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Genetic drift and rapid evolution of viviparity in insular
fire salamanders (Salamandra salamandra)

G Velo-Antón1,2,3, KR Zamudio1 and A Cordero-Rivera2

Continental islands offer an excellent opportunity to investigate adaptive processes and to time microevolutionary changes that
precede macroevolutionary events. We performed a population genetic study of the fire salamander (Salamandra salamandra),
a species that displays unique intraspecific diversity of reproductive strategies, to address the microevolutionary processes
leading to phenotypic and genetic differentiation of island, coastal and interior populations. We used eight microsatellite
markers to estimate genetic diversity, population structure and demographic parameters in viviparous insular populations and
ovoviviparous coastal and interior populations. Our results show considerable genetic differentiation (FST range: 0.06–0.27),
and no clear signs of gene flow among populations, except between the large and admixed interior populations. We find no
support for island colonization by rafting or intentional/accidental anthropogenic introductions, indicating that rising sea levels
were responsible for isolation of the island populations approximately 9000 years ago. Our study provides evidence of rapid
genetic differentiation between island and coastal populations, and rapid evolution of viviparity driven by climatic selective
pressures on island populations, geographic isolation with genetic drift, or a combination of these factors. Studies of these
viviparous island populations in early stages of divergence help us better understand the microevolutionary processes involved
in rapid phenotypic shifts.
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INTRODUCTION

Adaptation and diversification of insular populations have been an
important source of evidence for evolution (Grant, 1998; Losos and
Ricklefs, 2009). Islands are natural laboratories for evolutionary
studies because their intrinsic characteristics such as relative age,
geographic isolation, smaller population sizes and reduced number
of species, help us isolate potential mechanisms underlying species
formation and adaptation to local environments. In young islands,
such as continental islands that become isolated from the mainland
due to relatively recent increases in sea level, evolutionary processes are
occurring over contemporary timescales allowing us to infer the
phenotypic and genetic consequences of isolation and incipient
divergence (Thompson, 1998; Stockwell et al., 2003).
Examples of evolutionary change in the fauna and flora endemic to

oceanic islands are abundant because colonization occurred a long
time ago and adaptive radiations have often occurred into new
ecological niches (Emerson, 2002). Larger and more isolated islands
tend to harbor more endemic species than small islands because they
offer more habitats (MacArthur and Wilson, 1967), provide ecological
gradients and habitat diversity (Lovette et al., 2002) and support larger
population sizes (Gavrilets and Vose, 2005), all of which promote
speciation and prevent loss of newly evolved forms due to stochastic
extinction. In contrast, evidence for evolutionary changes in more
recent continental islands isolated during the Holocene (7000–10 000
years ago) is far less common. Species endemic to continental islands

arise via isolation rather than independent colonization from the
mainland, and most continental islands are only recently isolated
(in some cases only thousands of years). In addition, continental
islands tend to be smaller in size, close to the coastline, and have
ecological niches similar to those on the adjacent mainland, which
leads to lower overall diversification, but offers important insights into
recent evolutionary processes.
The European fire salamander (Salamandra salamandra) ranges

from the southwestern Iberian Peninsula to Ukraine and Greece at the
easternmost extent of its range (Montori and Herrero, 2004). Popula-
tions of fire salamanders are polymorphic in reproductive mode; most
populations are ovoviviparous, with females giving birth to larvae that
develop in aquatic habitats. However, a few populations throughout
the range are viviparous, with females giving birth to terrestrial, fully
metamorphosed individuals (Dopazo and Alberch, 1994; Alcobendas
et al., 1996; Buckley et al., 2007). Viviparous populations occur only in
the Cantabrian mountains and Cantabrian coast (central-northern
Iberia; S. s. bernardezi), the southwest Pyrenees (S. s. fastuosa) and on
two small offshore islands (San Martiño and Ons) in the Atlantic
ocean, 3.6 and 6 km from the northwestern coast of Spain, respectively
(S. s. gallaica; Velo-Antón et al., 2007; Figure 1). Transitions from
ovoviviparity to viviparity have occurred repeatedly in the three
amphibian orders (Wake, 2004), and viviparity is a derived reproduc-
tive mode in salamanders (Veith et al., 1998; Garcı́a-Parı́s et al., 2003;
Weisrock et al., 2006). An early phylogenetic and phylogeographic
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study using mitochondrial and nuclear DNA markers indicated that
viviparity arose once within S. salamandra in the Cantabrian Moun-
tains (northern Iberian Peninsula; S. s. bernardezi), and spread along
the coast to the Pyrenees with the evolution of S. s. fastuosa (Garcı́a-
Parı́s et al., 2003). However, a more recent phylogenetic study
including the Atlantic island viviparous populations showed that
S. s. gallaica have independently evolved viviparity (Velo-Antón
et al., 2007), and these island forms also differ from the other two
viviparous subspecies in coloration pattern, body shape and size.
In this study we examine the microevolutionary processes leading

