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Abstract
Assessing how genetic diversity is spatially structured underlies many research questions in evolutionary ecology and con-
tributes to understanding the factors implicated in population declines and extirpations, facilitating identification of conserva-
tion priorities and decision-making. In this study, we surveyed genomic diversity using genotyping by sequencing in the six 
subspecies of the midwife toad Alytes obstetricans/almogavarii complex, a group of amphibians from southwestern Europe 
threatened by habitat loss, climate change and chytridiomycosis. We first illustrate how the structure evident in mitochondrial 
DNA (mtDNA) and nuclear DNA microsatellites is discordant with the respective distributions of subspecies and patterns 
of admixture between them. We further document a deeply-divergent mtDNA haplogroup unique to Central Spain that is not 
reflected by the nuclear diversity, likely corresponding to a ghost mtDNA lineage. Patterns of genetic diversity and structure 
differ among and within subspecies. The Pyrenean endemics A. a. almogavarii and A. a. inigoi form homogenous genetic 
groups with high levels of heterozygosity, while the more widespread A. o. pertinax, A. o. boscai and A. o. lusitanicus are 
geographically structured across the Iberian Peninsula, comprising both genetically diverse and impoverished populations. 
Finally, A. o. obstetricans probably persisted in a composite glacial refugium north of the Pyrenees, from which it recently 
expanded across Western Europe, losing much of its genetic variation. Our results should be considered in future red list 
assessments, management unit delimitation, and ex-situ conservation efforts, and are also relevant to study chytrid epidemi-
ology, for which A. obstetricans has been a model organism for nearly three decades.

Keywords  Alytes · Chytridiomycosis · ddRAD-seq · Genetic structure · Heterozygosity · Iberian Peninsula

 *	 Christophe Dufresnes 
	 Christophe.Dufresnes@hotmail.fr

1	 Laboratory for Amphibian Systematics and Evolutionary 
Research, College of Biology & the Environment, Nanjing 
Forestry University, Nanjing, China

2	 Department of Biology, Universidad Autónoma de Madrid, 
c/ Francisco Tomás y Valiente, 7, 28049 Madrid, Spain

3	 Asociación Herpetológica Española, Apartado de Correos 
191, 28911 Leganés, Madrid, Spain

4	 Museo Nacional de Ciencias Naturales, MNCN‑CSIC, 
C/ José Gutiérrez Abascal, 2, 28006 Madrid, Spain

5	 Biodiversity Research Institute (IMIB), University 
of Oviedo-CSIC-Principado de Asturias, Mieres, Spain

6	 Department of Biology of Organisms and Systems, 
University of Oviedo, Oviedo, Spain

7	 Universidade de Vigo, ECOEVO Lab, EE Forestal, Campus 
Universitario A Xunqueira, 36005 Pontevedra, Spain

8	 Casablanca, Morocco
9	 Nature en Occitanie (NEO), Toulouse, France
10	 Ana-Conservatoire d’espaces Naturels Ariege (ANA-CEN 

Ariege), Alzen, France
11	 Société Herpétologique de France, Muséum national 

d’Histoire naturelle, 57 Rue Cuvier 75005, CP41 Paris, 
France

12	 Institute of Biology Leiden, Leiden University, 
P.O. Box 9505, 2300 RA Leiden, The Netherlands

13	 Naturalis Biodiversity Center, P.O. Box 9517, 
2300 RA Leiden, The Netherlands

14	 CEFE, CNRS, Univ Montpellier, EPHE, IRD, Montpellier, 
France

15	 Institut de Systématique, Évolution, Biodiversité (ISYEB), 
Muséum National d’Histoire Naturelle, CNRS, Sorbonne 
Université, EPHE-PSL, Université Des Antilles, 55 Rue 
Buffon, CP 51, 75005 Paris, France

http://orcid.org/0000-0002-8072-7677
http://orcid.org/0000-0002-5766-3206
http://orcid.org/0000-0001-8100-1061
http://orcid.org/0000-0003-4062-569X
http://orcid.org/0000-0002-9483-5695
http://orcid.org/0000-0003-3720-2856
http://orcid.org/0000-0003-3447-977X
http://orcid.org/0000-0002-7112-5965
http://orcid.org/0000-0002-0422-3960
http://orcid.org/0000-0002-2260-226X
http://orcid.org/0000-0002-8497-8908
http://crossmark.crossref.org/dialog/?doi=10.1007/s10592-025-01673-7&domain=pdf


	 Conservation Genetics

Introduction

A primary goal in molecular ecology is to assess the 
genetic composition, diversity and structure of natu-
ral populations to understand demographic history and 
intraspecific phylogeography, and to inform conserva-
tion research. Such analyses are particularly pertinent 
to mapping the distributions of phenotypically similar, 
cryptic taxa, evaluating the genetic health of populations, 
and inferring patterns of population connectivity. These 
insights are crucial in risk assessments (e.g. Red List 
evaluations) and in designing conservation strategies (e.g. 
replenishing genetic diversity in bottlenecked populations, 
delineating management units, planning translocations and 
re-introductions). Adaptation to changing environmental 
conditions, either natural or caused by human activities, 
requires additive genetic variation, and accordingly, genet-
ically impoverished small and fragmented populations are 
predicted to be more vulnerable to local extinction (Spiel-
man et al. 2004; Frankham 2005; McMahon et al. 2014; 
Li et al. 2016).

Quantifying patterns of genetic diversity is particu-
larly relevant in amphibians, a globally declining verte-
brate group (Beebee 2005; Allentoft and O’Brien 2010). 
Low levels of heterozygosity can negatively affect sur-
vival (Hitchings and Beebee 1998), larval performance 
(Luquet et al. 2011), competitive potential (Rowe and Bee-
bee 2005), tolerance to pesticides (e.g. Bridges and Sem-
litsch 2001) and resistance to infections by pathogens (e.g. 
Luquet et al. 2012; Banks et al. 2020). Genetic impover-
ishment and cessation of gene flow in amphibian popula-
tions have been shown to relate to major factors of decline, 
such as climate change, anthropogenic habitat degradation, 
and infection by the chytrid fungus Batrachochytrium den-
drobatidis (Bd) (e.g. Allentoft and O’Brien 2010; Horner 
et al. 2017; Banks et al. 2020; Fisher and Garner 2020; 
Lucati et al. 2022).

