle sizes are proportional to haplotype 
frequency and colored according to the region of origin of each individual with that haplotype. Numbers represent the number of nucleotide 
differences between haplotypes, where no number is shown lines between circles represent a single difference. Unrepresented intermediate 
nodes are shown as an open circle. The E. montanus sequence (not shown for clarity) is positioned in the network at 63 mutations from its 
closest E. platycephalus sequence, C2, and thus 64 from C1, the presumed ancestral haplotype
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panmixia to be rejected. Populaion structure thus provides the likeli-
est explanaion for the observed deviaion from HWE.

The two northern populaions (HP and BIA) had signiicantly lower 
geneic diversity than those from the center or south, as measured 
by allele richness (p < .05), observed heterozygosity (p < .01), related-
ness (p < .05), and FIS (p < .01). An esimated inbreeding coeicient 
(F) value of >.5, the equivalent of three generaions of full- sib maing 

(Frankham et al., 2010), was observed in 11 of 37 (29.7%) individuals 
in the north, six of 48 (12.5%) in the center, and seven of 68 (10.3%) 
in the south. The mean inbreeding coeicient was also signiicantly 
higher for individuals from the northern region than from the south 
or central regions (mean [SD] for north 0.4114 [0.178]; center 0.2882 
[0.145]; south 0.2745 [0.143], p values for north vs. central and 
north vs. south <.001). There was no signiicant diference in geneic 

F IGURE  2 Demographic expansion: pairwise nucleotide mismatch distribution. The graphs show the frequency of observed individual 
pairwise nucleotide site differences in the mtDNA D- loop sequence (circles/dotted lines) in comparison with the pattern expected for a sudden 
expansion model (solid smooth line). The curves for the combined south/central regions show a good visual fit, with a peak at 1–2 nucleotides. 
The significantly negative values for the neutrality statistics D* and F*, shown in the table, are also consistent with demographic expansion in the 
south/central region, but not in the northern. all, All individuals; individuals from northern region; south/central, pooled individuals from south 
and central regions; n: number of individuals; D* & F*: Fu’s neutrality statistics (Fu & Li, 1993); R2:R2 test for neutrality (Ramos- Onsins & Rozas, 
2002); r: raggedness index (Harpending, 1994); Statistically significant values are shown in bold italics

Site Number Ar H
o

H
s

FIS FST

Total All 168 2.376 0.511 0.613 .166 .185

Regions North 37 2.693 0.361 0.581 .378 .009

Central 48 2.764 0.501 0.564 .111 .11

South 68 3.05 0.597 0.666 .104 .031

Populaions

1 HP 23 2.852 0.385 0.619 .378 .000

2 BIA 14 2.481 0.325 0.52 .376 .001

5 BP 16 2.883 0.515 0.563 .084 .069

7 SES 17 2.798 0.442 0.57 .225 .000

8 PF 15 2.612 0.55 0.56 .019 .000

9 MAR 20 3.068 0.591 0.665 .112 .000

10 LNR 14 2.912 0.597 0.637 .063 .051

11 GUN 15 3.225 0.694 0.683 .000 .002

13 CER 19 3.005 0.526 0.673 .218 .000

Allele richness (Ar), observed (Ho), and expected (Hs) heterozygosity, and ixaion staisics (FIS and FST; 

Nei & Chesser, 1983) were calculated in FSTAT, with bootstrapping across all eight loci. The top row 
shows results for the total 168 samples. Results for regions and populaions include the nine popula-
ions with ≥14 individuals. Negaive esimates of FST and FIS are shown as zero.

TABLE  3 Summary of microsatellite 
genotyping results in Euproctus 

platycephalus
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diversity between south and central regions. There was no signiicant 
diference in relatedness, FIS or mean inbreeding coeicient between 
males (n = 41) and females (n = 26) pooled from all southern sampling 
sites (not shown). In the north and central regions, the number of indi-
viduals of known gender was insuicient to allow comparison.

3.3.2 | Hierarchy of geneic clustering

To invesigate paterns of geneic structuring across the island, the 
nine sites with the highest number of individuals (range 14–23) were 
used, comprising two from the north, three central, and four from the 
south (Table 1). The largest pairwise FST values tended to be between 
sites from diferent regions, while the values between the pairs of 
sites from the same region tended to be lower (Table 4). There was 
also signiicant pairwise divergence between the three sites from the 
central region and in the south between one site (LNR) and the other 
three sites from the region. A neighbor- joining tree, based on pairwise 
diferences between the nine populaions (Figure 3), illustrates the hi-
erarchy of geneic structure, strongest between regions and between 
the individual central populaions, with a lower level of divergence 
between the southern populaions.

In STRUCTURE, the peak value of deltaK was associated with 
K = 2, but the log- likelihood posterior probability was highest at K = 6 
(Figure 4). When the number of clusters was set at K = 3, the three 
main regions were clearly difereniated on barplots (Figure 3). At 
K = 6, the strong regional patern was sill apparent, but there was also 
clear demarcaion between the three central sites, and weaker difer-
eniaion between LNR and the other southern locaions (Figure 3). 
Microsatellite STRUCTURE results for the smaller populaions at K = 6 
strongly resembled those of their closest regional neighbors (Figure 5).

An equivalent hierarchical structure was ideniied using DAPC. 
When the individuals from the nine main sampling sites were analyzed 
together, the BIC value declined sharply to a cluster value of 3, then 
a more gradual decline to K = 6 (Figure 4). A DAPC scaterplot of the 
irst two principal components showed clear demarcaion between 
the three regions (Figure 3). When individuals from the three central 
sites were analyzed separately, the BIC plot showed a sharp elbow at 

K = 3 (Figure 4), and the scaterplot showed clear geneic difereni-
aion between the three sites (Figure 3). Intraregional difereniaion 
was also apparent in the southern samples when analyzed separately, 
disinguishing individuals from the LNR sampling site from those of 
the other southern sites. The two northern sampling sites showed no 
intraregional clustering with DAPC or with STRUCTURE, even when 
analyzed separately from central and southern sites (not shown).

3.4 | Discordance between mtDNA and 
microsatellite markers

Figure 5 presents the frequency distribuion of mtDNA haplotypes 
for the diferent sampling sites in comparison with the corresponding 
microsatellite STRUCTURE- derived bar charts, showing the propor-
ion of membership assigned probabilisically to each of K = 6 clusters. 
Consistent with the strong regional grouping shown in the median- 
joining network, mtDNA haplotypes were shared between sites from 
the same region but not across regions, with the excepion of a cen-
tral haplotype (C1) observed in a single individual from the south. 
However, striking diferences were apparent in the patern of distri-
buion of mtDNA haplotypes between individual sampling sites from 
within the same region. This mtDNA/microsatellite discordance is also 
illustrated by the diferences in geneic distance between populaions 
for mtDNA in comparison with microsatellite markers (Table 5).

The most common patern of discordance was one of divergent 
mtDNA haplotypes between sites despite almost idenical microsat-
ellite paterns, most clearly illustrated by the two main northern sam-
pling sites (HP and BIA; Figure 5). In addiion, mtDNA haplotypes for 
two of the four individuals from the smaller northern site (AFF) were 
not shared with any of the 20 individuals of the two main sites with 
the same microsatellite patern. A unique haplotype was also found in 
the single individual sampled at the Monte Olia site. A similar patern 
of mtDNA/microsatellite discordance was apparent in the southern 
populaions, where the less common S2 haplotype was found to pre-
dominate in individuals from MAR, in contrast to the predominant S1 
haplotype in the other southern populaions despite their having very 
similar microsatellite paterns.

TABLE  4 Matrix of pairwise geneic distances between main populaions, grouped according to region

Pairwise FST values are shown below the diagonal, with Euclidean distance in km between the sampling sites above the diagonal. All values signiicant at p < .001 

ater Bonferroni correcion except a; ns, b; p < .05, c; p < .01. All values signiicant at p < .001 ater Bonferroni correcion except a; ns, b; p < .05, c; p < .01
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A diferent patern of discordance was apparent in the central re-
gion. BP difered from the other two main central sites (SES and PF) 
with respect to both mtDNA and microsatellite paterns. By contrast, 
the mtDNA haplotype distribuion in SES and PF was very similar, de-
spite strong microsatellite divergence. Unfortunately, there was insuf-
icient DNA to allow sequencing of mtDNA haplotypes in the smaller 
site (PGC) in the central region.

3.5 | Approximate Bayesian computaion

3.5.1 | Simulaions using mtDNA datasets

We used ABC of mtDNA datasets to infer the iming and demograph-
ics of the divergence of the northern populaion of E. platycephalus. 

Model scenarios were informed by the mtDNA phylogeny results in-
dicaive of an early split of the northern populaion from an ancestral 
central (center–south) populaion, with later onset of divergence of 
the center and south. The model scenarios used and their posterior 
probabiliies are detailed in Figure S1. As predicted, a scenario of early 

divergence of the north from an ancestral center–south populaion, 
with subsequent divergence of the center and south, was strongly 
supported over an alternaive scenario of simultaneous divergence 
of all three regions. A third scenario including an unsampled or ex-
inct populaion was not supported. The iming of the northern diver-
gence, inferred from the posterior distribuion of parameters for the 
supported scenario, was around 3 million generaions ago and that 
of the center–south split around 0.5 million generaions ago (Figures 
S1 and 6).

Scenarios incorporaing change in efecive populaion size (Ne) 
were used to screen for botlenecks at the ime of divergence of the 
northern clade, which might underlie its observed reducion in ge-
neic diversity, as well as for demographic expansion afecing the 
center–south populaion, suggested by pairwise mismatch distribu-
ion (Figure 2). Methods and results are detailed in the Figs S2 and 
S3. Results were consistent with a botleneck afecing not only the 
northern populaion, but also the center–south ancestral populaion 
around the ime of their divergence. There was also support for post-
botleneck demographic expansion afecing the diverged northern 

F IGURE  3 Hierarchical population genetic structure of Euproctus platycephalus revealed by microsatellite genotyping. (a) Unrooted neighbor- 
joining tree, based on pairwise genetic distance, showing strongly separated regional clades, with intraregional differentiation between the 
central populations, and partial differentiation between the southern. Branches are colored according to region (blue: north, green: central, 
orange: south). (b) STRUCTURE results for different values of K. The barplot columns represent the Bayesian assignment of individuals to each 
of K genetic clusters, for K = 3 and K = 6. The probability of membership to each shown as the height of the relevant colored segment. There 
is clear demarcation between genetic clusters coincident with the spatially defined population groups, consistent with the pairwise FST results. 
(c) DAPC scatterplots of first two principal components, showing individuals as points, and inertia ellipses for populations defined according 
to the nine main sampling sites. Points are color- coded for region of origin (blue: north, green: center, red: south). The top panel shows the 
results when all nine groups are included, with clear separation according to region. The lower two panels show results from separate analysis of 
populations from the central and southern sites
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populaion as well as the ancestral center–south populaion, with re-
covery of both to predivergence levels. ABC results were also in keep-
ing with an equivalent patern of botlenecks afecing both center and 
south populaions at their later divergence (Figures 6, S2 and S3).

