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Abstract Habitat fragmentation may involve a loss of

genetic diversity and increments the vulnerability to spe-

cies persistence. It could be a particular issue when coupled

with other negative factors as the predicted climatic

changes and the emergence of infectious diseases. In

Southern Iberian Peninsula several endemic amphibian

species have confined and fragmented distributions,

including the Betic midwife toad Alytes dickhilleni. Herein,

we present the first range-wide assessment of genetic

diversity and structure in this species, using mitochondrial

and microsatellite data. A mitochondrial fragment of the

ND4 gene was amplified for 65 individuals and a set of 20

microsatellite loci, specifically developed for this species,

was genotyped for 490 individuals from several sampling

sites distributed across the species entire range. While both

markers revealed high genetic diversity, only for micro-

satellites a marked genetic substructure was apparent. Our

results evidence low levels of gene flow, suggesting the

persistence of the species in fragmented habitats for several

generations and a very limited connectivity between most

of mountain ranges. The high diversity within A. dickhil-

leni populations could help to respond to the emergence of

new diseases and to the predicted effects of climatic

changes in Southeastern Iberian Peninsula. We hypothesize

that the lack of gene flow is due to the absence of available

breeding habitats and recommend that future management

efforts of A. dickhilleni include the creation and mainte-

nance of aquatic breeding habitats in a way that most of

genetic diversity is preserved.

Keywords Genetic characterization � STRs � MtDNA �
Amphibians � Iberian Peninsula � Alytes dickhilleni

Introduction

The genetic consequences of population fragmentation

depend upon connectivity and gene flow among patches

(Keller and Waller 2002) and are more pronounced in

species with smaller ranges, lower dispersal potential and/

or mainly confined to mountain isolates (Frankham et al.

2009). Habitat fragmentation leads to overall reductions in

population size that can influence gene flow, genetic drift,
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and intraspecific genetic variation (Slatkin 1987). Conse-

quently, reproduction and survival in the short term and, in

the long term, the capacity of populations to respond to

environmental change will be reduced and thereby increase

extinction risk (Evans and Sheldon 2008; Frankham et al.

2009). Habitat loss or fragmentation coupled with global

climate change and the emergence of infectious diseases

are among the major factors that have been implicated in

population declines, and they are suspected to act as drivers

of species extinction (Parmesan and Yohe 2003; Opdam

and Wascher 2004; Ewers and Didham 2006; Pounds et al.

2006).

Ongoing climate change is shifting species geographical

ranges (IPCC 2014) and the predictions for the near future

point to significant range shifts towards higher latitudes

and/or altitudes (Chen et al. 2011; Kuntner et al. 2014).

Range retractions caused by climate change are currently

observed and many species are moving towards extinction

or are already extinct (Thomas et al. 2006). Furthermore in

fragmented populations, movements and shifts in distri-

bution ranges could be constrained by habitat fragmenta-

tion or even delayed if spatial cohesion is very low (Opdam

and Wascher 2004). The study by Gao and Giorgi (2008)

indicates that the Iberian Peninsula central and southern

parts might experience a substantial increase in aridity by

the end of this century, making it particularly vulnerable to

water stress and desertification.

Amphibians are among the most endangered group of

vertebrates (Stuart et al. 2004; Beebee and Griffiths 2005;

Araújo et al. 2006). The study by Hof et al. (2011) focused

on amphibian species emphasizes that declines are likely to

accelerate in the 21st Century, because multiple drivers of

extinction, as climate changes, diseases and changes in

land-use, could expose populations to higher extinction

risks more than previous single causal assessments have

suggested. Moreover, amphibians are particularly prone to

suffer the negative effects of habitat fragmentation due to

their biological (e.g., physiological constrains, small size,

low vagility) and demographic characteristics, as shown by

several studies on anurans (Funk et al. 2005a, b; Johansson

et al. 2005) and urodeles (e.g., Spear et al. 2005; Pur-

renhage et al. 2009; Emaresi et al. 2011).

In particular, the Betic midwife toad Alytes dickhilleni

(Arntzen and Garcı́a-Parı́s 1995) meets most of the criteria

outlined above: small range, mostly restricted to mountain

habitats, poor dispersal abilities, sensitivity to novel dis-

eases and small clutch size that can be related to low local

effective population sizes (Garcı́a-Parı́s 2000; Garcı́a-Parı́s

and Arntzen 2002; Martı́nez-Solano et al. 2003; Bosch

et al. 2013). It is considered Vulnerable by the IUCN Red

List of Threatened Species (http://www.iucnredlist.org/

apps/redlist/details/979/0) due to a very fragmented distri-

bution and a decrease in habitat area and quality, mainly

for reproduction (Garcı́a-Parı́s and Arntzen 2002). All

known populations are threatened (Garcı́a-Parı́s and Arnt-

zen 2002) and it is also included in the EDGE (Evolu-

tionarily Distinct and Globally Endangered) list of the

Zoological Society of London (http://www.edge

ofexistence.org/amphibians/top_100.php). The fragmented

and confined distribution of A. dickhilleni makes this spe-

cies particularly sensitive to changes predicted to occur in

the Southern of Iberian Peninsula. For this reason, infor-

mation concerning distribution of genetic structure is

important for the development of conservation and man-

agement plans and could be of general interest for other

amphibian species, particularly the ones facing the same

conservation challenges.

In this study, we present the first range-wide assessment

of patterns of genetic diversity and structure in A. dick-

hilleni, making use of markers from the mitochondrial and

nuclear genomes, in order to emphasize connectivity and

demography and provide valuable information for the

conservation and management of its populations.

Materials and methods

Sampling and DNA extraction

Alytes dickhilleni samples were obtained across the spe-

cies’ entire geographical range (Fig. 1A; Table 1). Tissue

samples were collected from adult toe tips or larvae tail

clips and preserved in ethanol until DNA extraction.

Immediately after tissue collection individuals were

released in the field. Genomic DNA was extracted using

the EasySpin� Genomic DNA Tissue Kit (Qiagen, Hilden,

Germany) following the fabricant protocol.

Mitochondrial DNA sequencing

A fragment of the NADH dehydrogenase subunit 4 gene

(ND4) was amplified combining the forward primer ND4

described by Arévalo et al. (1994) and the reverse primer

Aly11727_R (50-CTA AGA CCA ACG GAT AGA CTG-

30). Polymerase chain reactions (PCR) were performed in a

final volume of 10 lL using 5 lL of Phusion Flash High-

Fidelity PCR Master Mix (Thermo Scientific) and 0.2 lM

of each primer. PCR conditions consisted of a pre-dena-

turing step of 5 min at 98 �C and 42 cycles of denaturing

(30 s at 98 �C), primer annealing (25 s at 55 �C) and

extension (60 s at 72 �C), with a final extension of 5 min at

72 �C. PCR products were purified using ExoSAP-IT�

PCR clean-up Kit (GE Healthcare, Piscataway, NJ, USA)

and sequenced with primers ND4 and the internal primer

Aly11168_F (50-CAA CAC CAA CTA CGA AGC-30).
Cycle sequencing reactions were carried out using the ABI
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Prism� BigDye� Terminator version 3.1 Cycle Sequencing

Kit (Applied Biosystems, Carlsbad, CA, USA) standard

protocol. Samples were subsequently sequenced for both

strands on an ABI Prism� 3130xl Genetic Analyser

Sequencer (Applied Biosystems/HITASHI). The ND4

sequences of A. dickhilleni available in GenBank

(EF441309, Gonçalves et al. 2007; and KJ858967, Maia-

Carvalho et al. 2014a) were also included in this study. All

sequences generated are deposited in GenBank under the

accession numbers KP036330-KP036392 (Table 1).

Fig. 1 A Distribution of Alytes dickhilleni in Southwestern Iberian

Peninsula in a 10 9 10 km squares map (MAGRAMA 2012), with

indication of the geographical origin of the samples analyzed.