The link between genetic diversity and the susceptibil-
ity of populations to extrinsic stresses is largely taxon- and 
context-dependent (e.g. Savage and Zamudio 2016; Banks 
et al. 2020; Smith et al. 2022; Schmidt et al. 2023). One 
important factor is the baseline genetic variation of popu-
lations (both neutral and adaptive, Mable 2019), which can 
vary across the distribution range of species because of 
historical events, such as the Pleistocene climatic fluctua-
tions (Hewitt 2000). In the Northern Hemisphere, more 
southernly populations that survived the Quaternary ice 
ages tend to have maintained higher genetic diversity than 
more northern populations, as the latter formed only after 
the last glacial maximum via sequential founder events 
(Hewitt 2000, 2011). These historical variations may thus 
predispose some populations to being more vulnerable 

to current threats (Schmitt and Hewitt 2004). In Europe, 
regardless of the intensity of human pressure, amphibian 
populations that occur within regions corresponding to 
glacial refugia are less threatened than those lying outside 
these regions (Dufresnes and Perrin 2015). Populations at 
the northern edges of species distributions are small and 
fragmented, with low neutral and immunogenetic variation 
(e.g. Zeisset and Beebee 2014; Höglund et al. 2015, 2022; 
Cortazar-Chinarro et al. 2017; Rödin-Mörch et al. 2019). 
Assessments of genetic diversity and structure should thus 
ideally include considerations of evolutionary history.

Amphibian genetic diversity has been extensively exam-
ined using various types of molecular markers (e.g. Milá 
et al. 2010; Shaffer et al. 2015; Rödin-Mörch et al. 2019; 
Höglund et al. 2022; Dufresnes et al. 2024), but most stud-
ies have analyzed only a small fraction of the genome, e.g., 
mitochondrial DNA (mtDNA) genes or small numbers of 
nuclear markers like DNA microsatellites (e.g. Palo et al. 
2004; Dufresnes et al. 2013; Pröhl et al. 2021; Haugen et al. 
2024). Such markers lack sufficient information to assess 
species that diversified in multiple lineages and comprise 
several taxa (i.e. “species complexes”). For instance, sec-
ondary contact and mitochondrial introgression resulting 
from hybridization can affect the identification of popula-
tions based on mtDNA. Furthermore, some populations 
may show mitochondrial homogeneity despite structure 
in nuclear markers (e.g. Milá et al. 2010) due to female-
biased dispersal or selective sweeps (Toews and Brelsford 
2012). Reciprocally, deeply-diverged mtDNA lineages may 
not correspond to commensurate divergence in the nuclear 
genome, i.e. so-called “ghost” lineages (e.g. Dufresnes et al. 
2020a; Schultze et al. 2020; Wielstra et al. 2021). For DNA 
microsatellites, high mutation rates make them prone to 
allele homoplasy, i.e. convergence of independently-evolved 
alleles. Populations from distinct lineages may thus share 
identical microsatellite genotypes for some loci without gene 
flow, which compromises inferences of genetic structure and 
admixture (Miralles et al. 2024). Finally, large sample sizes 
and numbers of markers are necessary to obtain reliable 
population-average estimates of ancestry and diversity with 
microsatellite loci (Hale et al. 2012), and even then fine-
scale geographic structure may not be detectable (Dufresnes 
et al. 2023a).

The above issues become evident from comparisons of 
mitochondrial and microsatellite data with results from 
new analyses conducted on hundreds/thousands of SNPs 
obtained by genotyping-by-sequencing (GBS) (e.g. Jeffries 
et al. 2016; Camacho-Sánchez et al. 2020; Sunde et al. 2020; 
Zimmerman et al. 2020; Dufresnes et al. 2023a). Genomic 
datasets obtained from double digest Restriction Associ-
ated DNA sequencing (RAD-seq; Peterson et al. 2012) or 
sequence-capture methods (Hutter et al. 2022; de Visser 
et al. 2024) offer far greater resolving power to distinguish 
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lineages and the structure therein, to accurately delineate 
their geographic boundaries, to quantify the extent of admix-
ture, and to estimate population genetic diversity with fewer 
samples (Lexer et al. 2013; Vences et al. 2024).

Although significantly improving the accuracy of infer-
ences, the shift from genetic to genomic methods poses chal-
lenges (Shaffer et al. 2015; Vences et al. 2024). Amphibian 
species are relatively weak dispersers among vertebrates 
(maximum a few kilometers per generation) and only 
occupy specific, sometimes disconnected habitats (Cayuela 
et al. 2020). Amphibian populations are thus expected to be 
locally structured, and analyses of thousands of loci may 
eventually recover every surveyed population as a distinct 
genetic cluster. Genetic assessments must then distinguish 
phylogeographic patterns that are the result of distinct evo-
lutionary histories vs. local population processes (Rancil-
hac et al. 2023), so that designation of management units 
maximizes the amount of diversity captured in the fewest 
clusters possible (Mable 2019). Another issue to consider is 
introgressive hybridization between lineages that recently 
came into secondary contact (Hewitt 2011). As GBS data 
can be used to detect even subtle levels of admixture, genetic 

diversity indices (e.g. heterozygosity) in a given taxon/lin-
eage may be inflated by the occurrence of foreign alleles 
from hybridizing parapatric populations (e.g. Dufresnes 
et al. 2020c). Finally, the phylogenetic scale of analysis also 
has implications for locus dropout. With ddRAD-seq, the 
more diverged the samples, the fewer the number of shared 
loci (e.g. Hodel et al. 2017; Ambu et al. 2023; van Riems-
dijk et al. 2023). For more accurate inferences, restricting 
analyses to lineage-specific datasets increases the number of 
loci retained in analyses, but diversity estimates may then 
not be comparable among lineages if they were obtained 
from different loci.

Genomic data would be useful for assessing patterns of 
genetic diversity for phylogeography and conservation in 
the species complex of European midwife toads, subge-
nus Alytes (also called the Alytes obstetricans complex; 
Dufresnes and Hernandez 2021). European midwife toads 
are small terrestrial anuran amphibians that occupy a broad 
array of habitats in the Western Mediterranean region and 
exhibit parental care (Speybroeck et al. 2016; Dufresnes 
2019). During mating, the female transfers the clutch to the 
male’s hindlimbs, which carries the eggs until they are ready 

Fig. 1   Red list status of midwife 
toads from the A. obstetricans 
complex, according to national 
(Netherlands, Spain, Portugal, 
Luxemburg, Switzerland) and 
regional (France, Germany, 
Belgium) assessments. Sources: 
Dufresnes and Perrin (2015); 
Ambu and Dufresnes (2022) 
and references therein. Photo: 
CD
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to hatch, ensuring protection and proper development in the 
critical first larval stages (illustrated in Fig. 1). Hatchlings 
are deposited in permanent water bodies or water bodies 
with a long-hydroperiod because tadpoles grow slowly, 
and metamorphosis can take more than a calendar year 
(Speybroeck et al. 2016; Dufresnes 2019). This peculiar life-
style makes Alytes sensitive to the effect of global warming, 
including wildfires and early pond desiccation, to invasive 
predatory fishes in breeding sites and to the alteration and 
destruction of its habitats, particularly in lowland agricul-
tural and urbanized areas (Pleguezuelos et al. 2002; Barrios 
et al. 2012). Moreover, midwife toads are both symptomatic 
and asymptomatic carriers of Bd, and chytrid outbreaks 
have led to well-studied mortality episodes in the 1990s 
and 2000s (Bosch et al. 2001; Walker et al. 2010). Due to 
these combined threats, populations have been declining and 
are of conservation concern in several regions, despite the 
wide distributions and often high local abundance of spe-
cies (Fig. 1).

