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ABSTRACT

The advent of genomic methods allows us to revisit the evolutionary history of organismal groups for which
robust phylogenies are still lacking, particularly in species complexes that frequently hybridize. In this study, we
conduct RAD-sequencing (RAD-seq) analyses of midwife toads (genus Alytes), an iconic group of western Med-
iterranean amphibians famous for their parental care behavior, but equally infamous for the difficulties to
reconstruct their evolutionary history. Through admixture and phylogenetic analyses of thousands of loci, we
provide a comprehensive phylogeographic framework for the A. obstetricans complex, as well as a fully resolved
phylogeny for the entire genus. As part of this effort, we carefully explore the influence of different sampling
schemes and data filtering thresholds on tree reconstruction, showing that several, slightly different, yet robust
topologies may be retrieved with small datasets obtained by stringent SNP calling parameters, especially when
admixed individuals are included. In contrast, analyses of incomplete but larger datasets converged on the same
phylogeny, irrespective of the reconstruction method used or the proportion of missing data. The Alytes tree
features three Miocene-diverged clades corresponding to the proposed subgenera Ammoryctis (A. cisternasii),
Baleaphryne (A. maurus, A. dickhilleni and A. muletensis), and Alytes (A. obstetricans complex). The latter consists of
six evolutionary lineages, grouped into three clades of Pliocene origin, and currently delimited as two species: (1)
A. almogavarii almogavarii and A. a. inigoi; (2) A. obstetricans obstetricans and A. o. pertinax; (3) A. o. boscai and an
undescribed taxon (A. o. cf. boscai). These results contradict the mitochondrial tree, due to past mitochondrial
captures in A. a. almogavarii (central Pyrenees) and A. o. boscai (central Iberia) by A. obstetricans ancestors during
the Pleistocene. Patterns of admixture between subspecies appear far more extensive than previously assumed
from microsatellites, causing nomenclatural uncertainties, and even underlying the reticulate evolution of one
taxon (A. o. pertinax). All Ammoryctis and Baleaphryne species form shallow clades, so their taxonomy should
remain stable. Amid the prevalence of cyto-nuclear discordance among terrestrial vertebrates and the usual lack
of resolution of conventional nuclear markers, our study advocates for phylogeography based on next-generation
sequencing, but also encourages properly exploring parameter space and sampling schemes when building and
analyzing genomic datasets.

1. Introduction

availability of molecular genetic data in a wide variety of animal species
(e.g., Mongiardino Koch et al., 2018; Kuhl et al., 2021), it remains

Obtaining reliable insights on species evolution and diversity is the notoriously challenging to obtain robust phylogenies in many groups
core basis of various life sciences disciplines. Yet, despite the increasing (Degnan and Rosenberg, 2009; Andrews et al., 2016).
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One of the main issues affecting many phylogeographic studies is
that they are still essentially based on mitochondrial DNA (mtDNA),
both to reconstruct phylogenetic relationships (e.g., Chan et al., 2022)
and map lineage distributions via DNA barcodes (e.g., Hebert et al.,
2003). While mtDNA is considered a time- and cost-effective tool for
species identification (Hebert et al., 2003), it faces inherent limitations
that greatly compromise its reliability (Rubinoff and Holland, 2005).
Mitochondrial sequences are clonal, haploid, exclusively maternally
inherited, and represent a single, small portion of the entire genome,
hence they sometimes reflect a different evolutionary history than the
species/populations’ true ancestry (Ballard and Whitlock, 2004; Zink
and Barrowclough, 2008; Cairns et al., 2021; Kimball et al., 2021).

Complementing mtDNA phylogeographies by a small number of
nuclear loci typically does not alleviate these problems (especially when
they are not analyzed independently of mtDNA), because such datasets
often lack informativeness to elucidate recent diversifications. First, the
widely used intron gene sequences are usually characterized by slow
rates of evolution, hence most of the phylogenetically informative signal
is carried by the more rapidly evolving mtDNA (Avise, 1994). Second,
because they have a four-times larger effective population size, nuclear
markers retain more ancestral polymorphism and exhibit incomplete
lineage sorting (ILS) more often (e.g., Pabijan et al., 2012; Cruaud et al.,
2014; Dufresnes et al., 2018). Microsatellites are more variable, making
them suitable to recover intraspecific patterns of genetic structure (e.g.,
Zardi et al., 2015; Garcia-Cisneros et al., 2018), but their low cross-
amplification performance and elevated rate of homoplasy make them
difficult to use in multi-species studies (Chenuil, 2006).

Another common yet still underappreciated problem with mtDNA is
the widespread occurrence of discordant patterns between mitochon-
drial and nuclear markers, so called “cyto-nuclear discordance”
(reviewed in Toews and Brelsford, 2012). Most cases of cyto-nuclear
discordance originate from introgressive hybridization (e.g., Currat
et al., 2008; Lee-Yaw et al., 2019) and can be exacerbated by selective
processes (e.g., Bonnet et al., 2017), sex-biased dispersal (e.g., Brandt
et al., 2012; Dai et al., 2013; Seixas et al., 2018) or hybrid zone move-
ment (Wielstra, 2019). In theory, ILS can also generate cyto-nuclear
discordances (Ballard and Whitlock, 2004) although this is difficult to
demonstrate empirically with traditional nuclear loci. The phenomenon
appears common especially in recent diversifications involving lineages
that have recurrently hybridized during past range shifts, sometimes
leading to extreme patterns such as mitochondrial captures, i.e., pro-
cesses by which populations or even entire species carry foreign mtDNA
(e.g., Zielinski et al., 2013; Bonnet et al., 2017; Seixas et al., 2018;
Dufresnes et al., 2019b), or ghost mtDNA lineages, i.e., deeply diverged
matrilines that do not correspond to any extant nuclear lineage (Recuero
et al., 2014; Dufresnes et al., 2020a).