3.5.2 | Simulaions using microsatellite datasets

We used microsatellite datasets in DIY ABC to infer events in the 
center and south, bridging the gap between the parial split be-
tween the south and center apparent on mtDNA analysis, and the 
complete divergence of the central region populaions indicated by 

microsatellite markers. Compeing model scenarios and posterior 
probabiliies are shown in Fig. S4.

The supported scenarios are in keeping with early divergence of 
the south and center and subsequent intraregional divergence. The 
scenario of a sequenial process underlying central intraregional di-
vergence received the highest posterior support (Figures 6 and S4A), 
consistent with a model of southerly spread and subsequent loss of 
connecivity. This was endorsed by the comparison of scenarios in-
corporaing admixture, the best- supported model showing a low level 
of admixture (inferred proporion 0.189), between the northernmost 
central populaion (BP) and the geographically intermediate (SES), and 

F IGURE  4 Estimation of number of 
genetic clusters in microsatellite dataset. 
Top panel: Variation in posterior probability 
and deltaK for different numbers of clusters 
(K) in STRUCTURE. The mean posterior 
probability L(K), based on 10 replicate runs, 
increases sharply up to K = 3, reaching a 
maximum at K = 6. At values of K above 

this level, the probability decreases, with 
higher variance. DeltaK values (Evanno 
et al., 2005) most strongly support K = 2. 
Bottom panels: BIC values for different 
numbers of clusters (k) using clustering 
algorithm in adegenet. The curve for 
individuals from all nine sampling sites (left) 
mirrors the L(K) results. When analyzed 
separately, the central region (center) 
shows a clear elbow at k = 3, and the 
southern (right) at k = 2

F IGURE  5 Geographical distribution 
of mtDNA haplotypes and microsatellite 
genetic clusters, showing mitochondrial- 
microsatellite discordance at intraregional 
level. Left panel: Pie charts showing 
patterns of mtDNA haplotype frequency 
distribution for sampling sites, grouped 
according to region. The haplotype for 
the individual from Monte Olia (MO) is 
shown as a small circle. Right panel: Bar 
charts showing the proportion of group 
membership assigned probabilistically to 
each of K = 6 clusters in STRUCTURE for 
each sampling site. For the single sample 
from Monte Olia, the individual result is 
shown (marked *, site 4). The nine major 
sampling sites are shown in bold and the 
supplementary sites in italic. See Figure 6 
for map of Sardinia showing the locations 
of the sampling sites
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a high level (inferred proporion 0.811) between SES and the southern-
most (PF), with minimal support for a scenario of admixture between 
BP and PF (Fig. S4B). For the origin of LNR, the geneically disinct pop-
ulaion in the southern region, the highest posterior support was for a 
simple split from the rest of the south, with no support for a model of 
admixture with an unsampled “ghost” populaion (Fig. S4D). A compos-
ite model was generated to incorporate the above supported scenarios 
(Figure 6), not including admixture for clarity. Parameters derived from 
posterior distribuions of replicate simulaions are in keeping with the 
divergence of the center and south from a common ancestral popula-
ion 1–2 × 104 generaions ago, with difereniaion within the central 
region daing from 3–5 × 103 generaions ago.

Inclusion of northern region in microsatellite dataset model

The scenario of separaion of the north from a center–south common 
ancestor predictably received the highest posterior support (Fig. S6A), 
consistent with the mtDNA- based model. However, the model check 
showed a less good it for this scenario (Fig. S6B) than for the compos-
ite center–south scenario, without the northern populaion but other-
wise idenical (Fig. S6C). In addiion, parameters inferred the posterior 
distribuions were inconsistent with the mtDNA- supported phylog-
eny in that the divergence of the north from the center–south ances-
tor appeared to be more recent than that of the center and south. 
There were also discrepancies apparent in the iming of intraregional 
divergence of the south and center. (Fig. S6C). These results may be 
explained by diferences in the inferred mtDNA mutaion rate in sce-
narios incorporaing the north. While the posterior mutaion rate was 
equivalent for scenarios with only the north microsatellite dataset and 
for those including the center and south, all scenarios including north 
with the center and south had a signiicantly lower inferred mutaion 

rate (Fig. S6D). This is in keeping with the ime of coalescence being 
inluenced by the occurrence of homoplasy, in which populaions 
share alleles idenical in size but not by descent (Estoup et al., 2002). 
This is a predictable risk with the microsatellite model of mutaion 
used, especially for ancient events (Cornuet et al., 2010) and distantly 
related populaions (Nauta & Weissing, 1996), and therefore consist-
ent with the historic isolaion of the northern populaion from those 
in the central and southern regions.

Demographic changes inferred from microsatellite datasets

Inferred values for stable Ne were similar across all six STRUCTURE- 
deined populaions, in the range 103–104 (Fig. S7B). The supported 
central/south scenario, not including the northern populaion, was 
used as the basic model in which to screen for botlenecks around the 
inter-  and intraregional splits. Posterior support was shown for a botle-
neck scenario at the ime of the center–south split, afecing both the 
south and central ancestral populaions, but not for botlenecks around 
the later intraregional divergence events (Figure S7). To prevent dis-
torion caused by homoplasy, the northern microsatellite dataset was 
screened separately for demographic change. To ensure comparability 
with results from the full scenario, this approach was iniially applied to 
the separate south and central mtDNA datasets. Results supported the 
occurrence of botlenecks 1–2 × 104 generaions ago, afecing both 
south and central regional populaions. This iming is similar to that 
inferred for the center–south split in the full scenario. A botleneck 
afecing the north populaion was also supported. The inferred iming 
appeared more recent, around 5 × 103 generaions ago, but with con-
idence intervals overlapping those of the center and south (Fig. S7E).

Individual regional datasets were also used to screen for popula-
ion expansion. There was good support for demographic expansion 
events afecing the center and south. Posterior distribuions for the 
expansion models were in keeping with very similar iming of expan-
sion for both center and south regions, predaing the divergence of 
the center and south. For the north dataset, the expansion scenario 
received lower support, but with a good it on model checking, in-
cluding no outliers in distribuions of summary staisics. The inferred 
iming for expansion was equivalent to those for the center and south. 
Posterior probabiliies were close to zero for scenarios with expansion 
occurring more recently than the center–south split (not shown).

4  | DISCUSSION

We have demonstrated a clear hierarchy of structure between ge-
neically divergent and spaially disinct subpopulaions of the en-
dangered E. platycephalus across its range of distribuion. With more 
extensive sampling, we have been able to build on and extend the 
mtDNA results of Lecis and Norris (2004b). In addiion, the combined 
use of mitochondrial and microsatellite markers has demonstrated 
further complexity of geneic structure at the microgeographical level 
and has allowed the applicaion of ABC to address hypotheses relat-
ing to the historic and contemporary processes underlying the ob-
served paterns of geneic structure.

TABLE  5 Discordance between mtDNA and microsatellites 
according to region

mtDNA Microsatellite

North

HP:BIA * ns

Central

BP:SES * ***

BP:PF * ***

PF:SES ns ***

South

MAR:CER ** *

MAR:GUN *** ns

MAR:LNR *** ***

CER:GUN ns *

CER:LNR ns ***

GUN:LNR ns ***

Comparison of levels of signiicance for pairwise geneic distances be-
tween sites with mtDNA and microsatellite markers, showing contrasing 
paterns of discrepancy between mitochondrial and microsatellite markers 
according to region. ns; nonsigniicant (p > .05).
*p < .05; **p < .01; ***p < .001 (ater Bonferroni correcion).
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4.1 | mtDNA analysis: deep geneic divisions daing 
to the Pleistocene

A deep phylogeneic split distancing the northern populaions from 
those from the center and south was the most striking inding in our 

study with respect to mtDNA haplotypes, in keeping with the results 
of Lecis and Norris (2004b). This was shown by the strongly supported 
monophyleic northern clade in the phylogeneic tree and endorsed by 
the isolaion of the northern haplogroups in the mtDNA haplotype net-
works. Our results indicate that the northern clade of E. platycephalus 

F IGURE  6 Approximate Bayesian computation scenarios for mtDNA and microsatellite datasets. Supported scenarios for divergence between 
regions (mtDNA datasets), and between populations (microsatellite datasets). The approximate locations of the sampling sites are shown on 
the topographic map. Times of divergences (not to scale) are derived from median posterior parameter distributions from replicate simulations 
(Figures S1D andd S6C). Bottlenecks are indicated by blue arrows and expansions by red arrows (time not to scale). Inferred parameter values 
for stable Ne are shown beneath the populations. Inferred values for Ne during population bottlenecks and expansions are shown next to the 
appropriate arrow. Note that mtDNA and microsatellite- derived values are not directly comparable . South*:south populations CER, MAR, GUN



     |  1203BALL et AL.

became isolated ca. 1.13 Mya. Divergence between the southern and 
central populaions began later, ca. 0.58 Mya, with very similar im-
ing to the onset of divergence within the northern clade. Bisconi, 
Canestrelli, Salvi, et al. (2013) found comparable phylogeneic divi-
sions in their mtDNA study of the closely related Corsican endemic 
E. montanus, in which they also used the E platycephalus–E. montanus 

split for node calibraion, applying similar cauion to avoid overpreci-
sion. They esimated that deep intraspeciic divergence of E. montanus 

dated to early Pleistocene and terminal haplogroup divergence to late 
Pleistocene (Bisconi, Canestrelli, Salvi, et al. 2013). Divisions daing 
to early/mid- Pleistocene have also been described in the popula-
ion structure of the Corsican painted frog Discoglossus montalenii, 
another Corsican endemic which occupies a similar montane habitat 
(Bisconi, Canestrelli & Nascei, et al., 2013). More distant taxa pro-
vide addiional evidence of the importance of this period in Tyrrhenian 
phylogeography. Phylogeny of two Corso- Sardinian endemic lizards, 
Algyroides bedriagae and Algyroides itzingeri, also shows deep divisions 
daing to around 1–2 Mya, depending on the subsituion rate used 
for calibraion (Salvi, Harris, Bombi, Carretero, & Bologna, 2010; Salvi, 
Harris, Perera, Bologna, & Carretero, 2011).