The A. obstetricans complex extends throughout the 
northern half of the Iberian Peninsula and across most of 
France, Switzerland, Luxemburg and Belgium, reaching 
western Germany and the southeastern Netherlands (Fig. 1). 
Molecular studies using allozymes (Artnzen and García-
París 1995), mtDNA (Martínez-Solano et al. 2004; Maia-
Carvalho et al. 2014; Gonçalves et al. 2015; Lucati et al. 
2022), targeted nuclear sequences (Maia-Carvalho et al. 
2014; Gonçalves et al. 2015), DNA microsatellites (Maia-
Carvalho et al. 2018; Lucati et al. 2022) and more recently 
ddRAD-seq (Dufresnes and Martínez-Solano 2020; Ambu 
et al. 2023, 2024a, 2024b), have progressively unveiled com-
plex patterns of diversity, showing a lineage-rich history of 
diversification initiated in the Pliocene, some 4 Mya. Pres-
ently, six taxa delimited within two species, A. obstetricans 
and A. almogavarii, are recognized (Speybroeck et al. 2020; 
Dufresnes and Hernandez 2021; Ambu et al. 2024a). In A. 
obstetricans, this includes A. o. obstetricans (extra-Iberian 
range), A. o. pertinax (northern and eastern Spain), A. o. 
boscai (northern Portugal and northwestern Spain), and A. 
o. lusitanicus (central Portugal and central western Spain). 
In A. almogavarii, this includes A. a. almogavarii (eastern 
French and Spanish Pyrenees) and A. a. inigoi (central Span-
ish Pyrenees). These lineages recurrently hybridized over 
the course of their evolution–the subspecies A. o. pertinax 
has a reticulate origin involving A. o. obstetricans and A. 
almogavarii ancestors (Ambu et al. 2023)–and they continue 
to exchange genes at range margins. Parapatric populations 
are admixed, sometimes with pervasive nuclear and mito-
chondrial introgression over hundreds of kilometers (Ambu 
et al. 2023, 2024b), which has complicated the identification 
of populations based on a few molecular markers (Dufresnes 
and Hernandez 2021). Moreover, populations may show 
genetic structure at the regional level, even in areas with 

low diversity, prompting for fine-scale assessments (Tobler 
et al. 2013; Barrat et al. 2024).

In this study, we revisit taxon-specific patterns of genetic 
diversity and structure in the A. obstetricans complex. 
Exploiting GBS data recently produced for phylogenomic 
(Ambu et al. 2023) and hybrid zone analyses (Dufresnes and 
Martínez-Solano 2020; Ambu and Dufresnes 2024; Ambu 
et al. 2024b), we first re-assess discrepancies in population 
identification between genomic SNPs, DNA microsatellites 
and mitochondrial sequences. Restricting our analyses to 
“pure” populations (i.e. without signatures of recent inter-
lineage admixture), we then infer genetic structure within 
each subspecies through a combination of phylogenetic 
and population genetic analyses. Finally, we report on geo-
graphic variation in heterozygosity to identify hotspots of 
genetic diversity and areas with impoverished genetic diver-
sity based on data from different phylogenetic scales. Our 
results showcase how using GBS data can help us to com-
prehensively decipher causes and consequences of genetic 
diversity and to delineate taxa when conventional markers 
struggle to do so.

Methods

Population identification and discrepancies 
between genetic markers

For the distribution of the six subspecies and the location of 
their contact zones, we used the population ancestry coef-
ficients of Ambu et al. (2024b) for 181 populations (425 
individuals) obtained by Bayesian clustering of two ddRAD-
seq datasets: (1) 5111 SNPs genotyped in 163 populations 
(314 individuals) of the A. obstetricans complex (Ambu 
et al. 2024b); (2) 433 SNPs genotyped in 18 populations 
(111 individuals) from NE-Spain (Dufresnes and Martínez-
Solano 2020). To assess discrepancies from previous studies, 
we gathered the following mitochondrial and microsatellite 
datasets.

For mtDNA, mitochondrial lineages were inferred for 
402 populations (1000 individuals) based on 308 sequences 
of 16S, 688 sequences of ND4 and 4 sequences of both 
(File S1). These combine 222 sequences of 16S and 666 
sequences of ND4 published by Gonçalves et al. (2015), 
Dufresnes and Martínez-Solano (2020), Lucati et al. (2022), 
Vliegenthart et al. (2023), Laorden-Romero et al. (2024), 
Ambu and Dufresnes (2024), with new sequences as follows. 
Ninety new 16S sequences were generated for 62 popula-
tions following Ambu and Dufresnes (2024). Twenty-six 
new ND4 sequences were generated for 13 populations fol-
lowing Vliegenthart et al. (2023). For each gene, sequences 
were manually aligned and trimmed in Seaview 5 (Gouy 
et al. 2021) to 515 base pairs (bp) for 16S and 574 bp for 
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ND4. Haplotypes were identified by building phylogenetic 
networks (phylonetwork) with SplitsTree (Huson and Bryant 
2006), and given unique identifiers. For ND4, we used the 
haplotypes listed by Vliegenthart et al. (2023) as a starting 
reference.

For microsatellites, we re-used to the population ancestry 
coefficients from seven clusters identified by Bayesian clus-
tering analyses in Dufresnes and Hernandez (2021), which 
were based on 12 loci genotyped in 142 populations (965 
individuals) by Maia-Carvalho et al. (2018).