to reproductive and genetic differentiation of coastal and island
populations of S. salamandra by surveying genetic diversity, popula-
tion structure and demographic parameters in viviparous insular
populations and ovoviviparous coastal and interior populations.
We propose two hypotheses to explain the origin of insular popula-
tions: (1) Present insular populations were isolated when coastal
mountaintops became islands due to rising sea levels approximately
9000 years ago. Under this scenario we expect to find high genetic
differentiation with low or no signals of gene flow between island and
mainland (coastal and interior) populations; (2) Island viviparous
populations were established by seawater colonization or intentional/
accidental anthropogenic introductions from mainland populat-
ions. In this case, we expect to find low genetic divergence and
genetic admixture between island and mainland populations. We
also evaluate the effects of founder population sizes (either by geo-
graphic isolation or oversea colonization) on demographics, genetic
diversity and differentiation in both islands and discuss potential
factors for the evolution of viviparity in island populations.
We analyzed genetic diversity and relationships among the two

viviparous island populations, three historical island ovoviviparous
populations, now connected to mainland, and two interior ovovivi-

parous populations, and used the distribution and degree of genetic
differentiation to infer the microevolutionary processes acting on
populations. Population genetic studies of island species in early stages
of divergence reveal evolutionary processes affecting phenotypic and
genetic changes at short timescales. Thus, understanding the evolu-
tionary history of the viviparous island populations of S. salamandra
will also provide an ideal framework for the study of the ecological
and evolutionary processes involved in rapid shifts in reproductive
mode.

METHODS
Study sites and population sampling
Our study includes samples from the two insular viviparous populations

of S. salamandra (San Martiño and Ons), three ovoviviparous geographi-

cally adjacent coastal populations (Monteferro, Melide and Grove) and two

ovoviviparous interior populations (Saramagal and Lourizán; Figure 1).

These ovoviviparous coastal and interior populations are likely the closest

relatives to island viviparous populations based on morphological similarities

(S. s. gallaica phenotype), previous mitochondrial DNA results (Velo-Antón

et al., 2007) and geographic proximity. San Martiño and Ons islands are part of

the Galician Atlantic Islands National Park, and are separated by 3.6 and 6 km

from the mainland, respectively, and 12km from each other. Both islands are

relatively small: San Martiño is 2.3 km long and 1 km wide (146 ha), and Ons is

5 km long and 1.2 km wide (428ha). The three coastal populations (Grove,

Melide and Monteferro) are located on small peninsulas, and each is connected

to the mainland by a low elevation isthmus (1, 25 and 30m a.s.l., respectively).

A continuous and active sedimentation processes began 2000 years ago along

this shore (Dias et al., 2000) and might have reconnected these historical island

populations to the continent (Figure 2). These are currently the geographically

closest continental populations (5–10 km) from the islands. The interior

populations (Saramagal and Lourizán) are separated by 10–25 km from their

closest coastal populations (Figure 1).

Figure 1 Sampling design and distribution of Iberian S. salamandra subspecies. The ranges of Iberian S. salamandra subspecies are represented on the map

on the right. S. s. bernardezi and western populations of S. s. fastuosa are viviparous. The map on the left shows sampling localities included in this study.

Ovoviviparous populations are represented by black circles and viviparous populations by black stars.
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We searched for salamanders during diurnal and nocturnal samplings

in each population. We collected a mean of 32 tissue samples per locality

(range 28–36) from adult salamanders (tail or toe clips), and preserved them in

100% ethanol for later DNA analyses (Table 1).

DNA extraction and genotyping
Tissues were digested in (200ml) lysis buffer with 1ml Proteinase K

(25mgml�1), and genomic DNA was purified using a lithium chloride

protocol (Gemmell and Akiyama, 1996). The resulting DNA pellets were air

dried and resuspended in 50ml TE, pH 8. Genomic DNA was diluted to a final

concentration of 50ngml�1 and used as template in PCR amplifications of eight

microsatellite loci (E2, E6, E7, E8, E11, E14, S3 and S23; Steinfartz et al., 2004).