4.2 | Microsatellite analysis: more recent geneic 
difereniaion

There was clear alignment between the historic divisions ideniied 
with mtDNA sequencing and the contemporary geneic pariioning 
between regions shown by microsatellite analysis. The dominance of 
these deep regional divisions parially obscured structure at a iner 
geographical scale. However, when the regions were analyzed sepa-
rately, further difereniaion could be discerned. The most striking 
inding was that of signiicant divergence within the central region to 
form three disinct populaions, relecing the higher power of micro-
satellite datasets to detect more recent paterns of restricted gene 
low. The validity of our results is endorsed by their consistency with 
the diferent approaches used to detect clustering. The observaion of 
homoplasy does not invalidate these indings, although the pairwise 
geneic distance between the northern populaions and those of the 
center and south is likely to have been underesimated as a result. This 
does, however, provide an explanaion for why the highest value of 
deltaK in STRUCTURE was two rather than three, as might have been 
predicted from regional pariioning.

No signiicant further difereniaion could be discerned within the 
northern region on microsatellite analysis. This may be explained by 
the close geographical proximity of the sites in this study, consistent 
with the high gene low expected at a microgeographical spaial scale, 
within the usual dispersal radius of the species (Richardson, Urban, 
Bolnick, & Skelly, 2014). Our results also suggest extensive gene low 
between the sampling sites within the southern region, with the ex-
cepion of parial but signiicant divergence between a single site 
(LNR) and the other southern populaions. The ancient divisions be-
tween mountain ranges and the clustered sampling of closely neigh-
boring populaions across geographically distant sites preclude Mantel 
tesing of isolaion by distance (Mantel, 1967; Wright, 1943) across 

the enire dataset (Meirmans, 2012). Within the common movement 
range, Euclidean geographical distance is likely to play a less import-
ant role than environment in inluencing the dispersal of amphibians 
(Angelone, Kienast, & Holderegger, 2011; Oromi, Amat, Sanuy, & 
Carranza, 2014; Sexton, Hangartner, & Hofmann, 2014).

4.3 | ABC: bridging the gap between mtDNA and 
microsatellites

Mitochondrial markers provide insight into historic phylogeneic 
events and microsatellites into contemporary populaion structure 
(Wang, 2011). However, there remains in efect a temporal gap be-
tween them, illustrated in our study by the lack of informaion on 
events occurrence between the parial divergence of the central and 
south ca. 0.5 Mya, shown on mtDNA analysis, and the striking intrare-
gional difereniaion of the central populaions, shown on microsatel-
lite analysis. We therefore used ABC to infer intermediary processes, 
including changes in populaion size.

Approximate Bayesian computaion is approximate by deini-
ion, and the accuracy of parameter esimates is lower than for full- 
likelihood methods (Robert et al., 2011). Esimates of ime parameters 
are addiionally inluenced by the mutaion model adopted and by es-
imates of the generaion ime. In the absence of a uniied model of 
mutaion applicable to all microsatellite loci (Balloux & Lugon- Moulin, 
2002; Ellegren, 2004), we adopted the generalized stepwise model (Di 
Rienzo et al., 1994; Estoup et al., 2002). Esimates of mtDNA and mi-
crosatellite mutaion rates were broadly compaible with the limited 
reference ranges available (Bulut et al., 2009; Steinfartz et al., 2000). In 
this study, our observaions of mtDNA–microsatellite discordance and 
microsatellite homoplasy precluded the incorporaion of both mtDNA 
and microsatellite datasets into the same scenario. However, poste-
rior distribuions for mutaion model parameters for both mtDNA and 
microsatellite markers were consistent between supported scenar-
ios of the relevant datasets, with the excepion of those afected by 
homoplasy, allowing the comparison of relaive imes in generaions. 
Although results for iming and efecive populaion size were not di-
rectly comparable across the markers, it was sill possible to compare 
mtDNA and microsatellite scenarios with respect to events around the 
divergence of the central and southern regions, as mtDNA–microsat-
ellite discordance was only apparent at the iner intraregional scale.

The ime to sexual maturity may be used as an approximaion of 
the generaion ime, deined as the age at which members of given 
cohort are expected to reproduce (Lande, 1982). The study of Angelini 
et al. (2015) reported a mean age to sexual maturity of 2–5 years 
across the island. However, this was inluenced by temperature, with a 
shorter ime to sexual maturity in the south than in the north (Angelini 
et al., 2015). A constant generaion ime therefore cannot be assumed 
for our study; during glacial phases, it is likely to have been longer 
than during interglacial or postglacial phases. This is unlikely to impact 
on the inferred topology of regional and intraregional divergence, but 
may further reduce the accuracy of temporal esimates.

The results of screening for changes in populaion size were less 
clear- cut than for the comparison of scenarios of compeing topology, 
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but again there was consistency in the iming of botlenecks and ex-
pansion events between full scenarios and separate regional popula-
ions, and between mtDNA and microsatellite datasets with respect 
to changes around the center–south split. This consistency in iming 
across separate regional populaions, with difering paterns of inter-
nal populaion structure, makes it unlikely that the presence of popu-
laion structure had generated a false signature of populaion decline 
(Chikhi, Sousa, Luisi, Goossens, & Beaumont, 2010). A potenial dis-
advantage to the analysis of individual populaion datasets is that 
the number of available summary staisics is low, with loss of power 
of resoluion between scenarios, and in model checking. However, 
the consistency across regions again endorses the plausibility of the 
results.

4.3.1 | Composite biogeographical model

Caveats aside, the ABC approach generated very interesing results, 
allowing the inference of intermediary events, and providing further 
insights into historical processes. Analysis of demographic change in-
dicated that the early divergence of the northern clade was likely to 
have been associated with a sharp populaion decline afecing both 
the north and the center–south ancestral populaions, rather than the 
north alone, as might otherwise have been predicted from its lower 
geneic diversity. Similarly, in contrast to the results of pairwise mis-
match analysis, there was support for a postbotleneck expansion af-
fecing the north, as well the center–south ancestral populaion. The 
similarity of iming of botlenecks and expansions relaive to the ime 
of divergence is in keeping with a common event impacing on the 
whole ancestral populaion, associated with a sharp populaion de-
cline, and leading to isolaion and subsequent expansion of the newly 
diverged north and center–south populaions. This reduces the plau-
sibility of an alternaive model of a peripatric origin for the northern 
populaion, arising from the migraion of founder individuals from the 
northern margin of the ancestral populaion.

A common event is also likely to underlie the later divergence of 
the center and south regions, again indicated by a sharp populaion 
decline afecing both diverged populaions with equivalent iming 
relaive to the split. Although there was also support for a botleneck 
afecing the north, with broadly similar iming, it is not clear whether 
this relects a common or an independent process. A predivergence 
expansion event inferred from microsatellite ABC scenarios for each 
of the three regions is likely to mirror the rebound expansion inferred 
from mtDNA scenarios.

According to ABC results, intraregional difereniaion occurred 
independently in the diverged south and central regions. For the cen-
tral populaions, we hypothesize a process of southward expansion, 
and sequenial isolaion of the three main central populaions, as indi-
cated by the supported topology and admixture scenarios. There was 
no evidence for rapid expansion following intraregional divergence. It 
is therefore not clear whether there was gradual full recovery to the 
prebotleneck populaion size, followed by a decline to current levels, 
or a parial recovery followed by populaion stability, a disincion with 
clear implicaions for conservaion.

4.4 | Inference of historical processes

The ideniicaion of a strong intraspeciic genealogical structure al-
lows inferences to be drawn with respect to the interacion of geog-
raphy and climate with populaion structure (Avise, 2009; Avise et al., 
1987; Hickerson et al., 2010). Concordance in the temporal patern 
of geneic difereniaion across diverse geographically codistributed 
taxa is in keeping with common vicariance events (Avise, 2000; Riddle 
et al., 2008). The esimated iming of the more terminal haplogroup 
divergence in the north, and the onset of difereniaion between the 
central and southern regions, its with that of the severe glacial cycles 
of early to mid- Pleistocene (0.9–0.4 Mya; Kahlke et al., 2011; Webb 
& Bartlein, 1992). Euproctus platycephalus is likely to have been rela-
ively protected during glacial maxima, Sardinia being situated south 
of glaciaion permafrost lines (Frenzel, 1992), on a laitude equiva-
lent to that of the Mediterranean peninsula glacial refugia (Hewit, 
2004; Taberlet, Fumagalli, Wust- Saucy, & Cosson, 1998; reviewed 
by Schmit, 2007). As a coninental island, Sardinia would have been 
further protected by marine bufering of climaic oscillaions (Cronk, 
1997; Médail & Diadema, 2009). There is evidence that it served as 
a glacial refugium for temperate species (Médail & Diadema, 2009; 
Vogel, Rumsey, Schneller, Barret, & Gibby, 1999). However, even 
within refugia, it is likely that glacial oscillaions inluenced species 
distribuion and fragmentaion by a diferenial efect on environmen-
tal niches and habitats (Cimmaruta, Lucente, & Nascei, 2015; Gómez 
& Lunt, 2007; Provan & Bennet, 2008). While glacial maxima tend to 
drive range retracion for low elevaion temperate species, montane 
species are more likely to expand their range to lowlands during glacial 
periods (Hewit, 2011; Stewart, Lister, Barnes, & Dalén, 2010). The ef-
fect of glacial periods on the range of E. platycephalus may thus have 
been permissive, promoing connecivity of habitats and facilitaing 
extension of a central populaion to the southern mountain range of 
Sardinia, with subsequent postglacial range contracion and restric-
ion to the major mountain systems. Our results relaing to the im-
ing of intraregional divergence and the likely southward expansion of 
the central and southern populaions would be consistent with this 
hypothesis. An equivalent model has been proposed for the dispersal 
of the sky island salamander Plethodon ouachitae across the Ouachita 
Mountain range during the climaic luctuaions of the Pleistocene 
(Shepard & Burbrink, 2008). Glacial phase demographic expansion 
is also considered to underlie the intraspeciic geneic structure of 
the Tyrrhenian tree frog Hyla sarda, endemic to Corsica, Sardinia 
and neighboring islands (Bisconi, Canestrelli, Colangelo, & Nascei, 
2011).

By contrast, the earlier geneic isolaion of the northern populaion 
of E. platycephalus is likely to predate the onset of the severe glacial 
oscillaions. While the Corso- Sardinian block has generally been con-
sidered to have been tectonically stable since around 7 Mya (Mariani, 
Braitenberg, & Antonioli, 2009), recent data provide evidence for sig-
niicant reacivaion of faults along the East- Sardinian margin within 
the ime period of the northern isolaion (Gaullier et al., 2014; Giresse, 
Pascucci, Lymer, Gaullier, & Thinon, 2014). Tectonic events thus 
provide a plausible biogeographical process for the isolaion of the 
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northern populaions of E. platycephalus, whether directly by riting, or 
indirectly, for example by marine ingression. Sea is a very efecive bar-
rier to the dispersal of freshwater- dependent salamanders, illustrated 
by the indings of Hauswaldt et al. (2014) who invesigated the diver-
gence of spectacled Salamanders endemic to the Apennine peninsula. 
The range of their esimate of divergence between Salamandrina per-

spicillata in the north, and the southern S. terdigitata, is coincident with 

that of the recurrent marine submersion of the Volturno–Calore River 
drainage basin, which lasted into early Pleistocene (Hauswaldt et al., 
2014).