Nuclear structure and diversity using GBS

To measure genetic structure and diversity within the six 
taxa of the A. obstetricans complex, we re-used the ddRAD-
seq de novo assembly of Ambu et al. (2024b), which con-
tains 332 Alytes samples, including 314 samples of the A. 
obstetricans complex. In brief, these ddRAD-seq data were 
obtained by paired-end sequencing (Illumina Next-Seq 550) 
of four genomic libraries prepared with a protocol adapted 
from Brelsford et al. (2016), using enzyme restriction by 
MseI and SbfI and a size selection window of 400–500 bp. 
The bench workflow is available at https://​dx.​https://​doi.​
org/https://​doi.​org/​10.​17504/​proto​cols.​io.​kxygx​3nzwg​8j/​v1. 
Raw sequence reads were demultiplexed, stacked and cata-
loged with the process_radtags function and the denovo_
map.pl pipeline of STACKS 2.59 (Catchen et al. 2013). 
Details on library preparation and assembly parameters can 
be found in the original publication (Ambu et al. 2024b).

To exclude introgressed and low-quality samples, we 
included only 170 samples (104 populations) assigned to 
one of the six subspecies of the A. obstetricans complex with 
ancestry coefficients above 0.95 in the Bayesian clustering 
analysis of Ambu et al. (2024b) and with < 50% of missing 
data in the SNP dataset used for their inference. New data-
sets were generated for the selected samples (File S2) with 
the populations module of STACKS, as follows.

To assess the relative patterns of divergence among 
and within subspecies, we first generated a concatenated 
sequence alignment (–phylip-var-all) of the RAD loci 
sequenced in all but five samples (–p 165). The alignment 
(282,247 bp) was used to build a phylonetwork with Split-
sTree. Second, to estimate population diversity, we produced 
a SNP matrix (–structure) of the RAD loci sequenced in all 
populations (–p 104), present in at least half of the samples 
of each (–r 0.5), and randomly retaining only one SNP per 
locus to avoid physically linked SNPs (–write-random-snp). 
The dataset (678 SNPs) was used to estimate the expected 
heterozygosity (Hs, also known as gene diversity) and the 
observed heterozygosity (Ho) for each population with the 
R package hierfstat (Goudet 2005).

To assess genetic diversity and structure within each 
subspecies separately, we produced six SNP matrices 

(–structure) of the RAD loci sequenced in all individuals 
(–r 1 and –p as the number of populations), and randomly 
keeping only one SNP per tag (–write-random-snp). These 
filtering parameters avoid missing data and physically 
linked loci, as a prerequisite to some of the population 
genetic inferences conducted below. Table 1 summarizes 
the number of individuals, populations and SNPs obtained 
for each subspecies.

For each subspecies dataset, we estimated populational 
Hs and Ho with hierfstat and assessed genetic structure 
in two ways. First, we performed a Principal Component 
Analysis (PCA) on individual allele frequencies with the 
R package adegenet (Jombart 2008). Second, we used the 
snmf clustering algorithm implemented in the R package 
LEA (Frichot and François 2015). For each subspecies 
dataset, chains were run for K = 1–12 clusters, with 20 rep-
licates for each K, retaining 10% of the data for the cross-
entropy estimation (function snmf). To assess the number 
of clusters that best summarize the data, we examined the 
distribution of cross-entropy values across Ks (Frichot 
and François 2015). Low cross-entropy reflects the most 
likely Ks. To thoroughly explore the data, we reported all 
Ks with a cross-entropy lower than the cross-entropy of 
K = 1 (no structure) – except if K = 1 had the lowest cross-
entropy, in which case K = 2 was reported. Individual 
ancestry coefficients from the best run (the one with the 
lowest cross-entropy among replicates) were extracted and 
averaged per population to obtain populational ancestry 
coefficients. For visualization, individual ancestry infor-
mation was further reported on the other analyses con-
ducted above (phylonetwork, PCA). Finally, we tested for 
isolation-by-distance (IBD) by computing pairwise popu-
lation Fst with hierfstat and geographic distances d with 
Geographic Distance Matrix Generator (Ersts 2006), and 
correlating matrices of Fst/(1-Fst) and log(d) using Mantel 
tests with 1000 permutations (Rousset 1997).

Table 1   Number of samples and populations analyzed for each sub-
species, number of loci obtained for each subspecies SNP sets, and 
most likely number of clusters (K) according to the cross-entropy 
approach (brackets: number of clusters more likely than K = 1)

* K = 2 is shown on the dedicated figure

samples populations SNPs K

A. a. almogavarii 30 17 2594 1*
A. a. inigoi 19 8 3325 1*
A. o. boscai 26 14 4848 2 (2–3)
A. o. lusitanicus 18 11 5909 2 (2–3)
A. o. obstetricans 33 18 2307 3 (2–4)
A. o. pertinax 44 36 1084 3 (2–6)

https://dx.https://doi.org/
https://dx.https://doi.org/
https://doi.org/10.17504/protocols.io.kxygx3nzwg8j/v1
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Results

Population identification and discrepancies 
between markers

The distributions of subspecies and their hybrid zones 
inferred from genomic SNPs are provided in Fig.  2A. 
Based on mitochondrial genes (Fig. 2B) and microsatellites 

(Fig. 2C), some populations are either misattributed or 
unattributable to a given subspecies.

Analysis of mitochondrial DNA sequences retrieved 
most of the main lineages/haplogroups previously identi-
fied in the A. obstetricans complex (Fig. 3), with a total of 
44 haplotypes for 16S and 107 haplotypes for ND4. Popula-
tions assigned to A. o. obstetricans and A. o. pertinax share 
some identical 16S haplotypes and cannot be reliably dis-
tinguished with this marker (Fig. 3A). Two deeply-diverged 

Fig. 2   Subspecies identification in the A. obstetricans complex based 
on A nuclear genomic SNPs; B mtDNA (16S and ND4); and C DNA 
microsatellites. Arrows point to introduced populations. For mtDNA, 

light red illustrates 16S barcoding for obstetricans/pertinax (which 
cannot be distinguished with this marker)
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ND4 haplogroups were retrieved in the populations assigned 
to A. o. lusitanicus: the one previously documented in Portu-
gal and a few sites in Western Spain (Gonçalves et al. 2015; 
labelled PO), and a new one found exclusively in Western 
Spain (labelled SP). These lineages are as distant from each 
other as from the lineages of other taxa of the complex and 
correspond to distinct haplotypes at the less variable 16S 
(Fig. 3A).

The distributions of mtDNA lineages generally reflect the 
geographic ranges of the subspecies they have been associ-
ated with based on the genomic SNPs (Fig. 2A). The most 
striking discordance occurs in NW-Spain, where populations 
of A. o. pertinax and A. o. boscai bear A. o. obstetricans 
ND4 haplotypes. In A. o. lusitanicus, one population bears 
A. o. pertinax mtDNA despite the absence of contemporary 
contact with that subspecies. In a few contact zones, notably 
between the Pyrenean endemic A. a. almogavarii and A. a. 
inigoi, gene flow is more extensive than mtDNA suggests.