Forward primers were labeled with 5¢-fluorescent tags (6-FAM, HEX or NED)

for visualization. PCR amplifications were performed in reactions of 12ml total
volume including 1ml of DNA template (B100 ngml�1), 1.5ml 10�PCR buffer

(100mM Tris-HCl, 15mM MgCl2, 500mM KCl) MgCl2, 0.5ml dNTPs (25mM),

0.5ml forward and reverse primers (10mM) and 0.05ml Taq polymerase

(5Uml�1). We amplified loci individually and ran PCR products in three

multiplex reactions on an ABI 3100 (Applied Biosystems, Foster, CA, USA).

Fragments were sized with ROX-500. Results were scored and binned using

GeneMapper version 3.7 (Applied Biosystems).

Genetic data analyses
We used MICRO-CHECKER 2.2.3 to detect potential null alleles and scoring

errors due to stuttering or large allele dropout (Van Oosterhout et al., 2004).

We tested for significant deviations from Hardy–Weinberg equilibrium and the

Figure 2 Population structure and gene flow in focal populations of S. salamandra. The six genetic demes inferred in STRUCTURE are represented with

different colors. Individual assignment to the six genetic demes is shown for each population (bottom panel). Blue arrows on the map identify the location of

peninsular isthmuses and their elevation, likely resulting from sedimentation processes along the shore in the last 2000–3000 years.

Table 1 Sampling information and genetic diversity values for each

population

Population Locality N NA HO HE AR P-AR r Ne

San Martiño Island 32 4.63 0.56 0.57 2.96 0.31 0.47 1200

Ons Island 31 7.88 0.66 0.69 3.76 0.89 0.27 1300

Monteferro Coast 31 6.25 0.74 0.73 3.93 0.51 0.23 1325

Melide Coast 28 7.38 0.64 0.70 3.91 0.45 0.22 1175

Grove Coast 36 6.25 0.57 0.66 3.48 0.33 0.28 1300

Saramagal Interior 34 10.50 0.80 0.83 5.01 0.61 0.04 7050

Lourizán Interior 32 10.88 0.85 0.84 5.18 0.74 0.01 3825

Sampling localities, sample sizes (N), mean number of alleles (NA), observed (HO), expected
heterozygosity (HE), allelic richness (A-R), private allelic richness (P-AR) relatedness (r) and
effective population size (Ne) for each population.
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presence of linkage disequilibrium using ARLEQUIN 3.11 (Excoffier et al.,

2005) and tested for significance using a Markov chain method with 10 000

dememorization steps and 1000 batches of 10 000 iterations per batch and

sequential Bonferroni correction (Rice, 1989) for multiple comparisons.

We used the software GENALEX v.6 (Peakall and Smouse, 2006) to calculate

indices of population genetic diversity (observed heterozygosity, HO; expected

heterozygosity, HE; mean number of alleles, NA and allelic richness AR), and

estimate genetic relatedness, r, within populations (Queller and Goodnight,

1989). Mean pairwise relatedness values were calculated and compared with the

confidence intervals (CIs) obtained by bootstrapping over genotypes within

populations. The program HP-RARE (Kalinowski, 2005) was used to compute

estimates of unbiased allelic richness and private allelic richness.

Genetic differentiation between populations was calculated using pairwise

FST values (Weir and Cockerham, 1984) in ARLEQUIN 3.11, and significance

of pairwise comparisons tested using an exact test (Goudet et al., 1996) with

1000 iterations, and P-values adjusted using the sequential Bonferroni correc-

tion (Rice, 1989). We also used pairwise j¢ST (999 bootstraps) (Meirmans,

2006) to account for potential differences in effective population sizes among

our populations using the software GENODIVE v2.09b (Meirmans and Van

Tienderen, 2004). j¢ST is an AMOVA analog of FST and is standardized by

dividing the observed j¢ST by the theoretical maximum given the present

within population variance in allele frequencies.

To detect potential loss of genetic diversity due to founder events, we tested

for differences between each island and their genetically closest coastal

populations (based on FST and j¢ST values, Table 2). We used non-parametric

Mann–Whitney U-tests to compare the mean number of alleles (NA) and

expected heterozygosity (HE) for each locus and pair of populations.

We used Bayesian assignment tests to infer the number of genetic demes

present in our sample. The program STRUCTURE 2.3.1 (Pritchard et al., 2000)

was run 20 times on individual multilocus microsatellite genotypes for a

number of genetic clusters or demes (K) ranging from 1 to 7. We implemented

an admixture model with uncorrelated allele frequencies and without prior

information on sample population membership, a burn-in period of 500 000,

and a run length of 106 iterations. The most likely value for Kwas estimated by

the highest value of log probability of data L(K) (Falush et al., 2003), and the

D(K), a measure based on the second order rate of change in L(K) (Evanno

et al., 2005). We used the program CLUMPP 1.1.2 (Jakobsson and Rosenberg,

2007) to align cluster membership coefficients from the 20 replicate cluster

analyses from each K-value chosen using the LargeKGreedy algorithm.