Populations tested for HWE, LD, presence of null alleles and allele

dropout, are marked with asterisk. The main mountain ranges are

identified as follows: TEJ Sierra de Tejeda, ALM S. de Almijara, ALH

S. de Alhama, ALB S. de Albuñuelas, NEV S. Nevada, GAD S. de

Gadór, FIL S. de los Fillabres, BAZ S. de Baza, LUC S. de Lucar,

HUE S. de Huetor, ARA S. de Arana, CAM S. del Campanario y las

Cabras, AC S. de Alta Coloma, MAG S. Mágina, CAZ S. de Cazorla,

CAS S. de Castil, SAG S. de la Sagra, VIL S. de las Villas, SEG S.

Segura, ALC S. de Alcaraz, TAI S. de Taibilla, NM S. del Nordoeste

de Murcia. B Results from individual multilocus genotype clustering

analysis. Each individual is represented as a vertical line partitioned

into the K (2–4) coloured segments, whose length is proportional to

the K colors. Black lines separate individuals from different mountain

ranges. Mountain ranges are identified as in Fig. 1. (Color figure

online)
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Table 1 Sampling localities, geographic coordinates, population codes, sample size (n), ND4 haplotypes and GenBank accession numbers for

the sequences included in this study

Locality Coordinates Code n ND4 haplotypes GenBank

accession nr.
Latitude (N) Longitude (E)

La Alcauca, Sra. Tejeda 368560300 48402500 1 1(1) Ha19 KP036335

La Rabita, Sra. Tejeda 36�52053.400 4�401.200 2 10(2) Ha19 KP036353; KP036354

La Rahige, Sra. Tejeda 3685201800 48305200 3 1 –

Tacita de Plata, Sra. Tejeda 36�5407.200 4�1017.400 4 6 –

Fuente Borriqueros, Sra. Almijara 36�51042.400 3�57024.500 5 9(1) Ha12 KP036352

Pozo Batán, Sra. Alhama 36�47044.900 3�53032.300 6 5(3) Ha8, Ha19(n = 2) KP036351; KP036349;

KP036350

Fuente del Esparto, Sra. Alhama 36�480500 3�5004900 7 6 –

Cañuelo, Sra. Albuñuelas 36�5302200 3�4202100 8 3(1) Ha20 KP036374

Fuente de los Arrieros, 36�5204400 3�4002700 9 10 –

Alberca de la Toba, Sra. Albuñuelas 36�53038.500 3�40029.000 10 5(2) Ha20, Ha21 KP036346; KP036345

Cortijo Buenavista, Sra. Albuñuelas 36�53016.300 3�3909.200 11 3 –

Cortijo Majadillas, Sra. Albuñuelas 36�5201000 3�3704600 12 1 –

Rio Albuñuelas, Sra. Albuñuelas 36�5405400 3�3904400 13 10 –

Collado del Lobo, Sra. Albuñuelas 36�55013.600 3�4000100 14 2 –

Barranco Dña. Marı́a, Sra. Albuñuelas 36�560300 3�4203200 15 2(2) Ha19 KP036341; KP036342

Conchar, 36�5802100 3�350600 16 4(2) Ha19 KP036358; KP036363

Ermita Vieja, Sra. Nevada 3�3303600 37�204500 17 2(2) Ha16, Ha19 KP036333; KP036334

Las Plomeras, Sra. Gádor 36�5601400 2�5204700 18 9 –

Fuente Boliches, Sra. Gádor 36�5605800 2�5005600 19 19(1) Ha1 KP036377

Bonaya, Sra. Nevada 37�2070 2�5404100 20 8(3) Ha1(n = 2), Ha7 KP036355; KP036357;

KP036356

La Gabiarra, Sra. Nevada 37�04026.7 2�55022.500 21 9(1) Ha1 KP036332

Fuente Fabrega, Sra. de los Filabres 37�1404500 2�2304800 22 13 –

El Calvario, Sra. de los Filabres 37�1503500 2�2701100 23 7 –

Los Gayubares, Sra. de los Filabres 37�1604600 2�2705400 24 1 –

La Rosariera, Sra. de los Filabres 37�1703900 2�2801900 25 2(2) Ha1 KP036330; KP036331

Fuente del Barrano Negro, Sra. de los Filabres 37�1401400 2�3204900 26 8 –

El Pollo, Sra. de los Filabres 37�1401300 2�4601300 27 10 –

El Prado, Sra. de los Filabres 37�1403900 2�4805800 28 10 –

Canaleja Alta, Sra. de Baza 37�2305500 2�5003000 29 2 –

Pozo de la Nieve, Sra. de Baza 37�22044.200 2�51030.300 30 10 –

Puerto las Palomas, Sra. de Baza 37�2209.200 2�50054.500 31 11 –

El Cascajal, Sra. de Baza 37�2101200 2�520100 32 2 –

Fuente de la Fonfrı́a, Sra. de Baza 37�22011.700 2�52017.900 33 14(2) Ha1, Ha9 KP036343; KP036384

Rambla del Baúl, Sra. de Baza 37�2303100 2�5302800 34 3(2) Ha5, Ha6 KP036382; KP036383

La Fraguara, Sra. de Baza 37�1802900 2�5403200 35 1 –

Cortijo del Ciervo, Sra. de Baza 37�1802900 2�5403200 36 10 –

Cortijo Ladihonda, Sra. de Baza 37�1902400 3�102800 37 1(1) Ha6 KP036338

Cortijo del Peru, Sra. de Baza 37�2402000 2�59033 38 12 –

Poveda, Sra. de Lucar 37�2404600 2�2705400 39 21(1) Ha1 KP036359

Fuente de la Teja, Sra. de Huetor 37�1503800 3�3003000 40 7 –

Fuente de Barcinas, Sra. Arana 37�2104400 3�3205700 41 5(2) Ha16 KP036370; KP036371

Las Horcas, Sra. de Madrid 37�1801500 3�51054 42 1(2) Ha3, Ha16 KP036369; KP036368

Fuente Alta, Sra. de Madrid 37�1804800 3�5201000 43 1 –
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Microsatellite genotyping

Twenty specific microsatellite markers were genotyped for

this study: four dinucleotides (AlyA115, AlyB103, AlyB107,

Aly108; Albert et al. 2010), three trinucleotides (AlyC1,

AlyC132, AlyD2; Albert et al. 2010) and 13 tetranucleotides

(Adickl01 to Adickl13; Molecular Ecology Resources Pri-

mer Development Consortium et al. 2011). The program

MULTIPLEX MANAGER version 1.0 (Holleley and Geerts 2009)

was used as a starting point for optimizing multiplex PCR

conditions. Three of the markers could not be amplified in

multiplex reactions (Adickl03, Adickl06 and Adickl11).