Geographic distributions of the seven microsatellite clus-
ters (Maia-Carvahlo et al. 2018) mostly match the subspe-
cies ranges inferred from the genomic SNPs (Fig. 2C); A. o. 
pertinax corresponds to two clusters that distinguish its east-
ern vs. northern ranges. However, many unadmixed popula-
tions based on the SNPs received mixed ancestry estimates 
based on microsatellites, and reciprocally, many admixed 
populations based on the SNPs received high ancestry esti-
mates for a single microsatellite cluster (Fig. 2C). In particu-
lar, some A. o. pertinax, A. o. obstetricans/pertinax and A. o. 
obstetricans populations appear to exhibit introgression by 

A. o. lusitanicus based on microsatellites, but this observa-
tion is not supported by the results of the genomic SNPs.

Genetic structure

The phylonetwork constructed from ~ 282 kb of concat-
enated RAD sequences obtained from pure A. obstetricans 
samples retrieves the six subspecies as distinct phylogroups 
(Fig. 4), some featuring high diversity that matches the pat-
terns of genetic structure retrieved by the clustering analyses 
(Fig. 4; see below).

The cross-entropy of snmf runs reveals more structure in 
the widespread than in the geographically restricted subspe-
cies (Table 1, Fig. 5). When few clusters are considered (low 
Ks), these distinguish populations from distinct geographic 
areas, which are also evident in separation on the PCA. Clus-
tering solutions with higher Ks tend to separate single local 
populations (Figs. 6–11).

The two A. almogavarii subspecies are not significantly 
structured based on our sampling. In both subspecies, the 
cross-entropy of K > 1 is higher than K = 1, and the first 
axis of the PCAs primarily distinguish a single sample from 
the others (Figs. 6–7). For A. a. almogavarii, analyses with 
K = 2 identify loose spatial differentiation between the Pyr-
enean foothills and the Aude Valley (Fig. 6). For A. a. inigoi, 
K = 2 separates three samples in the southernmost popula-
tion (Fig. 7), which however branch close to other inigoi 
samples in the phylonetwork (Fig. 4).

Fig. 3   Phylonetworks of: A the 44 16S haplotypes identified; B the 107 ND4 haplotypes identified. SP = Spanish lineage of A. o. lusitanicus; 
PO: Portuguese lineage of A. o. lusitanicus. Note that A. o. obstetricans and A. o. pertinax cannot be distinguished with 16S
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For both A. o. boscai and A. o. lusitanicus, runs with 
K = 2 feature the lowest cross-entropy (Fig. 5). The best of 
these runs reflects range-wide patterns of differentiation 
(Figs. 8–9) that correspond to distinct branches on the phylo-
network (Fig. 4). In A. o. boscai, the clustering analysis with 
K = 2 and the PCA separate the southern from the northern 
populations; K = 3 further identifies some substructure in the 
western Asturian mountains (Fig. 8). In A. o. lusitanicus, the 
analyses primarily separate the Spanish and the Portuguese 
populations and highlight the distinctiveness of the north-
ernmost Portuguese population (Fig. 9).

For the widespread subspecies A. o. obstetricans and A. 
o. pertinax, cross-entropy suggests K = 3, although runs up 
to K = 4 and K = 6 are still better than no structure (Fig. 5). 
Alytes o. obstetricans is essentially structured across south-
ern France, while the same cluster is found from the Massif 
Central to the Netherlands (Fig. 10). In A. o. pertinax, the 
analyses primarily separate populations from the southeast-
ern vs. northern ranges (Cantabrian area). With higher Ks, 

populations from the Sistema Central mountains form a 
distinct cluster (K = 3), and the Cantabrian populations are 
divided into multiple regional groups (K = 4–6) (Fig. 11).

IBD was significant (Mantel tests of matrix correlations, 
P < 0.05) within A. a. almogavarii, A. o. boscai, and A. o. 
pertinax, but not within A. a. inigoi, A. o. lusitanicus and A. 
o. obstetricans (File S3).

Genetic diversity

Expected (Hs) and observed heterozygosity (Ho) are cor-
related (File S4) and here we only discuss the former 
(Fig. 12). Hs is highly variable between and within sub-
species and depends on the datasets used; estimates are 
on average four times higher when computed from the 
markers obtained independently for each subspecies [sub-
species-Hs = 0.08 ± 0.04 (0.02–0.18)], than when com-
puted from the 678 SNPs informative across all of them 
[global-Hs = 0.02 ± 0.01 (0.0–0.05)] (Fig. 12, File S5). The 

Fig. 4   Phylonetwork of ~ 282 kb 
of concatenated RAD loci geno-
typed in pure samples of each A. 
obstetricans taxon. Individual 
ancestries in the clustering 
analyses (highest K reported for 
each; Figs. 5–11) are displayed 
as pie charts
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subspecies-Hs and global-Hs are highly correlated, but the 
relationship (slope) differs among subspecies (File S6).

Comparisons of global-Hs indicate that A. o. obstetricans 
is the least genetically variable subspecies, and A. o. boscai 
and A. o. lusitanicus are the most variable, with noticeable 
variation across ranges (Fig. 12). Hotspots of gene diver-
sity are evident in Portugal and in several mountain ranges, 
notably the Eastern Pyrenees, the western and eastern parts 

of the Cantabrian mountains, and the northeastern part of 
the Sistema Central mountains (Sierra de Guadarrama). 
Areas with lower diversity are found in coastal areas (nota-
bly Galicia and Valencia), in the southwestern parts of the 
Sistema Central mountains (Sierra de Gredos), and in the 
extra-Pyrenean ranges of A. o. obstetricans.

The subspecies-Hs estimates confirm the low diversity 
of the coastal populations of A. o. boscai (Galicia) and A. o. 

Fig. 5   Cross-entropy of the snmf runs for K = 1–12 for each subspecies. The Ks reported in the dedicated figures are emphasized by colors

Fig. 6   Genetic clustering with 
spatial location of clusters A 
and PCA B of 30 individu-
als (17 populations) of A. a. 
almogavarii genotyped at 2594 
SNPs for K = 2. The inset map 
shows the displayed area and 
the distribution range of the 
taxon (dash line: admixture 
zones)
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pertinax (Valencia), the extra-Pyrenean populations of A. o. 
obstetricans, and the Spanish populations of A. o. lusitanicus 
(Fig. 12). In some subspecies, Hs seems to decrease along geo-
graphic gradients, to some extent in a northward direction in 
A. o. obstetricans (File S7A), and along an eastward axis in 
A. o. lusitanicus (File S7B). Hs is highly variable within the 
clusters of A. o. pertinax (Fig. 11).