We used LAMARC 2.1.3 (Kuhner, 2006) to estimate effective population

sizes (Y) and growth rates (G) of our seven focal populations. Owing to

computational constraints, we used a Brownian-motion microsatellite model

(an approximation of the stepwise model), for all loci to decrease the time of

the runs. We used the Bayesian method with 500 000 final recorded parameter

sets with a burn-in of 100 000 steps, sampling every 100 steps, and five

replicates for each analysis.

We estimated migration rates,M (M¼m/m, where m is the immigration rate

per generation), between populations using a coalescent based Monte Carlo

Markov Chain method implemented in MIGRATE-N 3.2.7 (Beerli and Felsen-

stein, 1999). We analyzed the microsatellite data set under a Brownian

approximation model and mutation was considered to be constant for all loci.

We used FST estimates and a UPGMA tree as starting parameters for the

estimation of M and performed five independent runs using one long chain

with a run of 1�107 recorded parameter genealogies after discarding the first

1�105 genealogies as burn-in for each locus. Both LAMARC and MIGRATE

estimated approximate CIs around its maximum probable estimate for each

parameter. Parameter convergence was verified by examining the stationarity in

parameter trends over the length of the chains and the effective sample sizes

obtained for each Y, G and migration rate using TRACER 1.5 (http://

evolve.zoo.ox.ac.uk).

To test for evidence of historical genetic bottlenecks we used the M-ratio test

(Garza and Williamson, 2001), which uses the M statistic (the ratio of the

number of alleles to the range of allele sizes) to detect reductions in effective

population size for a sample of microsatellite loci. This method considers that

quantitative diversity (frequency of alleles and total number of alleles, k) is

reduced more quickly than spatial diversity (distance between alleles and overall

range in allele size: r) in bottlenecked populations. We generated a critical value

(Mc) at a¼0.05 to test estimates of M for evidence of a bottleneck using 10 000

permutations and conservative parameters for two-phased model (percentage of

mutations greater than one step, Dg¼2.8; average size of a non-one-step

mutation, r¼0.12; and different effective population sizes, y¼1, 2 and 10).

We also used the software BOTTLENECK (Piry et al., 1999) to test for recent

population bottleneck events. This program tests for reductions in effective

population size by considering that alleles are generally lost faster than

heterozygosity (Hedrick and Cockerham, 1986) and thus, populations that

have experienced a reduction in Ne are expected to have excess heterozygosity

(HE) relative to that expected under mutation-drift equilibrium (Heq)

(Cornuet and Luikart, 1996). Following the recommendations of the program

for limited sample size, we used the Wilcoxon signed-rank test under two

mutation models: the stepwise mutation model and the two-phased model with

70% stepwise mutation model, using 100 000 replicates. We also examined the

distribution of allele frequencies among all the populations to determine

whether a mode shift characteristic of a bottleneck had occurred (Luikart and

Cornuet, 1998).

RESULTS

All microsatellites were highly polymorphic across the seven popula-
tions analyzed, and number of alleles ranged from 10 (loci E8 and
E11) to 38 (E2) with a mean of 16 alleles per locus. Sample sizes
genotyped across our seven focal populations ranged from 28 to 36
(Table 1). No evidence of null alleles, large allele dropouts or stuttering
was detected at the 99% confidence level across all loci. After
sequential Bonferroni corrections, comparisons among all pairs of
loci over all populations revealed no linkage disequilibrium, and
significant deviations from Hardy–Weinberg equilibrium at the 99%
confidence interval were detected for a single locus (E8), and only in
the Ons and Grove populations.
Highest genetic diversities (HO, HE, NA and AR) were found in

interior populations (Lourizán and Saramagal); coastal populations
and the large island population (Ons) showed intermediate values,
and the smallest island population (San Martiño) showed the lowest
genetic diversity indexes (Table 1). Relatedness values (r) corroborated
these results with the highest level of inbreeding for San Martiño
population (r¼0.47, close to full sibs) and the lowest for interior
populations (Lourizán, r¼0.04; and Saramagal, r¼0.01; Table 1). The
population with highest private allelic richness was the island popula-
tion of Ons, followed by the interior populations. San Martiño
population showed the lowest private allelic richness (Table 1). We
found significant differences in genetic diversity values between San
Martiño and Melide populations (NA, z¼�2.26, P¼0.01; and HE,
z¼�1.73, P¼0.04) but not between Ons and Melide (NA, z¼�0.11,
P¼0.45; and HE, z¼�0.05, P¼0.49).
All pairwise population FST comparisons were significant and

ranged from 0.014 (between interior populations) to 0.287 (between
San Martiño and the coastal population Monteferro) (Table 2).