Anthropogenic habitat loss and fragmentaion over the last cen-
tury may have inluenced the populaion size and connecivity of 
E. platycephalus across its range. Sardinia has been the site of major 
hydrological modiicaions, including the construcion of thirty dams 
from 1920 to 1960, for electricity generaion and water supply 
(Corsale et al., 2011). Neutral geneic divergence may also occur as the 
indirect result of local adaptaion, in which natural selecion against 
immigrants limits gene low (Wang & Bradburd, 2014).

4.5 | Mitochondrial- microsatellite discordance at the 
intraregional level

In contrast to the observed alignment of geneic divisions between 
the regions ideniied by mtDNA and microsatellite markers, at a iner 
geographical scale, there was mitochondrial- microsatellite discord-
ance. Within the central region, the occurrence of divergent micro-
satellite genotypes in the presence of a shared patern of mtDNA 
haplotypes can be ascribed to the higher power of microsatellites in 
detecing more recent obstacles to gene low. However, within the 
northern and southern regions, a contrasing patern of mitochondrial- 
microsatellite discordance was apparent. Despite the populaions 
having near- idenical results on microsatellite analysis, and mtDNA 
haplotypes from the appropriate regional haplogroup, there was sig-
niicant asymmetry in the frequency distribuion of mtDNA haplo-
types across sites. Potenial explanaions for mitochondrial–nuclear 
discordance in the face of gene low include mtDNA introgression 
following hybridizaion with related taxa, human- mediated introduc-
ions, or selecive advantage conferred by speciic mtDNA haplotypes 
(reviewed by Toews & Brelsford, 2012). More than one mechanism 
may apply; introgression between sister species accounts for mitonu-
clear discordance in the mole salamander, but with a geographical dis-
tribuion of mtDNA haplotypes suggesive of a selecive advantage in 
associaion with levels of precipitaion (Denton, Kenyon, Greenwald, 
& Gibbs, 2014). However, the historic isolaion of E. platycephalus 

from closely related species argues against an equivalent mechanism 
of mitochondrial introgression (Chatield, Kozak, Fitzpatrick, & Tucker, 
2010; Garcia- Paris, Alcobendas, Buckley, & Wake, 2003). Similarly 
there here has been no program of human- mediated release of E. plat-

ycephalus to support the occurrence of anthropogenic- mediated hy-
bridizaion. Environmental diferences leading to the selecion and 
ixaion of a variant mtDNA at speciic sites (Cheviron & Brumield, 
2009; Irwin, 2012) are also unlikely, given the lack of associaion 
with a speciic mtDNA haplotype and the microgeographical scales 

involved, especially between the two main northern sites, as well the 
inding of a similar patern of discordance in both north and south. 
This observed patern of discordance is thus more likely to be related 
to the matrilineal patern of inheritance of mtDNA in associaion with 
sex- biased dispersal and demographic asymmetry between sites. The 
inding of a restricted patern of mtDNA haplotypes at paricular 
sampling sites could relect female philopatry to speciic pools in a 
metapopulaion patern of organizaion that is well recognized in am-
phibians with a combined aquaic and terrestrial lifestyle (Cushman, 
2006; Marsh & Trenham, 2001; Smith & Green, 2005).

Although E. platycephalus does not have a physically disinct sex 
chromosome (Bucci- Innoceni, Lascialfari, Ragghiani, & Mancino, 
1978) to enable direct comparison between patrilineal and matrilineal 
markers, sex- biased dispersal may be indirectly inferred from difer-
ences in between philopatric and dispersing genders with respect to 
markers of diversity and relatedness (Cano, Mäkinen, & Merilä, 2008; 
Goudet, Perrin, & Waser, 2002; Prugnolle & de Meeûs, 2002). We did 
not ind a gender diference in the southern region, but we would pre-
dict that, in the presence of high gene low between the sites, a much 
higher number of samples would be required to show a diference. 
There is also a clear need to develop a panel of nuclear markers for 
E. platycephalus, including sex- linked markers, to further address such 
quesions.

Our study provides an esimate of efecive populaion size, an-
other advantage of the use of microsatellite markers (Luikart, Ryman, 
Tallmon, Schwartz, & Allendorf, 2010), which provide a more reliable 
esimate of contemporary populaion size than mtDNA (Cornuet et al., 
2010). These results are remarkably consistent across the diferent 
populaions, the two smallest relaing to the two most recently iso-
lated populaions. This is diicult to interpret in the southern popula-
ion of LNR, which may form part of a metapopulaion. The sampling 
in our study was not restricted to a speciic season, and demographic 
details for the sampling sites are incomplete. It will be interesing to 
determine whether results vary in relaion to the season of sampling, 
as might occur in the context of a metapopulaion structure.

4.6 | Islands within an island: implicaions for 
conservaion

A conservaion program should ideally retain all ecological processes 
relevant to the taxon, relecing site- speciic populaion structure and 
terrestrial migraion. The combinaion of a patern of geneic diver-
sity associated with geneic isolaion and adapive evoluion under-
lies the deiniion of an evoluionarily signiicant unit (ESU; Moritz, 
2002), proposed by Ryder (1986). While purely geneic methods to 
deine units of conservaion below the level of the species are limited 
in scope (May, Medley, Johnson, & Hofman, 2011), in the context of 
crypic diversity it is otherwise diicult to achieve the aim of ensuring 
preservaion of both adapive and evoluionary processes across the 
whole range of the species.

In this study of E. platycephalus, the northern region best fulills 
the criteria for an ESU, being geographically discrete, and showing re-
ciprocal monophyly for mtDNA (Moritz, 1994), as irst indicated by 
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the study of Lecis and Norris (2004b). We have now demonstrated 
concordant divergence with respect to both nuclear and mitochondrial 
markers, a further criterion for the stringent classiicaion of an ESU 
(Moritz, 1994). The importance of the northern region in conserva-
ion eforts is addiionally highlighted by our inding of a signiicant 
reducion in microsatellite geneic diversity and a high level of esi-
mated inbreeding in the northern populaions in comparison with the 
other groups. This loss of geneic variability is likely to be genomewide; 
there is generally correlated loss between microsatellites, represent-
ing neutral genomic markers, and MHC variaion (Suton, Nakagawa, 
Robertson, & Jamieson, 2011). This reduced diversity may result from 
the historic isolaion and recurrent botlenecks afecing the north-
ern region, exacerbated by low dispersal rates and site philopatry. 
Populaion declines caused by habitat loss and other threats may re-
sult in coninuing geneic erosion, with potenial ecological implica-
ions (Hughes, Inouye, Johnson, Underwood, & Vellend, 2008). This is 
of paricular relevance to the higher risk in the north of infecion with 
the chytrid B. dendrobaidis (Bielby et al., 2013; Longcore, Pessier, & 
Nichols, 1999; Tessa et al., 2013). A screening program across Sardinia 
from 2006 to 2010 showed the prevalence of chytrid infecion to be 
concentrated in populaions from the Limbara mountain range in the 
north of the island (Bielby et al., 2013). This could be an indirect ef-
fect of the environment, explained by the climaic requirements of 
the causaive fungal agent (Piotrowski, Annis, & Longcore, 2004; Ron, 
2005). However, low geneic diversity may in itself render the north-
ern populaions less resilient to infecion (Allentot & O’Brien, 2010; 
Luquet et al., 2012; Pearman & Garner, 2005). A posiive geneic- 
itness correlaion has been reported in the majority of studies of am-
phibians, although there may be a reporing bias (reviewed by Allentot 
& O’Brien, 2010). Genomic diversity is likely to be especially important 
in populaion recovery. In a manipulaive ield experiment in which sea 
grass was exposed to near lethal water warming, microsatellite diver-
sity was associated with enhanced recovery by a process of genotypic 
complementarity, rather than by the selecion of robust genotypes 
(Reusch, Ehlers, Hämmerli, & Worm, 2005).

The concept of ecological and geneic exchangeability within units 
of conservaion (Crandall, Bininda- Emonds, Mace, & Wayne, 2000) is 
especially applicable to the management of isolated declining popu-
laions, for which translocaion or geneic rescue may be considered. 
In the absence of gene low, new variaion can only occur in isolated 
populaions as a result of mutaion, providing the raionale for geneic 
rescue in conservaion. The risk of outbreeding depression is highest 
when immigrants are “geographically disinct and geneically diver-
gent” relaive to the inbred populaion (Whiteley, Fitzpatrick, Funk, 
& Tallmon, 2015). Frankham et al. (2011) found that risk factors in 
outbreeding depression included a lack of gene exchange in the past 
500 years between collecion and restoraion sites. Screening for such 
risk factors forms an important part of the management of geneic res-
cue atempts (Frankham, 2015). The need for cauion extends to ex 
situ conservaion acivity; careful documentaion of the geographical 
origin of individuals used to establish breeding colonies is essenial. 
While the central and southern regions do not meet the stringent crite-
ria to be classiied as independent ESUs, the deep geneic divisions we 

have ideniied suggest that they too should not be considered genet-
ically interchangeable. The likely metapopulaion organizaion of the 
southern populaions suggests that they could be treated as a single 
management unit, despite the apparent divergence of the LNR popula-
ion. However, the issue of niche exchangeability is more diicult with 
respect to the three central populaions, endorsing the need to deine 
conservaion units using both geneics and ecology (May et al., 2011).

4.7 | Current and future status

Although E. platycephalus is protected under Italian Regional Law 
and the EU Natural Habitats Direcive (92/43/EEC), and much of its 
habitat is now included in Sardinian Naional and Regional Parks, the 
consequences of historical fragmentaion of habitat and loss of con-
necivity between component parts of metapopulaions may already 
be criical (Cushman, 2006; Ficetola & De Bernardi, 2004; Marsh & 
Trenham, 2001). An efect of the warmer and semiarid habitat of the 
southern populaions is already apparent in their smaller size and ear-
lier sexual maturity (Angelini et al., 2015). For the south in paricular, 
coninuing loss of ponds through water abstracion and drought re-
mains a threat which is likely to be exacerbated by climate change. 
It will be necessary to coninue to monitor the distribuion of E. plat-

ycephalus in associaion with measurements of habitat quality, includ-
ing ambient and water temperature (Lecis & Norris, 2003, 2004a). 
Geneic monitoring and further elucidaion of the populaion struc-
ture and the impact of anthropogenic and geographical barriers to dis-
persal will play an important part in conservaion of this endangered 
species (Manel, Schwartz, Luikart, & Taberlet, 2003; Storfer, Murphy, 
Spear, Holderegger, & Waits, 2010).