Discussion

Clarifying taxon distribution and diversity with GBS 
data

Our study explores patterns of genetic diversity and 

Fig. 7   Genetic clustering with 
spatial location of clusters A 
and PCA B of 19 individuals 
(8 populations) of A. a. inigoi 
genotyped at 3325 SNPs for 
K = 2. The inset map shows the 
displayed area and the distribu-
tion range of the taxon (dash 
line: admixture zones)

Fig. 8   Genetic clustering with 
spatial location of clusters 
A and PCA B of 26 individuals 
(14 populations) of A. o. boscai 
genotyped at 4848 SNPs for 
K = 2–3. The inset map shows 
the displayed area and the 
distribution range of the taxon 
(dash line: admixture zones). 
The highest K is shown on the 
map and PCA
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structure among subspecies of the A. obstetricans com-
plex, with special attention to three aspects that may affect 
GBS inferences: (1) accounting for admixture zones when 
delineating the distributions of taxa; (2) distinguishing 
genuine phylogeographic structure from local population 
differentiation or genetic artefacts (e.g. ghost lineages); 
and (3) comparing diversity estimates with the challenges 
posed by locus dropout.

Microsatellite markers are not always reliable in retriev-
ing the ancestry and thus the taxonomic identity of Alytes 
populations (Dufresnes and Hernandez 2021; Ambu et al. 
2023). In particular, Bayesian clustering of microsatellite 
genotypes inferred admixture where there is none (e.g. 
between the lusitanicus and pertinax clusters), and isolation 

where there is gene flow (e.g. at the almogavarii/inigoi 
transition). The same issues were evident in another study 
focused on NE-Iberia (Lucati et al. 2022), where micros-
atellite ancestry estimates were also not supported by the 
genome-wide inferences (see their Fig. 6 compared to our 
Fig. 2A). Concomitantly, mitochondrial-based identification 
may not be reliable in some regions due to mitochondrial 
introgression during past and present secondary contact (e.g. 
obstetricans mtDNA across northwestern Spain in pertinax 
and boscai populations) or retention of ancestral polymor-
phisms (e.g. obstetricans/pertinax at 16S, which share 
closely related mtDNA due to their history of reticulation, 
Ambu et al. 2023). These limitations led to misidentification 
of the Cantabrian populations, which formed a microsatellite 

Fig. 9   Genetic clustering with 
spatial location of clusters A 
and PCA B of 18 individu-
als (11 populations) of A. o. 
lusitanicus genotyped at 5909 
SNPs for K = 2–3. The inset 
map shows the displayed area 
and the distribution range of 
the taxon (dash line: admixture 
zones). The highest K is shown 
on the map and PCA

Fig. 10   Genetic clustering with 
spatial location of clusters A 
and PCA B of 33 individu-
als (18 populations) of A. o. 
obstetricans genotyped at 2307 
SNPs for K = 2–4. The inset 
map shows the displayed area 
and the distribution range of 
the taxon (dash line: admixture 
zones). The highest K is shown 
on the map and PCA
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Fig. 11   Genetic clustering with 
spatial location of clusters A 
and PCA B of 44 individuals 
(36 populations) of A. o. perti-
nax genotyped at 1084 SNPs for 
K = 2–6. The inset map shows 
the displayed area and the 
distribution range of the taxon 
(dash line: admixture zones). 
The highest K is shown on the 
map and PCA

Fig. 12   Geographic and lineage variation and populational expected 
heterozygosity Hs, computed from subspecies-specific SNP sets A 
and a single SNP set informative in all subspecies B. On the maps, 
relative variations are shown by independent color gradients running 

from the lowest (white) to the highest (most colorful/darker) esti-
mates. Note the different order of magnitudes of Hs values between 
the two datasets (y-axis)
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cluster differentiated from any subspecies (Maia-Carvalho 
et al. 2018; Lucati et al. 2022) and was previously assigned 
to A. o. obstetricans based on mtDNA (Dufresnes and Her-
nandez 2021); in reality, these populations correspond to 
phylogeographic structure in A. o. pertinax (Fig. 11).

The deeply-diverged mitochondrial haplogroups found 
in Spain and Portugal within A. o. lusitanicus imply a phy-
logeographic break that is not apparent in the analyses of 
nuclear loci (Fig. 2). Instead, these populations are only 
slightly differentiated in their nuclear genome (Fig. 9), with 
much shallower divergence than in their mitochondrion 
(Fig. 4), potentially reflecting recent demographic events 
(see below). Accordingly, A. o. lusitanicus samples from 
Spain and Portugal belong to the same nuclear lineage in 
the phylogenomic tree (Ambu et al. 2023). The unexpected 
mitochondrial divergence in A. o. lusitanicus probably repre-
sents a “ghost” lineage, i.e. a mitochondrial lineage that does 
not correspond to an extant nuclear genome. Such mitochon-
drial ghost lineages are increasingly being documented (e.g. 
Hinojosa et al. 2019). This is particularly notable in Iberian 
amphibians (Dufresnes et al. 2020a) where they possibly 
represent the signatures of lineages that no longer persist, 
for instance, because they became genetically assimilated 
by other lineages through fusion (Garrick et al. 2019). Here, 
the position of the Portuguese mtDNA in the mitochondrial 
phylogeny matches the position of A. o. lusitanicus in phy-
logenomic analyses (Ambu et al. 2023). It is thus reasonable 
to assume that the Spanish mtDNA is the one with a foreign 
origin and might correspond to an extinct phylogeographic 
lineage that formerly existed within Central Iberia. Midwife 
toads appear to have diverged and admixed multiple times 
throughout their diversification (Ambu et al. 2023) and the 
Sistema Central mountains are both a hotspot of endemism 
(some species have been evolving in situ for millions of 
years, e.g. Salamandra salamandra almanzoris, Antunes 
et al. 2021; Gippner et al. 2024; Iberolacerta cyreni, Crochet 
et al. 2004) and a “melting pot” for herpetofauna (e.g. the 
hybrid swarm between Discoglossus galganoi galganoi and 
D. g. jeanneae, Martínez‐Solano 2004; Vences et al. 2014; 
Dufresnes et al. 2020b). The presence of this ghost lineage is 
thus not surprising and reminds us that mitochondrial diver-
gence should be interpreted with caution in phylogeographic 
and taxonomic studies (Dufresnes and Jablonski 2022).