Only three were amplified in triplex (Adickl07, AlyB108 and

AlyC132) and the other thirteen in diplex reactions (see Table

S1, supplementary material). PCRs were optimized in a 5 lL

of final volume and 2.5 lL of Qiagen� PCR Multiplex Kit

Table 1 continued

Locality Coordinates Code n ND4 haplotypes GenBank

accession nr.
Latitude (N) Longitude (E)

Colomera, Sra. del Campanário 37�23027.0000 3�4402.0000 44 25(6) Ha1(n = 3),

Ha16(n = 2),

Ha18

KP036376; KP036379;

KP036385; KP036378;

KP036380; KP036386

Cañada de los Potros, Sra. del Campanário 37�2503500 3�3903500 45 1 –

Trujillos, Sra. de Alta Coloma 37�290100 3�460300 46 3(2) Ha1 KP036339; KP036340

arroyo Las Juntas, Sra. de Alta Coloma 37�2903000 3�4502500 47 2 –

Cerrillo Ciego, Sra. de Alta Coloma 37�300400 3�4702200 48 1(2) Ha17 KP036336; KP036337

Peña del Aguila, Sra. Magina 37�3601700 3�3503800 49 14 –

Pilar de los Gamellones, Sra. Magina 37�4500700 3�2805800 50 15 –

Pilar del Puerto, Sra. Magina 37�460600 3�3604100 51 15 –

La Mina, Sra. de Larva 37�4405600 3�1302200 52 0(1) Ha13 KP036372

Puerto de Tı́scar, Sra. de Cazorla 37�4706.900 3�2026.300 53 9(2) Ha1, Ha15 KP036348; KP036347

Nascimiento Rio Guadalquivir, Sra. de Cazorla 37�50015.300 2�58017.900 54 9 –

La Iruela, Sra. de Cazorla 37�55016.900 2�59015.200 55 6 –

Arroyo del Valle, Sra. de Cazorla 37�550300 2�5701500 56 2 –

Taller Empleo, Sra. de Cazorla 37�56046.300 2�56043.700 57 7(1) Ha16 KP036344

Cortijo del Moro, Sra. de Cazorla 37�5004600 2�4302400 58 4(2) Ha1, Ha8 KP036375; KP036388

Puerto Lezar, Sra. de Segura 37�5505400 2�4501500 59 13 –

Cortijo Majada de las Calles, Sra. de Segura 37�5701500 2�4405700 60 6(2) Ha6 KP036366; KP036367

Prados del Conde, Sra. de Segura 37�5701500 2�4405700 61 3(1) Ha4 KP036387

Nacimiento Rı́o Aguasnegras, Sra. de Segura 37�5705300 2�4804800 62 2 –

Cueva Parı́a, Sra. de Segura 37�5803700 2�4503800 63 3 –

Cortijo Campo del Espino, Sra. de Segura 38�102800 2�4403600 64 8(1) Ha2 KP036364

Cortijo de Lancas/Jorquera, Sra. La Sagra 37�5605000 2�2905000 65 20(1) Ha12 KP036390

Pinar de la Vidriera, Sra. de Segura 38�202000 2�3301300 66 5(1) Ha12 KP036365

Santiago de la Espuela, Sra. de Segura 38�603200 2�3302700 67 5(1) Ha11 KP036389

Cortijo Tejera, Sra. de Segura 38�605100 2�3401000 68 5(2) Ha8 KP036391; KP036392

Arroyo Zumeta, Sra. de Segura 38�703800 2�3405100 69 15 –

Cortijo de Fuentebella, Sra. de Segura 38�202000 2�2703800 70 1 –

Puerto de las Crucetillas, Sra. de Alcaraz 38�3005700 2�3004000 71 1(2) Ha22, Ha23 EF441309; KJ858967

Morajelo, Sras. del Nordoeste de Murcia 37�57027.59’’ 2�8032.36’’ 72 0(1) Ha14 KP036360

Fuente Pena, Sras. del Nordoeste de Murcia 38�805100 2�805200 73 2 –

R. Huertos, Sras. del Nordoeste de Murcia 38�1405300 2�301300 74 3(1) Ha8 KP036362

Fuentecica, Sras. del Nordoeste de Murcia 38�1205200 2�20900 75 2 –

Cortijo Frontón, Sras. del Nordoeste de Murcia 38�1105200 2�005000 76 1 –

Caravaca, Sras. del Nordoeste de Murcia 38�7040.2900 1�54040.6400 77 3(2) Ha10, Ha14 KP036373; KP036381

Hoya Lóbrega, Sras. del Nordoeste de Murcia 37�5905900 1�4401600 78 2(1) Ha8 KP036361

n outside parenthesis refers to the number of samples genotyped for microsatellites and n inside parenthesis refers to samples sequenced for ND4
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Master Mix (Qiagen, Hilden, Germany) for simplexes and

10 lL of final volume and 2.5 lL of Qiagen� PCR Multiplex

Kit Master Mix (Qiagen, Hilden, Germany) for diplexes and

triplexes. PCR conditions for simplexes consisted of a pre-

denaturing step of 15 min at 95 �C; 35 cycles of denaturing

(30 s at 95 �C), primer annealing (see Table S1, supple-

mentary material) and extension (45 s at 72 �C); 8 cycles of

denaturing (30 s at 95 �C), primer annealing (45 s at 53 �C)

and extension (45 s at 72 �C); and a final extension of 60 min

at 72 �C. For multiplexes an additional touchdown step with

a decrease of 0.5 �C each cycle was added after the initial

pre-denaturing step consisting in a set of cycles of denaturing

(30 s at 95 �C), primer annealing (see Table S1, supple-

mentary material) and extension (45 s at 72 �C). Microsat-

ellites were amplified with fluorescent dyes (PET, NED,

6-FAM and VIC). PCR products were tested on a 2 % aga-

rose gel electrophoresis and were run on an ABI Prism�

3130xl Genetic Analyser Sequencer (Applied Biosystems/

HITASHI). GENEMAPPER version 4.0 (Applied Biosystems/

HITASHI) was used to perform alleles scoring for each

locus.

Analysis of mtDNA data

ND4 gene sequences were checked by eye, edited and then

aligned using the program ABI Prism�
SEQSCAPE version

2.5.0 (Applied Biosystems). Alytes muletensis and A.

maurus were used as outgroups (Maia-Carvalho et al.

2014a). The sequences of ND4 for A. muletensis (Acces-

sion nr. KJ858969; Gonçalves et al. 2009) and A. maurus

(Accession nr. EF441312 and EF441312; Gonçalves et al.

2009) were downloaded from GenBank. A first approach to

explore the mtDNA data was done by estimating rela-

tionships between haplotypes using the median-joining

network algorithm in NETWORK version 4.6.1.0 (Bandelt

et al. 1999). A second approach was made using a Bayesian

coalescent method with a Markov Chain Monte Carlo

(MCMC) sampling scheme implemented in BEAST version

1.7.2 (Drummond and Rambaut 2007) to estimate phylo-

genetic relationships between haplotypes. The best-fitted

substitution model determined through the calculation of

Akaike information criterion (AIC) with jMODELTEST ver-

sion 0.1.1 (Guindon and Gascuel 2003; Posada 2008) was

the TrN model (Tamura and Nei 1993) without rate vari-

ation across sites. We used a Bayesian Skyline model

(Drummond et al. 2005) with 10 groups for the coalescent

prior and the strict molecular clock method with a normal

prior with a mean of 0.0075, corresponding to a pairwise

genetic distance of 1.5 % per million years (Crawford

2003; Burns and Crayn 2006) and a standard deviation of

0.0025. Preliminary analyses suggested that it fit the data

better than relaxed clock models (data not shown). Five

independent runs were made to avoid analysis to be trapped

on local optima. All analyses started with randomly gen-

erated trees and ran four Metropolis coupling MCMC for

25 million generations, with sampling at intervals of 1,000

generations that produced 25,000 sampled trees. To esti-

mate the time to the most recent common ancestor

(TMRCA) for detected haplotypes we used as calibration

point the well-known association between the split of three

Alytes lineages (A. dickhilleni, A. muletensis and A. mau-

rus) included in the Baleaphryne group and the end of the

Messinian Salinity Crisis (Martı́nez-Solano et al. 2003).

Same analysis was applied to the haplotypes from South-

western supported group. After checking for stationary and

convergence of the chains and the run length with the

software TRACER version 1.5 (Rambaut and Drummond

2009), the first 6,250 trees produced before reaching sta-

tionary were discarded as burn-in. The other 18,750 trees

produced in each of the independent analyses were used to

estimate the final Bayesian tree. Only posterior probability

values above 0.95 were considered as indicating that clades

were significantly supported.

Several genetic diversity parameters were estimated

using the program DnaSP version 5.10 (Librado and Rozas

2009): number of haplotypes (h), number of polymorphic

sites (S) and haplotype (Hd) and nucleotide diversity (p).