Our study has demonstrated a complex hierarchical geneic struc-
ture in E. platycephalus, with a degree of microendemicity that might 
not otherwise have been anicipated. There remains a sill unexplored 
complexity of metapopulaion structure, including sex- biased philo-
patry and migraion, indicated by our combined use of microsatellite 
and mtDNA markers. The statement that “any model that endeavours 
to explain island- wide paterns must necessarily be complex,” made in 
reference to the distribuion of herpetofauna in Madagascar (Brown, 
Cameron, Yoder, & Vences, 2014), is equally applicable to Sardinia, a 
coninental island both ten imes younger and twenty imes smaller.

ACKNOWLEDGMENTS

This study was funded by grants from the People’s Trust for 
Endangered Species, Biodiversa project RACE: Risk Assessment of 
Chytridiomycosis to European Amphibian Biodiversity (htp://www.
bd-maps.eu), Chester Zoo, Societas Europaea Herpetologicathe 
IUCN/SSC Amphibian Specialist Group, the Mohammed Bin 
Zayed Conservaion Fund, a North of England Zoological Society 
Conservaion grant, and a RCUK Fellowship to TG.

CONFLICT OF INTEREST

None declared.

http://www.bd-maps.eu
http://www.bd-maps.eu


     |  1207BALL et AL.

DATA ACCESSIBILITY

Microsatellite genotype dataset: Data available from the Dryad Digital 
Repository: htp://dx.doi.org/10.5061/dryad.b60c1Sequence data: 
GenBank accession numbers KY172000–KY172014.

REFERENCES

Abdelkrim, J., Robertson, B. C., Stanton, J. A., & Gemmell, N. J. (2009). Fast, 
cost- efecive development of species- speciic microsatellite markers 
by genomic sequencing. BioTechniques, 46, 185–192.

Allentot, M. E., & O’Brien, J. (2010). Global amphibian declines, loss of 
geneic diversity and itness: A review. Diversity, 2, 47–71.

Angelini, C., Sotgiu, G., Tessa, G., Bielby, J., Doglio, S., Favelli, M., … Bovero, 
S. (2015). Environmentally determined juvenile growth rates dictate 
the degree of sexual size dimorphism in the Sardinian brook newt. 
Evoluionary Ecology, 29, 169–184.

Angelone, S., Kienast, F., & Holderegger, R. (2011). Where movement hap-
pens: Scale- dependent landscape efects on geneic difereniaion in 
the European tree frog. Ecography, 34, 714–722.

Arbogast, B. S., Edwards, S. V., Wakeley, J., Beerli, P., & Slowinski, J. B. 
(2002). Esimaing divergence imes from molecular data on phyloge-
neic and populaion geneic imescales. Annual Review of Ecology and 

Systemaics, 33, 707–740.
Arntzen, J. W., Smithson, A., & Oldham, R. S. (1999). Marking and issue 

sampling efects on body condiion and survival in the newt Triturus 

cristatus. Journal of Herpetology, 33, 567–576.
Avise, J. C. (2000). Phylogeography: The history and formaion of species. 

Cambridge, MA: Harvard University Press.
Avise, J. C. (2009). Phylogeography: Retrospect and prospect. Journal of 

Biogeography, 36, 3–15.
Avise, J. C., Arnold, J., Ball, R. M., Bermingham, E., Lamb, T., Neigel, J. E., … 

Saunders, N. C. (1987). Intraspeciic phylogeography: The mitochon-
drial DNA bridge between populaion geneics and systemaics. Annual 

Review of Ecology and Systemaics, 18, 489–522.
Baccheta, G., Bagella, S., Biondi, E., Farris, E., Filigheddu, R. S., & Mossa, 

L. (2009). Vegetazione forestale e serie di vegetazione della Sardegna 
(con rappresentazione cartograica alla scala 1: 350.000). Fitosociologia, 
46(Suppl. 1), 3–82.

Balloux, F., & Lugon-Moulin, N. (2002). The esimaion of populaion 
difereniaion with microsatellite markers. Molecular Ecology, 11,  
155–165.

Bandelt, H. J., Forster, P., & Röhl, A. (1999). Median- joining networks for 
inferring intraspeciic phylogenies. Molecular Biology and Evoluion, 16, 
37–48.

Beaumont, M. A. (2008). Joint determinaion of topology, divergence ime, 
and immigraion in populaion trees. In S. Matsumura, P. Forster & C. 
Renfrew (Eds.), Simulaions, geneics and human prehistory, (pp. 135–
154). McDonald Insitute Monographs, University of Cambridge.

Beaumont, M. A., Zhang, W., & Balding, D. J. (2002). Approximate Bayesian 
computaion in populaion geneics. Geneics, 162, 2025–2035.

Beebee, T. J. C. (2005). Conservaion geneics of amphibians. Heredity, 95, 
423–427.

Beebee, T. J., & Griiths, R. A. (2005). The amphibian decline crisis: A water-
shed for conservaion biology? Biological Conservaion, 125, 271–285.

Bielby, J., Bovero, S., Angelini, C., Favelli, M., Gazzaniga, E., Perkins, M., 
… Garner, T. W. J. (2013). Geographic and taxonomic variaion in 
Batrachochytrium dendrobaidis infecion and transmission within a 
highly endemic amphibian community. Diversity and Distribuions, 19, 
1153–1163.

Bisconi, R., Canestrelli, D., Colangelo, P., & Nascei, G. (2011). Muliple 
lines of evidence for demographic and range expansion of a temper-
ate species (Hyla sarda) during the last glaciaion. Molecular Ecology, 20, 
5313–5327.

Bisconi, R., Canestrelli, D., & Nascei, G. (2013). Has living on islands been 
so simple? Insights from the insular endemic frog Discoglossus montal-

enii. PLoS One, 8, e55735.
Bisconi, R., Canestrelli, D., Salvi, D., & Nascei, G. (2013). A geographic 

mosaic of evoluionary lineages within the insular endemic newt 
Euproctus montanus. Molecular Ecology, 22, 143–156.

Boccalei, M., Ciarani, N., Cosenino, D., Deiana, G., Gelai, R., Lenini, 
F., … Ricci Lucchi, F. (1990). Palinspasic restoraion and paleogeo-
graphic reconstrucion of the peri- Tyrrhenian area during the Neogene. 
Palaeogeography, Palaeoclimatology, Palaeoecology, 77, 41–50.

Bouckaert, R., Heled, J., Kühnert, D., Vaughan, T., Wu, C. H., Xie, D., … 
Drummond, A. J. (2014). BEAST 2: A sotware plaform for Bayesian 
evoluionary analysis. PLoS Computaional Biology, 10, e1003537.

Bovero, S., Sotgiu, G., Angelini, C., Doglio, S., Gazzinaga, E., Cunningham, 
A. A., & Garner, T. W. J. (2008). Detecion of chytridiomycosis caused 
by Batrachochytrium dendrobaidis in the endangered Sardinian newt 
(Euproctus platycephalus) in Southern Sardinia, Italy. Journal of Wildlife 

Diseases, 44, 712–715.
Brown, J. L., Cameron, A., Yoder, A. D., & Vences, M. (2014). A necessarily 

complex model to explain the biogeography of the amphibians and rep-
iles of Madagascar. Nature Communicaions, 5, e5046.

Bucci-Innoceni, S., Lascialfari, D., Ragghiani, M., & Mancino, G. (1978). 
The karyotypes of the Corsican and Sardinian mountain salamanders, 
Euproctus montanus and E. platycephalus (Urodela: Salamandridae). 
Experienia, 34, 1002–1004.

Bulut, Z., McCormick, C. R., Gopurenko, D., Williams, R. N., Bos, D. H., & 
DeWoody, J. A. (2009). Microsatellite mutaion rates in the eastern 
iger salamander (Ambystoma igrinum igrinum) difer 10- fold across 
loci. Geneica, 136, 501–504.

Caccone, A., Milinkovitch, M. C., Sbordoni, V., & Powell, J. R. (1997). 
Mitochondrial DNA rates and biogeography in European newts (genus 
Euproctus). Systemaic Biology, 46, 126–144.

Cano, J. M., Mäkinen, H. S., & Merilä, J. (2008). Geneic evidence for male- 
biased dispersal in the three- spined sickleback (Gasterosteus aculea-

tus). Molecular Ecology, 17, 3234–3242.
Carranza, S., & Amat, F. (2005). Taxonomy, biogeography and evoluion of 

Euproctus (Amphibia: Salamandridae), with the resurrecion of the genus 
Calotriton and the descripion of a new endemic species from the Iberian 
Peninsula. Zoological Journal of the Linnean Society, 145, 555–582.

Chatield, M. W. H., Kozak, K. H., Fitzpatrick, B. M., & Tucker, P. K. (2010). 
Paterns of diferenial introgression in a salamander hybrid zone: 
Inferences from geneic data and ecological niche modelling. Molecular 

Ecology, 19, 4265–4282.
Cheviron, Z. A., & Brumield, R. T. (2009). Migraion- selecion balance and 

local adaptaion of mitochondrial haplotypes in Rufous- Collared spar-
rows (Zonotrichia capensis) along an elevaional gradient. Evoluion, 63, 
1593–1605.

Chikhi, L., Sousa, V. C., Luisi, P., Goossens, B., & Beaumont, M. A. (2010). 
The confounding efects of populaion structure, geneic diversity and 
the sampling scheme on the detecion and quaniicaion of populaion 
size changes. Geneics, 186, 983–995.

Cimmaruta, R., Lucente, D., & Nascei, G. (2015). Persistence, isolaion and 
diversiicaion of a naturally fragmented species in local refugia: The 
case of Hydromantes strinaii. PLoS One, 10, e0131298.

Clement, M., Posada, D. C. K. A., & Crandall, K. A. (2000). TCS: A com-
puter program to esimate gene genealogies. Molecular Ecology, 9, 
1657–1659.

Cornuet, J. M., Pudlo, P., Veyssier, J., Dehne-Garcia, A., Gauier, M., Leblois, 
R., … Estoup, A. (2014). DIYABC v2. 0 : A sotware to make approximate 
Bayesian computaion inferences about populaion history using sin-
gle nucleoide polymorphism, DNA sequence and microsatellite data. 
Bioinformaics, 30, 1187–1189.