The high resolving power of genomic analyses allows to 
detect subtle levels of structuring, some of which may be 
more artefactual (e.g. sampling effect) than biological, which 
implies the necessity to decide an upper limit when defining 
distinct populations, especially for operational conservation 
purposes (e.g. management units). As the real K number of 
genetic groups present in a genomic dataset should represent 
the number of distinct, panmictic populations, any devia-
tion from panmixia can generate additional clusters. Such 
clustering methods perform poorly when genetic diversity 

varies along a geographic gradient (i.e. IBD). Under IBD, 
the results of clustering methods are strongly influenced by 
the sampling scheme (Schwartz and McKelvey 2009) and 
deciphering the contribution of IBD vs. ecological or geo-
graphic barriers to gene flow on genetic population structure 
becomes challenging (Renner et al. 2016; Bradburd et al. 
2018). Regardless of clustering method (e.g. STRU​CTU​RE,  
Pritchard et  al. 2000; DAPC, Jombart et  al. 2010) and 
method to find the most likely K (e.g. Evanno’s ∆K, Evanno 
et al. 2005; BIC, Jombart et al. 2010), the choice ultimately 
depends on the mechanisms generating differentiation, the 
scale of analyses and the goals of the study. Here we found 
that the cross-entropy estimate of snmf is a useful statistic to 
evaluate range-wide structure (here revealed by the first K 
values, with the lowest cross-entropy) from local population 
structure (higher K values, with linearly increasing cross-
entropy). Clustering with higher K values also retrieved 
meaningful patterns (e.g. different populations form separate 
clusters) but is not relevant here given the range-wide scale 
of our analyses.

The spatial variation in gene diversity within subspe-
cies remained broadly similar whether computed from a 
few, more conserved loci (global-Hs), or from more, less 
conserved loci (subspecies-Hs), so both are useful for 
among-population comparisons. The subspecies-Hs values 
are more informative for inferring fine-scale patterns given 
their greater variation but are not appropriate for among-taxa 
comparisons because the datasets differ in their polymor-
phism (File S6). These differences can be explained by the 
conservativeness and thus mutation rates of loci retained in 
the analyses because of locus dropout. The more diverged 
the populations included in a dataset, the fewer the number 
of loci retrieved for downstream analyses, because only loci 
that are conserved across all samples pass SNP calling fil-
ters. As presumably these more conserved markers evolve 
more slowly, they would be expected to be less polymorphic 
within populations. Thus, to compare patterns among taxa, 
the global-Hs is more appropriate, although it is inherently 
less informative. Locus dropout is a well-known limita-
tion of ddRAD-seq that inevitably constrains analyses to a 
“local” phylogenetic scale (e.g. a species group or a genus). 
For these reasons, comparisons of quantitative estimates of 
genetic diversity or divergence among distantly related taxa 
should be done with GBS methods that rely on predefined 
sets of phylogenetically conserved markers (e.g. sequence-
capture, Hutter et al. 2022; de Visser et al. 2024).

Historical processes impacting genetic diversity

If one considers monophyly and deep phylogeographic 
divergence as the hallmark of valid taxa (Dufresnes et al. 
2023b; Vences et al. 2024), the six subspecies do represent 
the evolutionary diversity of the A. obstetricans complex. 
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The additional shallow structure revealed by our analyses 
rather reflects IBD and recent population isolation during 
the Late Quaternary, eventually combined with more recent 
human-mediated declines (see below).

Reflecting earlier microsatellite analyses (Lucati et al. 
2022), the most defined structure within subspecies maps to 
mountain ranges, notably the northern side of the Pyrenees 
(A. o. obstetricans) and the Cantabrian Mountains (A. o. per-
tinax). For A. o. obstetricans (Figs. 10, 12, File S7A), this 
pattern fits well with the expected signature of subdivided 
glacial refugia in southern ranges vs. genetically homog-
enous and impoverished populations in northern ranges 
(Hewitt 2000; Gómez and Lunt 2007; Schmitt 2007). This 
is also consistent with the negligible mitochondrial variation 
in Belgium and the Netherlands (Vliegenthart et al. 2023) 
resulting from recolonization and founder events. Pleisto-
cene refugia in European herpetofauna are often attributed 
to Mediterranean Peninsulas (Iberia, the Apennine, the Bal-
kans, Gómez and Lunt 2007; Paúl et al. 2023), but evidence 
for northern refugia have also been presented (Stewart and 
Lister 2001; Schmitt 2007; Wielstra et al. 2017), especially 
for cold-tolerant species with Euro-Siberian affinities (e.g. 
Rana temporaria, Vences et al. 2013; Bufo bufo, Arntzen 
et al. 2017). Based on mitochondrial and microsatellite 
analyses combined with projection of past climatic condi-
tions, a glacial refugium in northern Spain was previously 
hypothesized for A. o. obstetricans (Maia-Carvalho et al. 
2018), but these analyses inadequately retrieved the range 
of this subspecies (see above). Given its present distribution 
outside Iberia and high genetic variation in the Pyrenees, 
A. o. obstetricans could have persisted throughout the last 
glacial cycle in a fragmented refugium spanning southern 
France rather than northern Spain. The existence of refugia 
outside the Iberian Peninsula is also supported by genetic 
diversity in Epidalea calamita, which similarly features 
some phylogeographic structure in southern France, from 
where it presumably recolonized Western Europe after the 
last glacial maximum (Rowe et al. 2006).

The milder Pleistocene paleoclimates on the southern 
versus the northern side of the Pyrenees probably offered 
larger, more connected glacial refugia for A. almogavarii. 
This may underlie the lack of significant structure and the 
relatively high diversity of its subspecies. These taxa prob-
ably also had the opportunity for southern contractions at the 
peak of the glaciation, unlike other species that were trapped 
in several isolated pockets, e.g. Calotriton asper (Milá et al. 
2010). Considered together, these observations emphasize 
two important roles of the Pyrenean region. First, that it 
acts as a hotspot of endemism where phylogeographic diver-
sity is generated. Second, that it served as a sanctuary-type 
refugium (sensu Recuero and García-París 2011), where 
diversity persisted throughout the Pleistocene. For eastern 
Pyrenean taxa like A. a. almogavarii, the Mediterranean 

coast further favored connections between both sides of the 
Pyrenees, as evident in Pelodytes punctatus (Díaz-Rodríguez 
et al. 2015; Dufresnes et al. 2020b), Pelobates cultripes 
(Crottini et al. 2010; Gutiérrez-Rodríguez et al. 2017), and 
Emys orbicularis (Pöschel et al. 2018).