We also tested the association between the estimates of

interpopulation genetic and geographical distances (isola-

tion by distance—IBD), using Mantel tests (Mantel 1967)

implemented in the program ALLELES IN SPACE (Miller

2005). The statistical significance of the values was

obtained by 1,000 randomization steps.

To assess population demography, three neutrality tests

were performed using DnaSP: Tajima’s D (Tajima 1989),

Fu’s Fs (Fu 1997) and Ramos-Onsins & Rozas’s R2 (Ramos-

Onsins and Rozas 2002). In addition, distribution of pairwise

differences (mismatch distribution) was also calculated with

R2. The significances of Fs and R2 parameters were calculated

using coalescent simulations based on theta value and no

recombination, with a confidence interval of 95 % and 50,000

replications. To depict the change of the effective population

size since the time to the most recent common ancestor

(TMRCA) of the sampled mitochondrial haplotypes, the

demographic history was reconstructed through a Bayesian

skyline plot (BSP) using the software TRACER version 1.5

(Rambaut and Drummond 2009). Effective population size

was defined as h (Net, where Ne is the effective population size

and t is the generation time) and time as years.

Analysis of microsatellite data

Diversity and genetic structure

Standard indices of genetic diversity, i.e., total number of

alleles (Na), allelic richness (R), observed (Ho) and

464 Conserv Genet (2015) 16:459–476
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expected heterozygosities (He) for each locus, were esti-

mated with FSTAT version 2.9.3.2 (Goudet 2002). To

determine possible genotyping errors, null alleles and

allelic dropout, four populations with suitable number of

samples (Fuente Boliches, 19; Poveda, 39; Colomera, 44;

Cortijo de Lancas, 65—Table 1, Fig. 1A) were examined

with MICROCHECKER version 2.2.3 (van Oosterhout et al.

2004). Linkage disequilibrium between all pairs of loci and

Hardy–Weinberg equilibrium were tested in the same

populations using FSTAT version 2.9.3.2 (Goudet 2002).

P values for 5 % nominal level in both analyses were

adjusted for multiple comparisons (Rice 1989). The pro-

gram FreeNA (Chapuis and Estoup 2007) was used to esti-

mate unbiased Fst values (Weir 1996) in the presence of

null alleles, with 50,000 bootstrap resampling. Fst values

with bias induced by the presence of null alleles were also

calculated to compare with unbiased values, both for all

dataset and for each pair of population clusters.

The distribution of the genetic variation across the entire

dataset was investigated with a Factorial Correspondence

Analysis (FCA), as implemented in GENETIX version 4.05

(Belkhir et al. 2004), and the population structure using the

Bayesian multilocus clustering algorithm implemented in

the software STRUCTURE version 2.1 (Pritchard et al. 2000),

assuming admixture, without using prior information on

origin locality of individuals. We used an admixture model

with correlated allele frequencies for K values from 2 to 6,

and performed 5 runs for each population cluster (K) value

with 1,000,000 MCMC interactions and a burn-in period of

100,000. To infer the optimal value of K the log proba-

bilities of the data (LnP(K); Pritchard et al. 2000) estimated

with STRUCTURE were plotted against K values. The

DK (Evanno et al. 2005) values were also estimated and

plotted against K with STRUCTURE HARVESTER (Earl and von

Holddt 2011). The geographical consistency of the clusters

and the Kmax for which Kmax ? 1 does not refine the clusters

were then checked. The software CLUMPP version 1.1.2

(Jakobsson and Rosenberg 2007) was used to find the

optimal alignments of the replicate cluster analyses for the

best K value of STRUCTURE.

To evaluate the relation between all individuals geno-

typed for microsatellite loci we constructed a phylogenetic

tree of individuals. The software MICROSATELLITE ANALYSER

(MSA) version 4.05 (Dieringer and Schlštterer 2003) was

used to calculate the genetic distance between the indi-

viduals. We used the Cavalli-Sforza and Edwards chord

distance to calculate the distances (Cavalli-Sforza and

Edwards 1967), since we have a considerable number of

individuals. One thousand genetic distance matrices were

replicated. Phylogenetic trees were constructed for each of

the 1,000 replicate datasets using the program FITCH with

global rearrangements and the input sequence order ran-

domized. The program CONSENSE was used to create a

majority-rule consensus tree. Both programs are imple-

mented in the computer package PHYLIP version 3.69 (Fel-

senstein 2010). The final tree was drawn and edited using

FigTree version 1.3.1 (http://tree.bio.ed.ac.uk/software/fig

tree/).

F-statistics (Weir and Cockerham 1984) and their sig-

nificance were calculated as well as pairwise Fst values

between clusters. To assess genetic differentiation we also

analyzed our data set with SMOGD version 1.2.5 (Crawford

2010) to estimate Jost’s D (Jost 2008) and its confidence

intervals (CI). Additionally, we used the program GENEPOP

version 4.0.1 (Raymond and Rousset 1995) to perform

Mantel tests (Mantel 1967) to test the Isolation By Distance

(IBD) hypothesis with microsatellite data for the entire

dataset, for all pairwise comparisons between groups and

within each different group identified in the STRUCTURE runs.

Migration rates

To detect migration between STRUCTURE detected groups we

used the Bayesian approach implemented in BAYESASS

version 3.0.1 (Wilson and Rannala 2003) to calculate

migration rates and direction of migration that occurred

recently (m), i.e., within the last few generations (Wilson

and Rannala 2003). Three independent MCMC runs with

different starting seed numbers were performed for 10

million generations and sampled at intervals of 1,000. The

first one million generations were used as burn-in after

checking for convergence with preliminary runs.

Changes in population size

Two methods implemented in BOTTLENECK version 1.2.02

(Piry et al. 1999) were used to detect changes in effective

population sizes. These approaches were applied to every

population cluster detected with STRUCTURE. The first

method is based on the detection of heterozygosity excess.

As suggested by Piry et al. (1999), TPM was used as the

most suitable mutation model to the current microsatellite

data set with a variation of 12 and a proportion of SSM in

TPM of 95 %. The results obtained separately for each

locus were combined using the Wilcoxon test based on

10,000 replications. This test is more sensitive for detecting

bottlenecks occurring over approximately the last 2-4Ne

generations. The second method used is a qualitative

descriptor of allele frequency distribution. This test is more

appropriate for detecting more recent population declines,

mainly over the last few dozen generations (Cornuet and

Luikart 1996, Luikart et al. 1998). The main advantage of

this method is that no reference population or data on

historical levels of genetic variation is needed to determine

if a population has been recently bottlenecked (Luikart

et al. 1998).
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Additionally, we calculated the mean ratio of the num-

ber of alleles to range in allele size (M) with the software

M_P_VAL (Garza and Williamson 2001). During a bottle-

neck rare alleles are quickly removed from the population

reducing the number of observed alleles faster than the size

range of those alleles, resulting in a reduced M-ratio. M

values were compared to critical M values (Mc) determined

with the program CRITICAL_M (Garza and Williamson 2001),

below which it can be assumed that an observed ratio is

from a population that has experienced a significant

reduction in size. To calculate Mc we need three TPM

parameters: ps (the fraction of mutations that are larger

than single steps), Dg (the mean size of non one-step

changes) and h ð¼ 4NelÞ before the bottleneck. As we did

not have species-specific information we varied Dg and h
which are more influential than ps (Garza and Williamson

2001). First we varied the h from 1 to 50, which we

assumed to be more dependent from effective population

size variation, keeping the default value of Dg (3.5). For

populations where no bottlenecks were detected we pushed

the bottleneck signature by decreasing Dg to 2.8—mean

value determined from a literature survey by Garza and

Williamson (2001).