Cornuet, J. M., Ravigné, V., & Estoup, A. (2010). Inference on populaion 
history and model checking using DNA sequence and microsatellite 
data with the sotware DIYABC (v1. 0). BMC Bioinformaics, 11, 401.

http://dx.doi.org/10.5061/dryad.b60c1Sequence
info:ddbj-embl-genbank/KY172000
info:ddbj-embl-genbank/KY172014


1208  |     BALL et AL.

Cornuet, J. M., Santos, F., Beaumont, M. A., Robert, C. P., Marin, J. M., 
Balding, D. J., … Estoup, A. (2008). Inferring populaion history with DIY 
ABC: A user- friendly approach to approximate Bayesian computaion. 
Bioinformaics, 24, 2713–2719.

Corsale, A. (2011). Environmental conlicts and sustainable water policies in 
the Mediterranean Region. The case of Sardinia. Retrieved from taurus.
gg.bg.ut.ee

Cox, N., Chanson, J., & Stuart, S. (2006). The status and distribuion of rep-

iles and amphibians of the Mediterranean Basin. Gland, Switzerland and 
Cambridge, UK: IUCN.

Crandall, K. A., Bininda-Emonds, O. R. P., Mace, G. M., & Wayne, R. K. 
(2000). Considering evoluionary processes in conservaion biology. 
Trends in Ecology & Evoluion, 15, 290–295.

Cronk, Q. C. B. (1997). Islands: Stability, diversity, conservaion. Biodiversity 

& Conservaion, 6, 477–493.
Cushman, S. A. (2006). Efects of habitat loss and fragmentaion on amphib-

ians: A review and prospectus. Biological Conservaion, 128, 231–240.
Cutelod, A., Garcia, N., Malak, D. A., Temple, H. J., & Katariya, V. (2009). 

The Mediterranean: A biodiversity hotspot under threat. In J.-C. Vié, 
C. Hilton-Taylor & S. N. Stuart (Eds.), Wildlife in a changing world—An 

analysis of the 2008 IUCN red list of threatened species (pp. 89–101). 
Gland, Switzerland: IUCN.

Denton, R. D., Kenyon, L. J., Greenwald, K. R., & Gibbs, H. L. (2014). 
Evoluionary basis of mitonuclear discordance between sister spe-
cies of mole salamanders (Ambystoma sp.). Molecular Ecology, 23,  
2811–2824.

Di Rienzo, A., Peterson, A. C., Garza, J. C., Valdes, A. M., Slatkin, M., & 
Freimer, N. B. (1994). Mutaional processes of simple- sequence re-
peat loci in human populaions. Proceedings of the Naional Academy of 
Sciences of the United States of America, 91, 3166–3170.

dos Reis, M., Donoghue, P. C., & Yang, Z. (2016). Bayesian molecular clock 
daing of species divergences in the genomics era. Nature Reviews 

Geneics, 17, 71–80.
Drechsler, A., Geller, D., Freund, K., Schmeller, D. S., Künzel, S., Rupp, O., 

… Steinfartz, S. (2013). What remains from a 454 run: Esimaion of 
success rates of microsatellite loci development in selected newt spe-
cies (Calotriton asper, Lissotriton helveicus, and Triturus cristatus) and 
comparison with Illumina- based approaches. Ecology and Evoluion, 3, 
3947–3957.

Earl, D. A. (2012). STRUCTURE HARVESTER: A website and program for 
visualizing STRUCTURE output and implemening the Evanno method. 
Conservaion Geneics Resources, 4, 359–361.

Ellegren, H. (2004). Microsatellites: Simple sequences with complex evolu-
ion. Nature Reviews Geneics, 5, 435–445.

Estoup, A., Jarne, P., & Cornuet, J. M. (2002). Homoplasy and mutaion 
model at microsatellite loci and their consequences for populaion ge-
neics analysis. Molecular Ecology, 11, 1591–1604.

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecing the number of clus-
ters of individuals using the sotware STRUCTURE: A simulaion study. 
Molecular Ecology, 14, 2611–2620.

Fagundes, N. J., Ray, N., Beaumont, M., Neuenschwander, S., Salzano, F. M., 
Bonato, S. L., & Excoier, L. (2007). Staisical evaluaion of alterna-
ive models of human evoluion. Proceedings of the Naional Academy of 
Sciences of the United States of America, 104, 17614–17619.

Faith, D. P. (1992). Conservaion evaluaion and phylogeneic diversity. 
Biological Conservaion, 61, 1–10.

Falush, D., Stephens, M., & Pritchard, J. K. (2003). Inference of populaion 
structure using mulilocus genotype data: Linked loci and correlated 
allele frequencies. Geneics, 164, 1567–1587.

Felsenstein, J. (1993). PHYLIP: Phylogeneic inference package, version 3.5 c. 

Seatle, WA: Department of Geneics, University of Washington.
Ficetola, F. G., & De Bernardi, F. (2004). Amphibians in a human- dominated 

landscape: The community structure is related to habitat features and 
isolaion. Biological Conservaion, 119, 219–230.

Fitch, W. M., & Margoliash, E. (1967). Construcion of phylogeneic trees. 
Science, 155, 279–284.

Frankham, R. (2015). Geneic rescue of small inbred populaions: Meta- 
analysis reveals large and consistent beneits of gene low. Molecular 

Ecology., 24, 2610–2618.
Frankham, R., Ballou, J. D., & Briscoe, D. A. (2010). Introducion to conser-

vaion geneics (2nd ed.). Cambridge, UK: Cambridge University Press.
Frankham, R., Ballou, J. D., Eldridge, M. D., Lacy, R. C., Ralls, K., Dudash, M. 

R., & Fenster, C. B. (2011). Predicing the probability of outbreeding 
depression. Conservaion Biology, 25, 465–475.

Frenzel, B. (1992). Atlas of paleoclimates and paleoenvironments of the 

Northern Hemisphere. Budapest, Hungary, Stutgart, Jena, Germany, 
New York, NY: Geographical Research Insitute, Hungarian Academy of 
Sciences, Gustav Fischer Verlag.

Fu, Y. X., & Li, W. H. (1993). Staisical tests of neutrality of mutaions. 
Geneics, 133, 693–709.

Garcia-Paris, M., Alcobendas, M., Buckley, D., & Wake, D. B. (2003). 
Dispersal of viviparity across contact zones in Iberian populaions of 
ire salamanders (Salamandra) inferred from discordance of geneic and 
morphological traits. Evoluion, 57, 129–143.

Gaullier, V., Chanier, F., Lymer, G., Vendeville, B. C., Maillard, A., Thinon, I., … 
Loncke, L. (2014). Salt tectonics and crustal tectonics along the Eastern 
Sardinian margin, Western Tyrrhenian: New insights from the “METYSS 
1” cruise. Tectonophysics, 615, 69–84.

Gelman, A., Carlin, J. B., Stern, H. S., & Rubin, D. B. (1995). Bayesian data 

analysis. London, UK: Chapman & Hall.
Giresse, P., Pascucci, V., Lymer, G., Gaullier, V., & Thinon, I. (2014). Processes 

controlling very low sedimentaion rates on the coninental slope of 
the Gonone- Orosei canyon system, NE Sardinia—Terrestrial and oce-
anic signiicance. Geo- Marine Leters, 34, 483–498.

Godinho, R., Crespo, E. G., & Ferrand, N. (2008). The limits of mtDNA phy-
logeography: Complex paterns of populaion history in a highly struc-
tured Iberian lizard are only revealed by the use of nuclear markers. 
Molecular Ecology, 17, 4670–4683.

Gómez, A., & Lunt, D. H. (2007). Refugia within refugia: Paterns of 
 phylogeographic concordance in the Iberian Peninsula. In S. Weiss & N. 
Ferrand (Eds.), Phylogeography of southern European refugia, (pp. 155–
188). Dordrecht: Springer Netherlands.

Goudet, J. (2001). FSTAT, version 2.9. 3, A program to esimate and test 
gene diversiies and ixaion indices. Lausanne, Switzerland: Lausanne 
University.

Goudet, J., Perrin, N., & Waser, P. (2002). Tests for sex- biased dispersal 
using bi- parentally inherited geneic markers. Molecular Ecology, 11, 
1103–1114.

Grill, A., Casula, P., Lecis, R., & Menken, S. (2007). Endemism in Sardinia.  
In S. Weiss & N. Ferrand (Eds.), Phylogeography of Southern European 

refugia, (pp. 273–296). Dordrecht: Springer Netherlands.
Hall, T. A. (1999). BioEdit: A user- friendly biological sequence alignment 

editor and analysis program for Windows 95/98/NT. Nucleic acids sym-

posium series, 41, 95–98.
Harpending, H. C. (1994). Signature of ancient populaion growth in a low- 

resoluion mitochondrial DNA mismatch distribuion. Human Biology, 
66, 591–600.

Hasegawa, M., Kishino, H., & Yano, T. A. (1985). Daing of the human- 
ape spliing by a molecular clock of mitochondrial DNA. Journal of 

Molecular Evoluion, 22, 160–174.
Hauswaldt, J. S., Angelini, C., Gehara, M., Benavides, E., Polok, A., & 

Steinfartz, S. (2014). From species divergence to populaion structure: 
A mulimarker approach on the most basal lineage of Salamandridae, 
the spectacled salamanders (genus Salamandrina from Italy. Molecular 

Phylogeneics and Evoluion, 70, 1–12.
Hendrix, R., Hauswaldt, S. J., Veith, M., & Steinfartz, S. (2010). Strong cor-

relaion between cross- ampliicaion success and geneic distance 
across all members of ‘True Salamanders’ (Amphibia: Salamandridae) 

http://taurus.gg.bg.ut.ee
http://taurus.gg.bg.ut.ee


     |  1209BALL et AL.

revealed by Salamandra salamandra- speciic microsatellite loci. 
Molecular Ecology Resources, 10, 1038–1047.

Hewit, G. M. (2004). Geneic consequences of climaic oscillaions in the 
Quaternary. Philosophical Transacions of the Royal Society of London B: 
Biological Sciences, 359, 183–195.

Hewit, G. M. (2011). Mediterranean peninsulas: The evoluion of hotspots. 
In Zachos, F.E. & Habel, J.C. (Eds.), Biodiversity Hotspots: Distribuion 
and Protecion of Conservaion Priority Areas. (pp. 273–296). Berlin, 
Heidelberg: Springer-Verlag.

Hickerson, M. J., Carstens, B. C., Cavender-Bares, J., Crandall, K. A., 
Graham, C. H., Johnson, J. B., … Yoder, A. D. (2010). Phylogeography’s 
past, present, and future: 10 years ater. Molecular Phylogeneics and 
Evoluion, 54, 291–301.