Table 2 Pairwise FST and u¢ST values below and above the diagonal

respectively

FST /j¢ST San Martiño Ons Monteferro Melide Grove Saramagal Lourizán

San Martiño 0.264 0.287 0.234 0.298 0.174 0.181

Ons 0.231 0.211 0.168 0.212 0.145 0.128

Monteferro 0.287 0.181 0.143 0.181 0.074 0.071

Melide 0.244 0.152 0.130 0.133 0.101 0.089

Grove 0.275 0.194 0.164 0.125 0.117 0.081

Saramagal 0.178 0.125 0.082 0.104 0.090 0.017

Lourizán 0.177 0.107 0.079 0.084 0.066 0.014

All P-values were significant after sequential Bonferroni correction.
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Island populations showed lower genetic divergences when com-
pared with interior populations (FST¼0.107–0.178) than coastal
populations (FST¼0.152–0.287). All pairwise j¢ST comparisons were
also significant and showed similar genetic patterns, with interior
populations less differentiated from each other (j¢ST¼0.017) and
high genetic differentiation between island and mainland populations
(j¢ST¼0.168–0.298).
Assignment tests separated the sampled populations into six genetic

clusters (K¼6), based on the log probability of data L(K), and the
Evanno criterion for number of demes, D(K). Both methods separated
island and coastal populations into independent clusters and grouped
the two interior populations (Figure 2). Assignment tests implemen-
ted by STRUCTURE showed the proportion of membership (Q) for

each defined deme was higher than 93% in island and coastal
populations, and 75% and 81% for interior populations (Lourizán
and Saramagal, respectively).
LAMARC analyses recovered similar effective population size (Y) in

island and coastal populations, but significantly higher values for both
interior populations (Figure 3). We translated Y estimates to average
effective population size for each study population (assuming a
microsatellite mutation rate of 10�3 per locus per generation reported
for Ambystoma tigrinum; Bulut et al., 2009; Table 1). Maximum
probable estimate values of population growth were slightly different
from zero, either with slightly negative growth rate in island and coastal
populations, or positive growth rate in interior populations, but CIs for
all those estimates (CIs) overlapped across populations (Figure 3).
Immigration rates estimated from MIGRATE showed signifi-

cant and symmetrical gene flow only between interior populations
(Lourizán and Saramagal). However, lower immigration-rate 95% CIs
between island and coastal populations did not depart from zero,
suggesting a likely absence of gene flow between those populations.
We found evidence of historical bottlenecks in island and coastal

populations using M-ratio tests. The 95% threshold value, Mc, ranged
from 0.72 to 0.77 under different effective population sizes (y¼1, 2 and
10), and all island and coastal populations showed lower mean M
values for each y (Table 4). None of the interior populations showed
significant evidence of reduction in Ne and meanM values were higher
thanMc values for each y. For estimates of recent bottlenecks (excess of
heterozygosity), we only found significant values under the two-phased
model (Po0.05) for interior populations (Lourizán and Saramagal)
but not for island or coastal populations (Table 4).

DISCUSSION

Island isolation vs seawater colonization
Our study has implications for the origin of insular populations of
S. salamandra along the northwestern Iberian coast. In general, the
presence of amphibians on islands can be explained by (1) population
isolation before island formation and (2) overseas colonization or
intentional/accidental anthropogenic introductions from adjacent
mainland populations. Amphibian tolerance to seawater varies
among species, and long-distance movements by rafting have been
proposed as a possible mechanisms of colonization for continental
islands (Hedges et al., 1992; Vences et al., 2003; Measey et al., 2007),
suggesting that seawater is not necessarily an absolute barrier to gene
flow. In this study we found high levels of genetic differentiation and
absence of gene flow between island and coastal populations
(FST¼0.181–0.287, Tables 2 and 3; Figure 2). We found no evidence
of colonization by rafting from the coast or intentional/accidental
anthropogenic introductions. Therefore, our study supports the
hypothesis that island populations of S. salamandra (San Martiño

Table 3 Asymmetric migration rates between Salamandra salamandra populations inferred in MIGRATE

M San Martiño Ons Monteferro Melide Grove Saramagal Lourizán

San Martiño 5.0 (0–10) 2.5 (0–10) 2.5 (0–10) 12.5 (0–20) 12.5 (0–20) 12.5 (0–20)

Ons 2.5 (0–10) 2.5 (0–10) 7.5 (0–15) 7.5 (0–15) 15.0 (0–20) 5.0 (0–10)