Results

Mitochondrial DNA data

A fragment of the mitochondrial ND4 gene with 776 base

pairs was successfully amplified for a total of 65 individ-

uals from 38 sampling localities distributed across the

species’ distribution range (Table 1; Fig. 1A). A total of 31

polymorphic sites (S), including 15 parsimony-informative,

were detected across the 65 sequences obtained, yielding

23 haplotypes (h) and revealing a relative high haplotype

and nucleotide diversity (Table 2). A star-like median-

joining network (Fig. 2) reveals that the most common

haplotype (Ha1) occurs in 15 individuals distributed across

species range, except the most southwest and northeast

extremes, and 14 haplotypes occur only once. Some geo-

graphical concordance in haplotype distribution can be

detected: three haplotypes are restricted to the Southwest of

the distribution range (Ha19-21), four are confined to the

Northeastern distribution range (Ha10, 14, 22, 23) and four

haplotypes (Ha5-7, 13) occur only in a central distribution

(Fig. 2; Table 1).

Results of the BEAST analyses were consistent across runs

and Effective Sample Sizes (ESSs) were greater than 200

for all parameters in the model in all runs. Only two well-

supported haplotypes groups with Bayesian Posterior

Probabilities (BPPs) above 0.95 are recovered (Fig. 3):

(i) one, groups the three haplotypes (Ha19-21) from the

Southwestern region of distribution (from Sierras Tejeda,

Almijara, Alhama, and Albuñuelas to the west extreme of

Sierra Nevada); and (ii) the other, groups the two most

Northeastern haplotypes (Ha22, 23) from the same sam-

pling site (Puerto de las Crucetillas). These two well-sup-

ported groups are allocated in the opposite extremes of the

distribution range. The estimated TMRCA for A. dickhil-

leni ND4 haplotypes is 364,600 years (95 % HPD interval

156,300–603,100) dating back to Pleistocene, while for the

supported group from SW distribution is 299,700 (95 %

HPD interval 85,000–545,100).

All neutrality tests estimated for the dataset are con-

gruent (Fig. 4), detecting significant departures from neu-

tral expectations and indicating the occurrence of recent

demographic expansion. The distribution of expected and

observed frequencies for pairwise number of differences

calculated with R2 also presents an unimodal distribution

under a scenario of demographic fluctuation (Fig. 4). Fur-

thermore the BSP analysis is congruent with the neutrality

tests showing an increment in effective population sizes

until about 50-kyr ago where it reaches a stationary state

(Fig. 5). No evidences for an IBD scenario were observed

for mtDNA (data not shown).

Table 2 Genetic diversity parameters for Alytes dickhilleni (this

study) and congeneric A. cisternasii (Gonçalves et al. 2009), A.

obstetricans (unpublished data; Maia-Carvalho et al. 2014b) and A.

muletensis (Kraaijeveld-Smit et al. 2005) inferred from partial

sequences of the mitochondrial ND4 gene and microsatellite data

Taxa mtDNA Microsatellites

n h S Hd p N loci R He

A. dickhilleni 65 23 31 0.898 ± 0.0005 0.003 ± 0.0005 490 20 17.4–24.3 0.48–0.60

A. cisternasii 70 39 56 0.942 ± 0.019 0.011 ± 0.0006 237 6 7.2–10.9 0.70–0.85

A. obstetricans 210 88 127 0.975 ± 0.004 0.024 ± 0.0012 106 17 4.6–7.4 0.65–0.78

A. muletensis – – – – – 573 8 2.6–6.2 0.38–0.71

n number of sequences, h number of haplotypes, S number of polymorphic sites, Hd haplotype diversity, p nucleotide diversity, N number of

individuals genotyped, number of loci genotyped, R allelic richness, He expected heterozygosity
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Microsatellite data

Diversity and genetic structure

A total of 490 individuals from 76 sampling sites were

genotyped at 20 polymorphic microsatellite loci (Table S2,

supplementary material). A total of 741 alleles were

observed with numbers of alleles per locus ranging from 5

(A115) to 83 (Adickl11) with an average of 26.97 alleles

per locus. Observed heterozygosity (Ho) among loci was

variable ranging from 0.318 (D2) to 0.863 (Adickl07) with

an average of 0.648 over all samples (Table S2, supple-

mentary material).

No evidences for scoring errors due to stuttering or large

allele dropout were detected after MICROCHEKER analysis.

Null alleles may be present at four loci (Adickl02,

Adickl13, AlyC132 and AlyD2) in Colomera (44), at one

locus (Adickl04) in Fuente Boliches (19) and another

(Adickl11) in Poveda (39) and at two loci (Adickl06 and

Adickl12) in Cortijo de Lancas (65) as suggested by the

general excess of homozygotes for most allele size classes.

In the absence of population structure, the presence of null

alleles does not unbias the Fst estimates but in populations

with significant differentiation (as in our study; see below),

Fst is overestimated (Chapuis and Estoup 2007). The glo-

bal uncorrected Fst value for the presence of null alleles in

our dataset (Fst = 0.205) is similar to corrected Fst

(0.203). Neither significant linkage disequilibrium nor

departures from Hardy–Weinberg equilibrium were

detected after correction for multiple comparisons in any

analyzed population.

The results of the Bayesian clustering analysis per-

formed with the program STRUCTURE regarding the optimal

number of clusters that best explains the distribution of

genetic diversity based on the log probability of data

(LnP(K); Pritchard et al. 2000) plotted against K are

unclear. To address this problem the DK method described

in Evanno et al. (2005) was applied to our data and

according to this method the K value given by STRUCTURE

that best represents the maximum population structure is

four. These four ancestral population clusters for micro-

satellite variation agree with the Kmax from which Kmax ? 1

does not refine clusters and has a high geographical con-

sistency. Following these criteria four population clusters

will be considered for further analyses and discussion. The

individual assignment probability to a certain cluster is

generally very high and the clusters are clearly defined

(Fig. 1B). Southwest group (SW, yellow in Fig. 1) clusters

individuals from Sierras de Tejeda, Almijara, Alhama,

Albuñuelas and West of Sierra Nevada. The Eastern group

(E, light green in Fig. 1) comprises populations from Sierra

de Baza, East of Sierra Nevada, Sierra de Gádor, Sierra de

los Filabres and Sierra de Lucar. Finally, populations from

Sierras de Huétor, Arana, del Campanario, Alta Coloma

and Mágina (west group, W, dark green in Fig. 1) are split

from populations of Sierras de Castril, la Sagra, Cazorla,

Segura, las Villas, Alcaraz, Taibilla and West and Central

Sierras of Murcia (Northeast group, NE, blue in Fig. 1).

Fig. 2 Median-joining network

for ND4 haplotypes detected in

A. dickhilleni. Each gray circle

represents a different haplotype

with size proportional to its

relative frequency. Black dots

along branches represent

nucleotide changes, the white

dot represents an insertion and

black triangles represent

unsampled haplotypes
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Results from FCA were concordant with Bayesian clus-

tering analysis showing the same four clusters, corre-

sponding to the a priori defined population groups (Fig. 6).

The results of UPGMA tree constructed with the 20

microsatellites are congruent with the Bayesian tree for

mtDNA. The individuals from the SW cluster defined by

STRUCTURE are grouped as a monophyletic group, while the

other three groups are paraphyletic (Fig. 7).

For each population group the genetic diversity param-

eters calculated are in Table S2 (supplementary material).

All population groups exhibited considerable levels of

expected heterozygosity and allelic richness, ranging from

0.513 in group E to 0.596 in group NE and from 17.362 in

group SW to 24.289 in group NE, respectively.

Pairwise Fst estimates range from 0.063 to 0.162 and are

all significant (Table 3). Most pairwise Fst values are high

or moderately high, except between groups SW and NE

(0.069) or W and NE (0.063). The comparisons between

group SW and all others present the higher Fst values

except with NE group. With Jost’s D, the differentiation

estimates are considerable higher than with Fst. The

comparisons between group SW and all others present the

higher D values. None of these estimates have CI’s over-

lapping zero. Furthermore, we don’t have evidence for IBD

Fig. 3 Bayesian inferred

haplotype tree from partial

Alytes dickhilleni ND4 gene

sequences. Bayesian posterior

probabilities higher than 0.95

are near nodes and at tips of the

branches are haplotype codes

(codes as in Fig. 2)
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neither within each identified cluster nor between clusters

(data not shown).