Hubisz, M. J., Falush, D., Stephens, M., & Pritchard, J. K. (2009). Inferring 
weak populaion structure with the assistance of sample group infor-
maion. Molecular Ecology Resources, 9, 1322–1332.

Hughes, A. R., Inouye, B. D., Johnson, M. T., Underwood, N., & Vellend, M. 
(2008). Ecological consequences of geneic diversity. Ecology Leters, 
11, 609–623.

Hughes, A. L., & Verra, F. (2001). Very large long- term efecive popula-
ion size in the virulent human malaria parasite Plasmodium falciparum. 

Proceedings of the Royal Society of London Series B: Biological Sciences, 
268, 1855–1860.

Irwin, D. E. (2012). Local adaptaion along smooth ecological gradi-
ents causes phylogeographic breaks and phenotypic clustering. The 

American Naturalist, 180, 35–49.
Isaac, N. J., Turvey, S. T., Collen, B., Waterman, C., & Baillie, J. E. (2007). 

Mammals on the EDGE: Conservaion prioriies based on threat and 
phylogeny. PLoS One, 2, e296.

IUCN (2001). IUCN red list categories and criteria: Version 3.1. IUCN 
Species Survival Commission. Gland, Switzerland and Cambridge, 
UK: Author.

IUCN Red List (2014). The IUCN red list of threatened species. Version 2014.3. 

Retrieved from www.iucnredlist.org
Jakobsson, M., & Rosenberg, N. A. (2007). CLUMPP: A cluster matching 

and permutaion program for dealing with label switching and mul-
imodality in analysis of populaion structure. Bioinformaics, 23, 
1801–1806.

Jehle, R., & Arntzen, J. W. (2002). Review: Microsatellite markers in am-
phibian conservaion geneics. Herpetological Journal, 12, 1–9.

Jombart, T. (2008). adegenet: A R package for the mulivariate analysis of 
geneic markers. Bioinformaics, 24, 1403–1405.

Jombart, T., & Ahmed, I. (2011). adegenet 1.3- 1: New tools for the analysis 
of genome- wide SNP data. Bioinformaics, 27, 3070–3071.

Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis of prin-
cipal components: A new method for the analysis of geneically struc-
tured populaions. BMC Geneics, 11, 94.

Kahlke, R. D., Garcia, N., Kostopoulos, D. S., Lacombat, F., Lister, A. M., 
Mazza, P., … Titov, V. V. (2011). Western Palaearcic palaeoenviron-
mental condiions during the Early and early Middle Pleistocene in-
ferred from large mammal communiies, and implicaions for hominin 
dispersal in Europe. Quaternary Science Reviews, 30, 1368–1395.

Kocher, T. D., Thomas, W. K., Meyer, A., Edwards, S. V., Pääbo, S., Villablanca, 
F. X., & Wilson, A. C. (1989). Dynamics of mitochondrial DNA evolu-
ion in animals: Ampliicaion and sequencing with conserved primers. 
Proceedings of the Naional Academy of Sciences of the United States of 
America, 86, 6196–6200.

Kuo, C. H., & Avise, J. C. (2005). Phylogeographic breaks in low- dispersal 
species: The emergence of concordance across gene trees. Geneica, 
124, 179–186.

Lande, R. (1982). A quanitaive geneic theory of life history evoluion. 
Ecology, 63, 607–615.

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGeigan, P. A., 
McWilliam, H., … Higgins, D. G. (2007). Clustal W and Clustal X version 
2.0. Bioinformaics, 23, 2947–2948.

Lecis, R., & Norris, K. (2003). Geographical distribuion of the endemic 
Sardinian brook salamander, Euproctus platycephalus, and implicaions 
for its conservaion. Herpetological Journal, 13, 125–134.

Lecis, R., & Norris, K. (2004a). Habitat correlates of distribuion and local 
populaion decline of the endemic Sardinian newt Euproctus platyceph-

alus. Biological Conservaion, 115, 303–317.
Lecis, R., & Norris, K. (2004b). Populaion geneic diversity of the endemic 

Sardinian newt Euproctus platycephalus: Implicaions for conservaion. 
Biological Conservaion, 119, 263–270.

Librado, P., & Rozas, J. (2009). DnaSP v5: A sotware for comprehensive 
analysis of DNA polymorphism data. Bioinformaics, 25, 1451–1452.

Longcore, J. E., Pessier, A. P., & Nichols, D. K. (1999). Batrachochytrium 

dendrobaidis gen. et sp. nov., a chytrid pathogenic to amphibians. 
Mycologia, 91, 219–227.

Luikart, G., Ryman, N., Tallmon, D. A., Schwartz, M. K., & Allendorf, F. W. 
(2010). Esimaion of census and efecive populaion sizes: The in-
creasing usefulness of DNA- based approaches. Conservaion Geneics, 
11, 355–373.

Luquet, E., Garner, T. W., Léna, J. P., Bruel, C., Joly, P., Lengagne, T., … Plénet, 
S. (2012). Geneic erosion in wild populaions makes resistance to a 
pathogen more costly. Evoluion, 66, 1942–1952.

Manel, S., Schwartz, M. K., Luikart, G., & Taberlet, P. (2003). Landscape ge-
neics: Combining landscape ecology and populaion geneics. Trends in 

Ecology & Evoluion, 18, 189–197.
Mantel, N. (1967). The detecion of disease clustering and a generalized 

regression approach. Cancer Research, 27, 209–220.
Mariani, P., Braitenberg, C., & Antonioli, F. (2009). Sardinia coastal uplit and 

volcanism. Pure and Applied Geophysics, 166, 1369–1402.
Marsh, D. M., & Trenham, P. C. (2001). Metapopulaion dynamics and am-

phibian conservaion. Conservaion Biology, 15, 40–49.
May, S. E., Medley, K. A., Johnson, S. A., & Hofman, E. A. (2011). Combining 

geneic structure and ecological niche modeling to establish units of 
conservaion: A case study of an imperiled salamander. Biological 

Conservaion, 144, 1441–1450.
Médail, F., & Diadema, K. (2009). Glacial refugia inluence plant diver-

sity paterns in the Mediterranean Basin. Journal of Biogeography, 36, 
1333–1345.

Meirmans, P. G. (2012). The trouble with isolaion by distance. Molecular 

Ecology, 21, 2839–2846.
Miaud, C., Lecis, R., Edgar, P., Cheylan, M., Romano, A., & Sindaco, R. (2009). 

Euproctus montanus. The IUCN red list of threatened species. Retrieved 

from www.iucnredlist.org
Moritz, C. (1994). Deining ‘evoluionarily signiicant units’ for conserva-

ion. Trends in Ecology & Evoluion, 9, 373–374.
Moritz, C. (2002). Strategies to protect biological diversity and the evolu-

ionary processes that sustain it. Systemaic Biology, 51, 238–254.
Müller, A. S., Lenhardt, P. P., & Theissinger, K. (2013). Pros and cons of ex-

ternal swabbing of amphibians for geneic analyses. European Journal of 

Wildlife Research, 59, 609–612.
Nauta, M. J., & Weissing, F. J. (1996). Constraints on allele size at micro-

satellite loci: Implicaions for geneic difereniaion. Geneics, 143, 
1021–1032.

Nei, M. (1973). Analysis of gene diversity in subdivided populaions. 
Proceedings of the Naional Academy of Sciences, 70, 3321–3323.

Nei, M., & Chesser, R. K. (1983). Esimaion of ixaion indices and gene 
diversiies. Annals of Human Geneics, 47, 253–259.

Nei, M., & Kumar, S. (2000). Molecular evoluion and phylogeneics. New 
York: Oxford University Press.

Oromi, N., Amat, F., Sanuy, D., & Carranza, S. (2014). Life history trait 
diferences between a lake and a stream- dwelling populaion of 
the Pyrenean brook newt (Calotriton asper). Amphibia- Repilia, 35, 
53–62.

Pearman, P. B., & Garner, T. W. (2005). Suscepibility of Italian agile frog 
populaions to an emerging strain of Ranavirus parallels populaion ge-
neic diversity. Ecology Leters, 8, 401–408.

http://www.iucnredlist.org
http://www.iucnredlist.org


1210  |     BALL et AL.

Pinna, M., Fonnesu, A., Sangiorgio, F., & Basset, A. (2004). Inluence of 
summer drought on spaial paterns of resource availability and de-
tritus processing in Mediterranean stream sub- basins (Sardinia, Italy). 
Internaional Review of Hydrobiology, 89, 484–499.

Piotrowski, J. S., Annis, S. L., & Longcore, J. E. (2004). Physiology of 
Batrachochytrium dendrobaidis, a chytrid pathogen of amphibians. 
Mycologia, 96, 9–15.

Polich, R. L., Searcy, C. A., & Shafer, H. B. (2013). Efects of tail- clipping on 
survivorship and growth of larval salamanders. The Journal of Wildlife 

Management, 77, 1420–1425.
Posada, D., & Crandall, K. A. (2001). Intraspeciic gene genealogies: Trees 

grating into networks. Trends in Ecology & Evoluion, 16, 37–45.
Pounds, J. A., Bustamante, M. R., Coloma, L. A., Consuegra, J. A., Fogden, 

M. P., Foster, P. N., , … Young, B. E. (2006). Widespread amphibian ex-
incions from epidemic disease driven by global warming. Nature, 439, 
161–167.

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of pop-
ulaion structure using mulilocus genotype data. Geneics, 155,  
945–959.

Provan, J., & Bennet, K. D. (2008). Phylogeographic insights into crypic 
glacial refugia. Trends in Ecology & Evoluion, 23, 564–571.

Prugnolle, F., & de Meeûs, T. (2002). Inferring sex- biased dispersal from 
populaion geneic tools: A review. Heredity, 88, 161–165.

Puddu, G., Falcucci, A., & Maiorano, L. (2012). Forest changes over a cen-
tury in Sardinia: Implicaions for conservaion in a Mediterranean 
hotspot. Agroforestry Systems, 85, 319–330.

Queller, D. C., & Goodnight, K. F. (1989). Esimaing relatedness using ge-
neic markers. Evoluion, 43, 258–275.

R Development Core Team (2015). R: A language and environment for staisi-

cal compuing. Vienna, Austria: R Foundaion for Staisical Compuing.
Rambaut, A. (2012). FigTree v1. 4. Molecular evoluion, phylogeneics and 

epidemiology. Edinburgh, UK. Retrieved from htp://tree.bio.ed.ac.uk/
sotware/igtree

Rambaut, A., Suchard, M. A., Xie, D., & Drummond, A. J. (2014). Tracer 

v1. 6. Computer program and documentaion distributed by the author. 
Retrieved from htp://beast.bio.ed.ac.uk/Tracer

Ramos-Onsins, S. E., & Rozas, J. (2002). Staisical properies of new neu-
trality tests against populaion growth. Molecular Biology and Evoluion, 
19, 2092–2100.