As in southern France, the shallow but complex popula-
tion structure in A. o. pertinax probably reflects subdivi-
sion in separate micro-refugia during the final stages of the 
Pleistocene, resulting from the heterogenous topography of 
its geographic range (see also Lucati et al. 2022). The dif-
ferent massifs of the Cantabrian Mountains correspond to 
phylogeographic breaks in other amphibians, as e.g. in Rana 
temporaria/parvipalmata (Vences et al. 2017; Dufresnes 
et al. 2020a), Lissotriton helveticus (Recuero & García-París 
2011), and Salamandra salamandra (Gippner et al. 2024). 
We further note that A. o. pertinax does not have notably 
higher levels of heterozygosity relative to the other subspe-
cies, despite its composite ancestry (past introgression from 
A. almogavarii; Ambu et al. 2023). This implies that demo-
graphic processes (e.g. drift) involved in the Quaternary his-
tories of populations had a stronger impact than reticulation 
on present-day genetic variability.

Variations in heterozygosity levels were highest for A. o. 
lusitanicus and A. o. boscai (Fig. 12B). Given the longitu-
dinal gradient of diversity between Portugal and the Sistema 
Central mountains (File S7B), it is tempting to hypothesize 
an eastward expansion of A. o. lusitanicus from an Atlan-
tic refugium, as in D. g. galganoi (Martínez‐Solano 2004; 
Vences et al. 2014) and Rana iberica (Martínez-Solano et al. 
2005). Alternatively, or in addition, the co-existence of the 
two mitochondrial lineages may indicate that midwife toads 
persisted in both geographic ranges, possibly maintaining 
some relative connectivity. The observed depleted genetic 
variation and genetic differentiation may then be the conse-
quence of recent declines and isolation.

Implications for conservation

Genetic variation underlies all aspects of biodiversity and 
is key to the long-term persistence of populations, through 
its effect on individual fitness, adaptive potential to rap-
idly changing environments, and resilience in the face of 
inbreeding (Frankham 2005). The different levels of genetic 
diversity among populations of each A. obstetricans subspe-
cies should be considered when evaluating their conserva-
tion (Schmidt et al. 2023). The northernmost populations of 
A. o. obstetricans, which are the most threatened (Fig. 1), 
are also the most genetically impoverished (Fig. 12), which 
may exacerbate their ongoing decline (Dufresnes and Per-
rin 2015).

In Spain, the conservation status of populations has been 
evaluated for subspecies rather than administrative regions 
(Pleguezuelos et al. 2002). It should be re-assessed in the 
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light of the classification and distributional updates. Nota-
bly, the recently described and geographically restricted A. 
o. lusitanicus has not been evaluated and the range of A. o. 
boscai is smaller than previously assumed, being restricted 
to northwestern Spain following this taxonomic revi-
sion (Ambu et al. 2024a). In this area, midwife toads have 
regressed over the past decades (M. Vences pers. comm.), 
and coastal populations have low genetic diversity (Fig. 12). 
In Central and eastern Spain (Castilla la Mancha, Madrid, 
Comunidad Valenciana), where some populations are geneti-
cally depleted, the subspecies A. o. pertinax faces a wide-
spread shortage of breeding sites due to the abandonment of 
traditional farming and the concomitant deterioration and 
loss of water tanks associated with livestock and irrigation 
(Galvez et al. 2018), which has resulted in local population 
extinctions (Caballero-Díaz et al. 2020).

The results of our study should inform monitoring and 
conservation actions for improving the situation of these 
declining taxa. Specifically, we recommend to prioritize the 
surveillance of populations with depleted genetic diversity, 
which may collapse more rapidly following habitat pertur-
bation or disease. Such populations could be reinforced by 
genetic rescue via ex-situ conservation programs, i.e. re-
introductions sourced from nearby populations that belong 
to the same genetic cluster (Fig. 6–11) and feature higher 
levels of genetic diversity (Fig. 12) (see also Barratt et al. 
2024). In dry regions inhabited by fragmented and bottle-
necked populations (especially in Central and eastern Ibe-
ria), creating new water bodies and/or extending the hydro-
period of existing ones could increase larval survival and 
juvenile recruitment, and could promote population con-
nectivity (Caballero-Díaz et al. 2022; Gutiérrez-Rodríguez 
et al. 2023). At the regional level, patterns of genetic struc-
ture should aid the delineation of management units and 
thus the identification of new protected areas that maximize 
the amount of diversity covered overall, to maintain the 
adaptive potential of each subspecies (Hanson et al. 2020, 
2021). Moreover, the updated distributions of all subspecies 
offer a framework to evaluate the impact of climate change 
based on more precise, refined projections of environmental 
suitability.

Finally, midwife toads have experienced severe declines 
in Central Spain due to outbreaks of chytridiomycosis 
(Bosch et al. 2001). One population close to an infected area 
in Sierra de Guadarrama (Peñalara Natural Park) features 
the lowest heterozygosity among all A. o. pertinax popula-
tions, which could indicate past bottlenecks (see also Lucati 
et al. 2022), while adjacent ranges retained higher diversity 
(Fig. 12). In the nearby Sierra de Gredos, the striking reduc-
tion in the genetic diversity of A. o. lusitanicus is puzzling, 
and while Bd has not been widely reported in the area, its 
role in potential declines cannot be ruled out. Other fatal out-
breaks have been monitored in the Central Pyrenees, notably 

in Valle del Aragon (Ibón de Acherito and surrounding sites, 
Walker et al. 2010; Bates et al. 2018). While we did not 
sample this area, we predict the presence of a contact zone 
between A. obstetricans (obstetricans) and A. almogavarii 
(inigoi), parallel to the one we examined in the Formigal 
area a few kilometers to the southeast (Ambu et al. 2024b). 
These two species show restricted admixture suggesting 
partial post-zygotic reproductive isolation (Dufresnes and 
Martínez-Solano 2020; Ambu et  al. 2024b; Ambu and 
Dufresnes 2024). The prevalence of Bd in a putative con-
tact zone thus offers exciting prospects to test for the conse-
quences of hybridization on the susceptibility of populations 
to Bd. As a symptomatic and asymptomatic carrier of Bd, 
Alytes obstetricans has become a model species to identify 
the abiotic and biotic factors influencing chytrid epidemiol-
ogy (e.g. Walker et al. 2010; Bates et al. 2018), including its 
resistance (Greener et al. 2020). Genetic variation has been 
hypothesized to affect the tolerance to Bd infection among 
populations (Tobler and Schmidt 2010), but phylogeogra-
phy is seldom considered in classical chytrid assays (e.g. 
Walker et al. 2010; Bates et al. 2018; Greener et al. 2020). 
The genetic units that we have identified herein could be 
the focus of experimental tests to compare the effect of host 
genetic background on the virulence of infections.
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