Migration rates

The results from Bayesian individual assignment tests

suggest restricted gene flow between population groups.

All the runs to estimate contemporary migration rates (m;

within the last few generations) consistently show reduced

levels of gene flow (Fig. 8). All the tested migration rates

were lower than 0.78 % with a 95 % confidence interval

ranging between 0.003 and 2.286 % demonstrating a lim-

ited gene flow among population groups.

Changes in population size

With BOTTLENECK we found no significant heterozygosity

excess in any of the four groups, and thus the null

hypothesis of mutation-drift equilibrium cannot be rejected

(Table 4). Also allele frequency distributions for all groups

are concordant with Wilcoxon tests, showing a normal

L-shaped distribution, with allele frequencies in the lowest

class (\0.1) ranging from 0.686 in group NE to 0.911 in

group W, showing no reductions in effective population

size in any population group (Table 4). In contrast, with M-

ratio we detected signals of decrease in effective popula-

tion size for some groups (Table 4). For SW group all

M values are below the Mc independently of the h showing

a bottleneck signature. For the other groups altering h had

impact in the strength of the bottleneck signal. In group E

M \ Mc only with h = 1 and for group W with h = 5, 10

and 50. Finally for group NE, M is always higher then Mc.

For those who M [ Mc, reducing Dg increases the possi-

bility of a significant M, which was verified for group E, W

and for h = 1 in group NE. Thus M-ratio detects at least

some signal of bottlenecked populations.

Discussion

Alytes dickhilleni is a relatively recent differentiated spe-

cies when compared with other congeneric species, whose

the split of its sister taxon A. maurus might be associated

with the opening of the Strait of Gibraltar (Maia-Carvalho

et al. 2014a) at the end of the Messinian Salinity Crisis, 5.3

Myr (Krijgsman et al. 1999). This work is the most com-

plete genetic study to date of this endemic species and

allowed to assess the importance of several populations or

population groups for its persistence and evolution.

We found relative high diversity for both mtDNA and

microsatellites. These values are well within previously

Fig. 5 Log-linear Bayesian

skyline plot representing the

mitochondrial demographic

history of A. dickhilleni. The

horizontal axis is the number of

years in the past and is

estimated based on the rate of

0.0075 substitutions per site per

year. The vertical axis is equal

to the product of the effective

population size by the

generation time in years. The

solid line represents the mean h
and the dashed lines delineate

the 95 % HPD limits

Fig. 4 Observed distributions (bars) of pairwise differences among

individual sequences across distribution range and the expected

Poison distribution under demographic expansion model (line) and

demographic parameters estimated. R2, Ramos-Onsins & Rozas’s R2;

Fs, Fu’s Fs; D, Tajima’s D; *significant values at P \ 0.05;

**significant values at P \ 0.01
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Fig. 7 Neighbour-joining

phylogenetic tree of all 490 A.

dickhilleni genotyped

individuals for the 20

microsatellite markers.

Individual colors are according

to Fig. 1. (Color figure online)

Fig. 6 Factorial correspondence analysis (FCA) of genetic variation in the 20 microsatellite loci analyzed for Alytes dickhilleni. (Color figure

online)
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reported genetic variation in amphibians, namely within

those obtained for congeneric species with wider distribu-

tions ranges and deeper divergence times such as A. cis-

ternasii and A. obstetricans (see Table 2; Gonçalves et al.

2009; Maia-Carvalho et al. 2014b). The geographical dis-

tribution of the different population groups within A.

dickhilleni, defined by both mtDNA and microsatellites,

shows some interesting biogeographical features. The

mitochondrial analysis only identified one monophyletic

group of populations from SW region with statistical sup-

port in the Bayesian inferred tree. This result was also

congruent with the results of UPGMA tree constructed with

the 20 microsatellites. Moreover, the comparison between

populations from SW region and all others presents the

higher estimations of differentiation parameters for both

markers. Our coalescent estimates of the TMRCA for all

haplotypes in A. dickhilleni range approximately from

160,000 to 600,000 years ago, with a median value of

364,600 years ago suggesting a Pleistocene origin for the

ancestor of the mtDNA groups. These are good evidences

supporting the hypothesis that this species persisted in the

southwestern limit of its distribution range during the last

glacial period, whereas populations occurring northernmost

are probably the result of recent expansions, as shown by

unimodal distribution of mismatch analysis of mtDNA data

and BSP.

The results of the Bayesian clustering identified four

clusters with a great correspondence with geographic dis-

tribution of fragmented populations (or mountain groups).

Genetic differentiation is very marked, mainly between

isolated mountain ranges, meaning that fragmentation

should play an important role as a cause of population

structure detected with microsatellites. The group NE is the

most extensive and seems to have a relatively continuous

distribution. It extends from Sierras de Cazorla/Castril until

Sierra de Alcaraz and also Northwest/Central Murcia

province where the distribution is again more fragmented.

These are mostly humid mountains where the gene flow

between populations is more likely to occur than in drier

areas, as in Sierras de los Filabres or de Gadór (Bosch and

González-Miras 2012). The population structure detected

within groups matches with restricted geographical loca-

tions as mountains or even several single populations,

meaning that even at a finer scale there is a lack of gene

flow and the differentiation is considerable, detonating the

importance of low dispersal abilities and the complex

orography as drivers of population structure.

For several amphibian species with marked mtDNA

structure and high differentiation the persistence in sepa-

rated glacial refugia is pointed to be the cause in several

regions (Alexandrino et al. 2000; Monsen and Blouin 2003;

Canestrelli et al. 2007). For A. dickhilleni we do not have a

marked mtDNA structure, but we do have high levels of

overall genetic diversity, a marked genetic structure dis-

closed with microsatellites and levels of differentiation

between population groups pointing to very limited gene

flow. These are good evidences supporting the idea that this

species persists at least for several generations in restricted

areas or even in the localities associated to reproduction,

enough to gather a differentiation that is detected with

microsatellites.

Our results show that migration levels between geneti-

cally distinct population groups are small. The estimates of

gene flow are consistently low across tested groups

(m B 0.78 %). This is not surprising since the extant A.

dickhilleni populations have a very fragmented distribution

across mountainous areas (Garcı́a-Parı́s and Arntzen 2002)

making dispersal between populations a hard challenge.

This limited dispersal is probably due to the Betic midwife

toad dependence of permanent water points for reproduc-

tion, preventing migratory movements (Arntzen and Gar-

cı́a-Parı́s 1995; Garcı́a-Parı́s 2000). Patterns of moderate to

high genetic differentiation and diversity and reduced gene

Fig. 8 Bayesian estimates of migration rates among STRUCTURE

detected groups (m values). Polygon sizes reflect relative group sizes.

Arrows represent the direction of gene flow among population groups

Table 3 Microsatellite pairwise Fst estimates below diagonal (left

values are uncorrected and right values are corrected with FreeNA;

Chapuis and Estoup 2007) and D above diagonal

D

SW E W NE

Fst estimates

SW – 0.565 0.442 0.493

E 0.170/0.162 – 0.422 0.320

W 0.135/0.127 0.119/0.108 – 0.326

NE 0.072/0.069 0.110/0.102 0.069/0.063 –

All Fst values are significant (P \ 0.05) and all D’s CI do not

overlaps zero
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flow appear to be a general pattern among amphibians in

fragmented mountain habitats (see for example Monsen

and Blouin 2003; Milá et al. 2010). The results obtained for

the Mallorcan midwife toad A. muletensis (Kraaijeveld-

Smit et al. 2005) are particularly comparable with the

results presented herein. Both species have a fragmented

distribution confined to mountain habitats (Garcı́a-Parı́s

and Arntzen 2002; Román 2002) and are subjected to

similar environmental pressures. A. muletensis population

diversity (He = 0.38–0.71) is slightly lower than A. dick-

hilleni and differentiation (Fst = 0.53–0.12) is a bit higher

which can be explained by smaller and more fragmented

populations (Kraaijeveld-Smit et al. 2005). Even for spe-

cies that are not restricted to mountain habitats, dispersal is

more limited and genetic diversity is higher in high altitude

populations (Funk et al. 2005a; Martı́nez-Solano et al.