Reusch, T. B., Ehlers, A., Hämmerli, A., & Worm, B. (2005). Ecosystem 
recovery ater climaic extremes enhanced by genotypic diversity. 
Proceedings of the Naional Academy of Sciences of the United States of 
America, 102, 2826–2831.

Rice, W. R. (1989). Analyzing tables of staisical tests. Evoluion, 43, 
223–225.

Richardson, J. L., Urban, M. C., Bolnick, D. I., & Skelly, D. K. (2014). 
Microgeographic adaptaion and the spaial scale of evoluion. Trends 

in Ecology & Evoluion, 29, 165–176.
Riddle, B. R., Dawson, M. N., Hadly, E. A., Hafner, D. J., Hickerson, M. J., 

Mantooth, S. J., & Yoder, A. D. (2008). The role of molecular geneics 
in sculping the future of integraive biogeography. Progress in Physical 

Geography, 32, 173–202.
Robert, C. P., Cornuet, J.-M., Marin, J.-M., & Pillai, N. S. (2011). Lack of 

conidence in approximate Bayesian computaion model choice. 
Proceedings of the Naional Academy of Sciences of the United States of 
America, 108, 15112–15117.

Rogers, A. R., & Harpending, H. (1992). Populaion growth makes waves in 
the distribuion of pairwise geneic diferences. Molecular Biology and 

Evoluion, 9, 552–569.
Ron, S. R. (2005). Predicing the distribuion of the amphibian pathogen 

Batrachochytrium dendrobaidis in the new world 1. Biotropica, 37, 
209–221.

Rooy, P. T. J. C., & Stumpel, A. H. P. (2003). Ecological impact of economic 
development on Sardinian herpetofauna. Conservaion Biology, 9, 
263–269.

Ryder, O. A. (1986). Species conservaion and systemaics: The dilemma of 
subspecies. Trends in Ecology & Evoluion, 1, 9–10.

Saitou, N., & Nei, M. (1987). The neighbor- joining method: A new method 
for reconstrucing phylogeneic trees. Molecular Biology and Evoluion, 
4, 406–425.

Salvi, D., Harris, D. J., Bombi, P., Carretero, M. A., & Bologna, M. A. 
(2010). Mitochondrial phylogeography of the Bedriaga’s rock lizard, 
Archaeolacerta bedriagae (Repilia: Laceridae) endemic to Corsica and 
Sardinia. Molecular Phylogeneics and Evoluion, 56, 690–697.

Salvi, D., Harris, D. J., Perera, A., Bologna, M. A., & Carretero, M. A. (2011). 
Preliminary survey on geneic variaion within the Pygmy Algyroides, 
Algyroides itzingeri, across Corsica and Sardinia. Amphibia- Repilia, 32, 
281–286.

Sanderson, M. J., & Shafer, H. B. (2002). Troubleshooing molecular phylo-
geneic analyses. Annual Review of Ecology and Systemaics, 33, 49–72.

Schmit, T. (2007). Molecular biogeography of Europe: Pleistocene cycles 
and postglacial trends. Froniers in Zoology, 4, 1–13.

Sexton, J. P., Hangartner, S. B., & Hofmann, A. A. (2014). Geneic isolaion 
by environment or distance: Which patern of gene low is most com-
mon? Evoluion, 68, 1–15.

Shepard, D. B., & Burbrink, F. T. (2008). Lineage diversiicaion and histor-
ical demography of a sky island salamander, Plethodon ouachitae, from 
the Interior Highlands. Molecular Ecology, 17, 5315–5335.

Sindaco, R., Doria, G, Mazzei, E, & Bernini, F. (Eds.). (2006). Atlante degli 
anibi e dei reili d’Italia: Atlas of Italian amphibians and repiles, 
Societas Herpetologica Italica Firenze: Edizioni Polistampa. Polistampa.

Smith, M. A., & Green, M. (2005). Dispersal and the metapopulaion para-
digm in amphibian ecology and conservaion: Are all amphibian popu-
laions metapopulaions? Ecography, 28, 110–128.

Sotgiu, G., Bovero, S., Bielby, J., Doglio, S., Favelli, M., Garner, T., … Angelini, C. 
(2010). Dai aggiornai sulla distribuzione di Euproctus platycephalus. In 

L. Di Tizio, A. R. Di Cerbo, N. Di Francesco & A. Cameli (Eds.), Programma 

e Riassuni VIII Congresso Nazionale Societas Herpetologica Italica (Chiei, 
22–26 setembre 2010), (pp. 27–29). Chiei, Italy: Tipograia Brandolini.

Steinfartz, S., Veith, M., & Tautz, D. (2000). Mitochondrial sequence analysis 
of Salamandra taxa suggests old splits of major lineages and postglacial 
recolonizaions of Central Europe from disinct source populaions of 
Salamandra salamandra. Molecular Ecology, 9, 397–410.

Stewart, J. R., Lister, A. M., Barnes, I., & Dalén, L. (2010). Refugia revisited: 
Individualisic responses of species in space and ime. Proceedings of 

the Royal Society of London B: Biological Sciences, 277, 661–671.
Storfer, A., Murphy, M. A., Spear, S. F., Holderegger, R., & Waits, L. P. 

(2010). Landscape geneics: Where are we now? Molecular Ecology, 19, 
3496–3514.

Stuart, S. N., Chanson, J. S., Cox, N. A., Young, B. E., Rodrigues, A. S., 
Fischman, D. L., & Waller, R. W. (2004). Status and trends of amphibian 
declines and exincions worldwide. Science, 306, 1783–1786.

Suton, J. T., Nakagawa, S., Robertson, B. C., & Jamieson, I. G. (2011). 
Disentangling the roles of natural selecion and geneic drit in 
shaping variaion at MHC immunity genes. Molecular Ecology, 20, 
4408–4420.

Taberlet, P., Fumagalli, L., Wust-Saucy, A. G., & Cosson, J. F. (1998). 
Comparaive phylogeography and postglacial colonizaion routes in 
Europe. Molecular Ecology, 7, 453–464.

Tamura, K. (1992). Esimaion of the number of nucleoide subsituions 
when there are strong transiion- transversion and G+ C- content bi-
ases. Molecular Biology and Evoluion, 9, 678–687.

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., & Kumar, S. 
(2011). MEGA5: Molecular evoluionary geneics analysis using maxi-
mum likelihood, evoluionary distance, and maximum parsimony meth-
ods. Molecular Biology and Evoluion, 28, 2731–2739.

Templeton, A. R. (2004). Staisical phylogeography: Methods of evaluaing 
and minimizing inference errors. Molecular Ecology, 13, 789–809.

Templeton, A. R., Crandall, K. A., & Sing, C. F. (1992). A cladisic analysis 
of phenotypic associaions with haplotypes inferred from restricion 

http://tree.bio.ed.ac.uk/software/figtree
http://tree.bio.ed.ac.uk/software/figtree
http://beast.bio.ed.ac.uk/Tracer


     |  1211BALL et AL.

endonuclease mapping and DNA sequence data. III. Cladogram esima-
ion. Geneics, 132, 619–633.

Tessa, G., Angelini, C., Bielby, J., Bovero, S., Giacoma, C., Sotgiu, G., & 
Garner, T. W. J. (2013). The pandemic pathogen of amphibians, 
Batrachochytrium dendrobaidis (Phylum Chytridiomycota), in Italy. 
Italian Journal of Zoology, 80, 1–11.

Toews, D. P., & Brelsford, A. (2012). The biogeography of mitochondrial and 
nuclear discordance in animals. Molecular Ecology, 21, 3907–3930.

van Oosterhout, C., Hutchinson, W. F., Wills, D. P., & Shipley, P. (2004). 
MICRO- CHECKER: Sotware for idenifying and correcing genotyping 
errors in microsatellite data. Molecular Ecology Notes, 4, 535–538.

Vogel, J. C., Rumsey, F. J., Schneller, J. J., Barret, J. A., & Gibby, M. (1999). 
Where are the glacial refugia in Europe? Evidence from pteridophytes. 
Biological Journal of the Linnean Society, 66, 23–37.

Wakeley, J. (2003). Inferences about the structure and history of popula-
ions: Coalescents and intraspeciic phylogeography. In R. Singh & M. 
Uyenoyama (Eds.), The evoluion of populaion biology (pp. 193–215). 
Cambridge, UK: Cambridge University Press.

Wang, I. J. (2011). Choosing appropriate geneic markers and analyical 
methods for tesing landscape geneic hypotheses. Molecular Ecology, 
20, 2480–2482.

Wang, I. J., & Bradburd, G. S. (2014). Isolaion by environment. Molecular 

Ecology, 23, 5649–5662.
Webb III, T., & Bartlein, P. J. (1992). Global changes during the last 3 million 

years: Climaic controls and bioic responses. Annual Review of Ecology 

and Systemaics, 23, 141–173.
Weir, B. S., & Cockerham, C. C. (1984). Esimaing F- staisics for the 

 analysis of populaion structure. Evoluion, 38, 1358–1370.

Weisrock, D. W., Papenfuss, T. J., Macey, J. R., Litvinchuk, S. N., Polymeni, 
R., Ugurtas, I. H., … Larson, A. (2006). A molecular assessment of 
 phylogeneic relaionships and lineage accumulaion rates within the 
family Salamandridae (Amphibia, Caudata). Molecular Phylogeneics and 
Evoluion, 41, 368–383.

Whiteley, A. R., Fitzpatrick, S. W., Funk, W. C., & Tallmon, D. A. (2015). 
Geneic rescue to the rescue. Trends in Ecology & Evoluion, 30, 42–49.

Wright, S. (1943). Isolaion by distance. Geneics, 28, 114–138.
Zhang, P., Papenfuss, T. J., Wake, M. H., Qu, L., & Wake, D. B. (2008). 

Phylogeny and biogeography of the family Salamandridae (Amphibia: 
Caudata) inferred from complete mitochondrial genomes. Molecular 

Phylogeneics and Evoluion, 49, 586–597.

SUPPORTING INFORMATION

Addiional Supporing Informaion may be found online in the support-
ing informaion tab for this aricle.       

How to cite this aricle: Ball, S. E., Bovero, S., Sotgiu, G., Tessa, 
G., Angelini, C., Bielby, J., Durrant, C., Favelli, M., Gazzaniga, E. 
and Garner, T. W. J. (2017), Islands within an island: Populaion 
geneic structure of the endemic Sardinian newt, Euproctus 

platycephalus. Ecology and Evoluion, 7: 1190–1211. doi: 
10.1002/ece3.2665

https://doi.org/10.1002/ece3.2665