Monteferro 2.5 (0–10) 2.5 (0–10) 2.5 (0–10) 2.5 (0–10) 12.5 (0–20) 12.5 (0–20)

Melide 7.5 (0–20) 5.0 (0–10) 10.5 (0–25) 12.5 (0–15) 15.0 (0–25) 15.0 (0–20)

Grove 5.0 (0–10) 2.5 (0–10) 5.0 (0–10) 5.0 (0–10) 5.0 (0–10) 7.5 (0–10)

Saramagal 5.0 (0–10) 5.0 (0–10) 15.5 (0–30) 10.0 (0–15) 18.5 (0–30) 25.5 (15–40)

Lourizán 7.5 (0–15) 12.5 (0–20) 12.5 (0–20) 12.5 (0–20) 12.5 (0–20) 15.0 (10–25)

Populations in bold and italics are the source and sink-popuations respectively. MPE (maximum probable estimate) in italics and 95% CIs are in brackets. In bold, those estimated values with CIs
values higher than 0.

Figure 3 Genetic diversity and historical demographics. Mean and 95% CIs

of observed heterozygosity (HO), effective population sizes (Y) and growth

rates (G) for each population.
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and Ons, Figure 1) derived from ancestral populations that occupied
the coastal highlands before they became isolated from the mainland
with rising sea levels approximately 8000–9000 years ago (Dias et al.,
2000). The fact that isolated populations do not seem to have
experienced any subsequent migration, indicates that sea water is an
effective barrier to dispersal and gene flow for S. salamandra, even
over short overseas distances (3.6–6 km). The same pattern was
recently detected for populations of slender salamanders, Batrachoseps,
on the islands of San Francisco Bay (Martı́nez-Solano and Lawson,
2009), which share similar age (9000 years) and distances among
islands and mainland.
A third possible scenario to explain the genetic divergence found

between these populations is one of isolation and incipient genetic
differentiation by genetic drift before the formation of the islands.
Although, with the data at hand, population isolation pre- or post-
island formation cannot be distinguished, our data point out to
genetic differentiation facilitated by restriction of gene flow between
populations after island formation, as only distant interior popula-
tions are not differentiated (Figure 2).

Population genetics of island and mainland S. s. gallaica
Our study shows remarkable genetic differentiation among sampled
populations given the small geographic scale of this study (Table 2;
Figure 2). The FST values obtained were higher than those documen-
ted in other fine-scale salamander studies (Cabe et al., 2007; Zamudio
and Wieczorek, 2007; Purrenhage et al., 2009) and frog island
populations (Lind et al., 2010), but showed similar levels of divergence
to other amphibian population genetic studies covering larger regions
(Spear et al., 2005; Savage et al., 2010). The similarities in genetic
diversity and demographics among island and coastal populations
(Table 1; Figure 3) underscore their similar histories, despite the
current differences in connectivity to the mainland.
The shape of the coastline of western Iberia has changed signifi-

cantly since the Last Glacial Maximum due to sea level rising until the
mid Holocene (between 5 to 2.5Ky BP) and continental erosion and
sedimentation processes in estuaries over the last 2000–3000 years
(Dias et al., 2000). The erosion process occurred due to natural factors
and historical anthropogenic activities, such as deforestation and land
cultivation, that contributed to the positive sedimentary balance along
the western Iberian shore (Dias et al., 2000), connecting islands to
mainland (Calado, 1994) and forming sand-barriers along the coast
(for example, Cı́es barrier-lagoon; Costas et al., 2009). Therefore, the
three focal coastal populations located on small coastal peninsulas
were likely continental islands that reconnected to the continent by
sedimentation processes in the last thousand years (Dias et al., 2000;
Figure 2). Historical geographic isolation on these islands would

explain the unexpected high genetic differentiation, absence of gene
flow, and the similarities of genetic diversity and demography with
island populations. Island and coastal populations have less genetic
diversity and lower historical population sizes and growth rates than
interior populations (Table 1 and Figure 3), and they also differ in
historical and recent demographic patterns (Table 4).
The fact that island and coastal populations are similarly differ-

entiated compared with island and interior populations (Table 2)
might also be explained by a longer mutation—genetic drift scenario
in island populations, because the isolation by sea level changes
occurred later for the coastal populations. The following results
support isolation and high genetic drift as mechanisms for the
observed divergence between island and coastal populations: (1) island
and coastal populations are more closely related than island and
interior populations at mitochondrial DNA markers (Velo-Antón
et al., 2007); and (2) divergences between islands are higher than
between island and interior populations (Table 2). Moreover, extreme
genetic drift in island populations might be facilitated by the small
effective population size of founder populations on small islands.