2005; Giordano et al. 2007; Martı́nez-Solano and González

2008). Likewise, other organisms with low dispersal abil-

ities inhabiting fragmented habitats show these patterns of

genetic variation. Chiucchi and Gibbs (2010) and Smith

et al. (2009) found quite similar results based on micro-

satellite data for the eastern massasauga rattlesnake Si-

strurus c. catenatus (Northeast of United States) and for the

pygmy bluetongue skink Tiliqua adelaidensis (north of

Adelaide, South Australia), respectively, two species

inhabiting fragmented habitats for a long-term, character-

ized by low migration rates and high genetic variation.

Microsatellites seem to maintain rare alleles in fre-

quencies expected for stable populations in mutation-drift

equilibrium and no significant heterozygotic excess. In

contrast M-ratio detected consistent bottleneck signatures

in SW group for all pre-bottleneck h values. For the other

groups M-ratio also detects decrease in effective popula-

tion sizes but only for some pre-bottleneck h or Dg values.

It could be interpreted as a weak, if any, bottleneck signal.

However we should interpret these results with caution, as

we do not have species specific on l and Dg and taking into

account the paraphyletic origin of each group (Fig. 7) the

bottleneck signals can be masked. Our results could sug-

gest a more historical basis for bottlenecks, mainly for E,

W and NE as distributions of alleles frequencies and het-

erozygosity excess tend to be erased in approximately

0.2–4Ne generations (Luikart and Cornuet 1998). A review

about microsatellite-based BOTTLENECK (Piry et al. 1999)

tests indicates that (i) they do not detect bottlenecks in

vertebrate populations known to have experienced

declines, largely as a result of limited sample sizes and (ii)

the proportion of multi-step mutations is, on average,

underestimated, resulting in higher probability of detect

bottlenecks in stable populations than expected based on

the nominal significance level (Peery et al. 2012). This

second limitation is not verified for our dataset. In other

hand low M-ratios can persist for several hundreds or

thousands of generations (Garza and Williamson 2001).

Moreover the BPS shows us an increment of effective

population size in the last 360-kyr that stabilized around

50-kyr. These results, combined with low gene flow and

high genetic structure, support the hypothesis that Betic

midwife toad populations persisted in fragmented habitats

for a long-term. Several studies on amphibian populations

have demonstrated similar results (Kraaijeveld-Smit et al.

2005; Martı́nez-Solano and González 2008). On the other

Table 4 Results of the

bottleneck analyses using

M_P_VAL (Garza and Williamson

2001) and BOTTLENECK (Piry

et al. 1999)

M mean ratio of the number of

alleles to range in allele size, Mc

critical M values below which it

can be assumed that a

population has experienced a

bottleneck, Dg the mean size of

non one-step changes, h = 4Ne

l before the bottleneck

Group M_P_VAL BOTTLENECK

M-ratio h Mc

(Dg = 3.5)

Mc

(Dg = 2.8)

Allele frequency

distributions

Wilcoxon test

P value

SW 0.666 1 0.814 – Normal L-shaped 0.99

5 0.757 –

10 0.746 –

50 0.725 –

E 0.770 1 0.813 – Normal L-shaped 0.763

5 0.770 0.890

10 0.768 0.835

50 0.772 0.821

W 0.749 1 0.814 – Normal L-shaped 0.951

5 0.759 –

10 0.751 –

50 0.732 0.787

NE 0.836 1 0.813 0.860 Normal L-shaped 0.995

5 0.765 0.833

10 0.761 0.828

50 0.756 0.810
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hand several amphibian populations have experienced

strong bottleneck events due to recent habitat fragmenta-

tion (Andersen et al. 2004), recent demographic expansion

(Johansson et al. 2006) or show very low levels of genetic

diversity strongly suggesting a recent decrease in effective

population size (Noël et al. 2007).

Evolutionary and conservation implications

The loss of genetic diversity and gene flow restriction in

fragmented amphibian populations involve a high degree of

vulnerability (Beebee 2005; Funk et al. 2005b). However for

the Betic midwife toad the high genetic diversity and the

marked population structure detected with microsatellites,

the lack of considerable gene flow among population groups,

and the non-detection of bottleneck events suggest the per-

sistence in fragmented habitats for several generations.

These findings have important implications for the conser-

vation of this threatened species, suggesting that the high

genetic diversity detected may prevent the detrimental

effects of inbreeding and genetic drift. Rather ecological

factors may play a larger role in the determination of long-

term population survival. This species requires permanent or

almost permanent water places for a prolonged larval

development (Martı́nez-Solano et al. 2003). These habitats

are scarce and mainly restricted to mountains where adults

seem to be constrained, which is the main cause for popu-

lation fragmentation (Bosch and González-Miras 2012). The

modification of natural breeding habitats for human usage

caused an important dependence for artificial water places

(e.g., fountains, reservoirs, water troughs for livestock,

wells) and this dependence turns populations highly vul-

nerable to changes in human handling or even abandonment

of such places, which is pointed to be the main threat to A.

dickhilleni persistence (Garcı́a-Parı́s and Arntzen 2002;

Bosch and González-Miras 2012).

All groups detected within the Betic midwife toad dis-

tribution range have high genetic diversity and the extinction

of any of it involves a loss of considerable genetic diversity.

Populations with high diversity have potentially higher

levels of standing genetic variation, which has an important

role in rapid adaptation to new environmental conditions

(Barrett and Schluter 2008). In this way, each of the four

detected groups should be preserved in order to maintain

genetic diversity, since these high diversity levels could be

important to A. dickhilleni persistence, for example in the

context of rapid environmental changes and/or emergence of

new diseases. Rapid evolution will be necessary for the

survival under drastic environmental changes (Palumbi

2001). Therefore high diversity within A. dickhilleni popu-

lations could help to respond to the predicted effect of cli-

matic changes in Southeastern Iberian Peninsula (Gao and

Giorgi 2008; Rodrı́guez-Puebla et al. 2010), as the decrease

of the hydroperiod of adequate water points to A. dickhilleni

reproduction. The recently detected chytridiomycosis,

caused by the chytrid fungus Batrachochytrium dendrobat-

idis, in natural populations of this species (Bosch et al. 2013)

is another risk factor. The South of Spain presents medium/

high vulnerability for the expansion of this pathogenic fun-

gus (Rödder et al. 2009) that could be particularly driven by

the predicted climatic changes (Pounds et al. 2006). Within

each population group several reproduction sites should be

managed as conservation sites so that most of genetic

diversity is covered and the creation of new breeding sites

will help to promote or maintain connectivity. It is especially

important across SW and NE groups, where populations still

seem to keep at least some degree of gene flow, across Sierra

de Huetor and Sierra Alta Coloma until Sierra Mágina, that

are genetically identic, and within the other studied mountain

ranges. These genetic features should be taking into account

to establish conservation management actions at both local

(e.g., creation of new reproduction sites) and regional scales

(e.g., captivity breeding, translocation of individuals or

habitat restoration) in order to preserve the high genetic

diversity.