Effect of founder population sizes on islands
Founder events are important mechanisms promoting evolutionary
change on islands (Mayr, 1954; Templeton, 1980; Grant, 1998).
The size of a founder population is crucial for the long-term survival
of island populations; small founder populations can potentially
compromise survival due to loss of genetic diversity produced by
drift and genetic erosion due to inbreeding (Baker and Moeed, 1987;
Hartl and Clark, 1997). The founding populations of San Martiño and
Ons islands may have been small because of the limited size of both
islands (146 and 428 ha, respectively) and thus, it is likely that the
geographic isolation of individuals from the mainland population
could function as bottleneck events within each island. Common
genetic signatures of population bottlenecks are the reduction of
heterozygosity and allelic richness (Nei et al., 1975) and the increase
of genetic differentiation from source population (Chakraborty and
Nei, 1977). We found some differences in population genetic patterns
between the two island populations, indicating different colonization
histories and/or demographic processes since their isolation. The San
Martiño population shows remarkably low genetic diversity and high
values of relatedness compared with other studied populations (Table
1). In contrast, the Ons population maintains similar values of genetic
diversity and relatedness as coastal populations (Table 1), even though
both island and coastal populations have low genetic diversity values.
Thus, our study shows a significant reduction of genetic variation in
San Martiño population, likely due to a single and recent founder
event that reduced population genetic variation (Mayr, 1954; Temple-
ton, 1980; Hundertmark and Van Daele, 2010). In fact, the current
small population size in San Martiño might be the result of a severe
founding bottleneck in the past. In contrast, the founding of Ons
population did not significantly reduce its genetic diversity. These
differences may be due to the smaller size of San Martiño island
(146ha); if population densities before isolation were similar on both
islands, the founding population size may have been significantly
smaller than on Ons (428 ha).

Genetic isolation vs environmental factors for viviparity
in island populations
Viviparity in S. salamandra is characterized by an acceleration of
embryonic development (Dopazo and Alberch, 1994; Dopazo and
Korenblum, 2000), the early hatching of embryos within the
maternal oviducts coupled with intrauterine cannibalism, and longer

Table 4 Bottleneck results for each population based onM-ratio tests

(Mean M) and heterozygosity excess (HE)

Population Locality Mean M HE (P-values)

San Martiño Island 0.535 0.472

Ons Island 0.610 0.902

Monteferro Coast 0.661 0.097

Melide Coast 0.659 0.679

Grove Coast 0.692 0.473

Saramagal Interior 0.831 0.002

Lourizán Interior 0.801 0.009

Mc for M-ratio tests: 0.79 (Y¼1), 0.75 (Y¼2), 0.72 (Y¼10). Significant bottlenecks are
expressed in bold.
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retention of hatchlings in the oviducts. The acceleration of embryonic
development occurs during the non-feeding lecithotrophic stages of
development (S. s. bernardezi; Buckley et al., 2007), and is also
facilitated by cannibalistic feeding in the post-hatching stage via
oophagy, ingestion of eggs, and adelphophagy, and ingestion of larvae;
(Dopazo and Alberch, 1994; Wourms, 1981; Greven, 1998). Thus,
viviparity in our island populations could be determined not only
through physiological and/or genetic mechanisms but also through
oviductal retention of the larvae, allowing the embryos and hatchlings
to grow faster and metamorphose before birth.
Genetic drift facilitates the evolutionary differentiation and adaptive

processes, especially on islands (Mayr, 1954; Barton, 1998). Rapid
genetic differentiation and drift could lead to the evolution of
viviparity via the selection of this trait and increase of its frequency
in isolated populations; however, it is unlikely that genetic drift alone
led the evolution to viviparity in two island populations simulta-
neously. Furthermore, this reproductive mode shift could also be the
result of phenotypic plasticity or adaptation to selection regimes on
islands. We exclude phenotypic plasticity as a potential factor explain-
ing viviparity on these islands because all island females exhibited
viviparity when they were maintained in captivity, with water avail-
ability, until parturition (Velo-Antón et al., 2007). However, we
cannot rule out a process of genetic assimilation (Waddington,
1942) on the islands. This process have been shown in colonizing
island populations that initially survived due to phenotypic plasticity,
which was subsequently erased by selective forces within a few
thousand years (Aubret and Shine, 2009).
Adaptation to new selective regimes might also favor viviparity as a

reproductive strategy in island environments. Although the strength of
selection might be less effective in small populations due to low
effective population sizes, studies on island populations identify
directional (Clegg et al., 2002) and divergent selection (Lind et al.,
2010) promoting microevolutionary changes. Our results show highly
divergent island and coastal populations with similar genetic diversity
and historical demographic patterns; however, viviparity occurs only
in island populations, suggesting that selective pressures in island
environments, rather than genetic isolation and drift alone, may have
led to a rapid switch in reproductive mode.
Several environmental factors have been identified as potential