Finally, further research efforts should be focused on a

landscape genetic approach to test the relative influence of

ecological and environmental constraints on population

connectivity and gene flow (see review in Manel and

Holderegger 2013); and bioclimatic modulation to predict

the potential effects of future climate change on population

connectivity and genetic diversity to anticipate impacts and

guide conservation strategies (Wasserman et al. 2013).
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nando Sequeira and Iñigo Martı́nez-Solano for their valuable comments

on the earlier version of this manuscript. This work was supported

through Project ‘‘Genomics and Evolutionary Biology’’ cofinanced by

North Portugal Regional Operational Programme 2007/2013 (ON.2—

O Novo Norte), under the National Strategic Reference Framework

(NSRF), through the European Regional Development Fund (ERDF);

the Program Operacional Factores de Competitividade (COMPETE),

and by national funds from Fundação para a Ciência e a Tecnologia

(FCT), through the research Project PTDC/BIA-BEC/099915/2008 to

HG, and CGL 2008-04814-C02/BOS from Spanish Ministerio de

Ciencia y Innovación to JFB. Partial funding for field work was pro-

vided by Ministerio de Ciencia e Innovación, Spain, project TATAN-

KA CGL2011-25062 (P.I. R Márquez). GD and HG are supported by a

PhD grant (SFRH/BD89750/2012) and a postdoctoral Grant (SFRH/

BPD/26555/2006), respectively, from FCT.

References

Albert EM, Arroyo JM, Godoy JA (2010) Isolation and characteriza-

tion of microsatellite loci for the endangered Midwife Betic toad

Alytes dickhilleni (Discoglossidae). Cons Genet Resour

3:251–253

Conserv Genet (2015) 16:459–476 473

123



Alexandrino J, Froufe E, Arntzen JW, Ferrand N (2000) Genetic

subdivision, glacial refugia and postglacial recolonization in the

golden-striped salamander, Chioglossa lusitanica (Amphibia:

Urodela). Mol Ecol 9:771–781

Andersen LW, Fog K, Damgaard C (2004) Habitat fragmentation

causes bottlenecks and inbreeding in the European tree frog

(Hyla arborea). Proc R Soc Lond B 271:1293–1302
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S, Vásquez-Carrillo C, Pauli JN, Palsbøll PJ (2012) Reliability of

genetic bottleneck tests for detecting recent population declines.

Mol Ecol 21: 3403–3418

Piry S, Luikart G, Cornuet JM (1999) BOTTLENECK: a computer

program for detecting recent reduction in the effective popula-

tion size using allele frequency data. J Hered 90:502–503

Posada D (2008) jMODELTEST: phylogenetic model averaging. Mol Biol

Evol 25:1253–1256

Pounds JA, Bustamente MR, Coloma LA, Consuegra JA, Fogden MPL

et al (2006) Widespread amphibian extinctions from epidemic

disease driven by global warming. Nature 439:161–167

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population

structure using multilocus genotype data. Genetics 155:945–959

Purrenhage JL, Niewiarowski PH, Moore FB-G (2009) Population

structure of spotted salamanders (Ambystoma maculatum) in a

fragmented landscape. Mol Ecol 18:235–247

Rambaut A, Drummond AJ (2009) TRACER version 1.5, Available

from http://beast.bio.ed.ac.uk/Tracer, Accessed at May 2012

Ramos-Onsins SE, Rozas J (2002) Statistical properties of new

neutrality tests against population growth. Mol Biol Evol

19:2092–2100

Conserv Genet (2015) 16:459–476 475

123

http://dx.doi.org/10.1371/journal.pone.0098907
http://www.magrama.es/es/biodiversidad/temas/inventarios-nacionales/inventario-especies-terrestres/inventario-nacional-de-biodiversidad/default.aspx
http://www.magrama.es/es/biodiversidad/temas/inventarios-nacionales/inventario-especies-terrestres/inventario-nacional-de-biodiversidad/default.aspx
http://www.magrama.es/es/biodiversidad/temas/inventarios-nacionales/inventario-especies-terrestres/inventario-nacional-de-biodiversidad/default.aspx
http://www.magrama.es/es/biodiversidad/temas/inventarios-nacionales/inventario-especies-terrestres/inventario-nacional-de-biodiversidad/default.aspx
http://dx.doi.org/10.1016/j.ympev.2014.05.033
http://dx.doi.org/10.1016/j.ympev.2014.05.033
http://beast.bio.ed.ac.uk/Tracer


Raymond M, Rousset F (1995) GENEPOP (Version 1.2): a population

genetics software for exact tests and ecumenicism. J Hered

86:248–249

Rice WR (1989) Analyzing tables of statistical tests. Evolution

43:223–225

Rödder D, Kielgast J, Bielby J, Schmidtlein S, Bosch J, Garner TJW,

Veith M, Walker S, Fisher MC, Lötters S (2009) Global

amphibian extinction risk assessment for the panzootic chytrid

fungus. Diversity 1: 52–66

Rodrı́guez-Puebla C, Encinas AH, Garcı́a-Casado LA, Nieto S (2010)

Trends in warm days and cold nights over the Iberian Peninsula:

relationships to large-scale variables. Clim Change 100:667–684

Román A (2002) Alytes muletensis (Sanchiz y Adrover, 1979). Atlas y

Libro Rojo de los Anfibios y Reptiles de España (eds Plegue-

zuelos JM, Márquez R, Lizana M), Dirección General de

Conservación de la Naturaleza, Asociación Herpetológica

Española, Madrid, pp. 79–81

Slatkin M (1987) Gene flow and the geographic structure of natural

populations. Science 236:787–792

Smith AL, Gardner MG, Fenner AL, Bull CM (2009) Restricted gene

flow in the endangered pygmy bluetongue lizard (Tiliqua

adelaidensis) in a fragmented agricultural landscape. Wildl

Res 36:466–478

Spear SF, Peterson CR, Matocq MD, Storfer A (2005) Landscape

genetics of the blotched tiger salamander (Ambystoma tigrinum

melanostictum). Mol Ecol 14:2553–2564

Stuart SN, Chanson JS, Cox NA, Young BE, Rodrigues ASL,

Fischman DL, Waller RW (2004) Status and trends of amphibian

declines and extinctions worldwide. Science 306:1783–1785

Tajima F (1989) Statistical-method for testing the neutral mutation

hypothesis by DNA polymorphism. Genetics 123:585–595

Tamura K, Nei M (1993) Estimation of the number of nucleotide

substitutions in the control region of mitochondrial DNA in

humans and chimpanzees. Mol Biol Evol 10:512–526

Thomas CD, Franco AMA, Hill JK (2006) Range retractions and

extinction in the face of climate warming. Trends Ecol Evol

21:415–416

van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P (2004)

MICRO-CHECKER: software for identifying and correcting

genotyping errors in microsatellite data. Mol Ecol Notes

4:535–538

Wasserman TN, Cushman SA, Littell JS, Shirk AJ, Landguth EL

(2013) Population connectivity and genetic diversity of Amer-

ican marten (Martes americana) in the United States northern

Rocky Mountains in a climate change context. Conserv Genet

14:529–541

Weir BS (1996) Genetic data analysis II. Sinauer Associates,

Sunderland, Mass

Weir BS, Cockerham CC (1984) Estimating F-statistics for the

analysis of populations structure. Evolution 38:1358–1370

Wilson GA, Rannala B (2003) Bayesian inference of recent migration

rates using multilocus genotypes. Genetics 163:1177–1191

476 Conserv Genet (2015) 16:459–476

123


	Limited gene flow and high genetic diversity in the threatened Betic midwife toad (Alytes dickhilleni): evolutionary and conservation implications
	Abstract
	Introduction
	Materials and methods
	Sampling and DNA extraction
	Mitochondrial DNA sequencing
	Microsatellite genotyping
	Analysis of mtDNA data
	Analysis of microsatellite data
	Diversity and genetic structure
	Migration rates
	Changes in population size


	Results
	Mitochondrial DNA data
	Microsatellite data
	Diversity and genetic structure
	Migration rates
	Changes in population size


	Discussion
	Evolutionary and conservation implications

	Acknowledgments
	References