selective forces for the evolution of viviparity in reptiles (Neill, 1964;
Shine and Bull, 1979; Shine, 1985; Qualls and Shine, 1998). Because
this evolutionary step completely removes the aquatic larval stage, the
lack of water for larval development could explain this microevolu-
tionary event in San Martiño population, but would not explain
viviparity on Ons, where adequate water bodies for amphibian
reproduction are common, and two additional pond-breeding amphi-
bians occur (an anuran, Discoglossus galganoi; and a newt, Lissotriton
boscai). The ‘cold climate hypothesis’ has also been proposed for the
evolution of reptilian viviparity (Shine, 1985; Heulin et al., 1991;
Heulin et al., 1997; Hodges, 2004). An oviparous lineage of the lizard
Lerista bouganvillii occurs in south-western Australia, whereas the
viviparous lineage occurs on two colder islands separated approxi-
mately 1000 km from the mainland (Qualls and Shine, 1998).
However, climate in the northwestern Iberian islands is warmer and
drier than on the adjacent mainland (MeteoGalicia, 2003). Further-
more, low water availability in the dry karstic limestone substrates in
the Cantabrian Mountain populations of S. s. bernardezi (Garcı́a-Parı́s
et al., 2003) and Moroccan populations of S. algira (Beukema et al.,
2010) has been identified as a potential trigger for the evolution
of viviparity. Thus, we suggest that a ‘dry-climate hypothesis’
better explains the evolution to viviparity in S. salamandra. Clearly,

experiments to identify the potential environmental pressures
functioning as selective forces for intraspecific reproductive mode
shifts in island populations of S. salamandra will be a useful next step
in this system.
Our data did not allow us to distinguish whether viviparity evolved

independently on each island or whether viviparous populations
occurred in coastal populations before the rise of the sea level, with
posterior replacement and exclusion from the continent by ovovivipar-
ous populations. However, the ovoviviparous reproductive mode in
continental populations of S. s. gallaica (Figure 1), the genetic simila-
rities between island and coastal mitochondrial DNA haplotypes
(Velo-Antón et al., 2007), and particular aspects of the insular environ-
ment suggest a rapid (within the last 9000 years) and independent
change of reproductive mode for each population since their isolation.

Conservation implications
Our data show that the interior populations show higher genetic
diversity and historical population sizes than island or coastal popula-
tions, yet they are facing reduction in current population sizes
(Table 4), probably owing to anthropogenic habitat loss. The Lourizán
population is next to a city and an industrial area, and the Saramagal
population is located in a mountain area, which might be negatively
affected by eucalypt plantations (Cordero Rivera et al., 2007).
The absence of recent bottlenecks in island and coastal populations
might be linked to the preservation of their habitats, as they are
located in natural areas with restricted human and urban develop-
ment. On the other hand, our results show evidence of historical
reductions in population size for island and coastal populations,
contributing to the reduction of genetic diversity and genetic differ-
entiation due to drift. However, it is the viviparous island population
of San Martiño that is the most threatened because of the extremely
low genetic diversity and high relatedness among individuals (r¼0.47;
Table 1). Despite similar historical population sizes estimated in
LAMARC for both island populations, the San Martiño population
currently harbors only dozens of individuals, compared with hundreds
or even thousands of individuals on Ons (GVA, personal observation).
The San Martiño population is highly threatened and if adequate
conservation measures are not implemented on this island in the
near future, this could result in the loss of one of the two recently
evolved viviparous populations in this species.

CONCLUSIONS

Our findings indicate that: (1) the establishment of S. salamandra
populations on the islands of San Martiño and Ons occurred before the
rise of sea levels, and not due to rafting or anthropogenic introduc-
tions, (2) allopatric isolation and small founder populations have led to
a reduction of genetic diversity and rapid genetic differentiation by
extreme genetic drift in island populations, as well as in coastal
populations, which could have been continental islands as recently as
2000 years ago and (3) the rapid transition to viviparity might be
driven by climatic selective pressures on island populations, geographic
isolation with genetic drift or a combination of these factors.
Natural selection and genetic drift are two important forces driving

microevolutionary change. Assuming that the current and historical
island populations diverged by isolation and genetic drift, and know-
ing viviparity only occurs in the island populations, we suggest natural
selection under particular island ecological pressures as the underlying
factor for this reproductive shift in S. salamandra. Our study clearly
highlights the utility of S. salamandra as a model for investigating
rapid evolutionary change in populations with different histories and
ecological settings.
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