Genomic phylogeographies, i.e., phylogeographic analyses based on
genomic data obtained by high-throughput sequencing, such as RAD-
sequencing (RAD-seq), offer the opportunity to resolve ambiguous
phylogenies and thus shed light on cyto-nuclear discordance (e.g.,
Cruaud et al., 2014; Edwards et al., 2016; Firneno et al., 2020). In turn,
by empirically demonstrating the limits of conventional markers, espe-
cially mtDNA, such inferences become instrumental to inform on the
potential inaccuracy of many currently accepted phylogenies, which are
often taken for granted to support biological and taxonomic conclusions
(Rubinoff and Holland, 2005; Chan et al., 2022). Yet, the high resolutive
power of RAD-seq and other genomic methods also calls for precautions.
Phylogenomic reconstructions may be sensitive to the completeness of
alignments (Huang and Knowles, 2016), the method of analysis (Ran-
cilhac et al., 2019; Widhelm et al., 2019), the number of loci considered
(Edwards et al., 2015; Hodel et al., 2017), and the admixed ancestry of
samples (Morales-Briones et al., 2018; Firneno et al., 2020). More
generally, multilocus trees are highly sensitive to gene flow (Leaché
et al., 2014a) and can thus be distorted by introgression (e.g., Firneno
et al., 2020), including in populations located outside current contact
areas, as neutral alleles can escape selection against hybrids and freely
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diffuse across species boundaries, even between strongly isolated species
(e.g., Baldassarre et al., 2014; Dufresnes et al., 2020b, 2021a).

With these issues in mind, here we attempt to clarify the complex
phylogeography of a Western Mediterranean group of anuran amphib-
ians, the midwife toads (genus Alytes). Midwife toads are famous for
their parental care behavior, in which the male carries the eggs on its
back until they are ready to hatch (Lange et al., 2022). They are also a
group of high conservation concern (Griffiths et al., 2008; Barrios et al.,
2012). Some taxa inhabit extremely fragmented ranges, vulnerable to
global warming and invasive species (e.g., A. muletensis in Mallorca,
Moore et al., 2004; A. dickhilleni in the Betic Mountains of Spain, Garcia-
Paris and Arntzen, 2002; A. maurus in northern Morocco, Donaire-Bar-
roso et al., 2022), while others are sensitive to the devastating chytrid
fungus Batrachochytrium dendrobatidis (e.g., A. obstetricans in Spain,
Bosch et al., 2001, 2021). Taxonomic authorities presently list six spe-
cies (Speybroeck et al., 2020) that branch into three major clades,
sometimes attributed to distinct subgenera (Dubois, 1987) or genera
(Dubois et al., 2021): (1) the basal species A. cisternasii (subgenus
Ammoryctis); (2) a clade featuring A. muletensis, A. dickhilleni and
A. maurus (subgenus Baleaphryne); and (3) the A. obstetricans species
complex (subgenus Alytes), which includes no less than six described and
undescribed lineages of uncertain relationships and recently divided
into two species (A. obstetricans and A. almogavarii, reviewed by
Dufresnes and Hernandez, 2021).

Although many phylogeographic studies on Alytes were conducted
over the last decades, based on allozymes (Garcia-Paris, 1995; Arntzen
and Garcia-Paris, 1995), mitochondrial sequences (Gongalves et al.,
2007, 2015), nuclear intron sequences (Maia-Carvalho et al., 2014;
Gongalves et al., 2015), or microsatellites (Maia-Carvalho et al., 2018;
Lucati et al., 2022), a fully resolved species tree for the genus has so far
eluded herpetologists. Genetic relationships in the A. obstetricans com-
plex are particularly puzzling. Mitochondrial and nuclear topologies are
radically different, with only a few supported nodes in each (Maia-
Carvalho et al., 2014). All delimited lineages seem to hybridize (Maia-
Carvalho et al., 2018; Dufresnes and Martinez-Solano, 2020), and ge-
netic screening revealed multiple spatial disparities between the distri-
bution of allozyme variation, microsatellite clusters, and respective
matrilines (Garcia-Paris, 1995; Dufresnes and Hernandez, 2021). A
phylogenomic approach thus appears timely, both to resolve pending
taxonomic issues and to understand true species’ diversity and evolution
within the complex. Such insights would also widen perspectives to
exploit the genus in evolutionary and behavioral ecology studies (e.g.,
Penna et al., 2015; Martinez-Gil et al., 2022) — midwife toads are a
historical amphibian model to study the epigenetics of reproductive
behavior (Arntzen, 2022). In turn, this group provides an opportunity to
assess the reliability of conventional phylogeographic analyses (i.e.,
based on few markers) vs genomic inferences when cyto-nuclear
discordance and admixture potentially blur our appreciation of species
diversifications.

In this study, we generated and analyzed RAD-seq data obtained
from geographically representative samples of all known Alytes lineages.
We first used population genetic analyses to verify whether spatially-
distant samples of the A. obstetricans complex could still show a trace
of recent admixture. Second, we reconstructed Alytes species trees to
infer evolutionary relationships and pinpoint cyto-nuclear discordance.
In this respect, we explored how the phylogenetic results were affected
by the number of loci shared between species, as adjusted by the strin-
gency of filtering, and whether recently admixed samples are included in
the analyses or not.

2. Methods
2.1. DNA sampling

DNA samples from 52 Alytes representative of all species of the genus
were obtained from herpetological collections, including MNCN (Museo
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Nacional de Ciencias Naturales) and BEV (CNRS — EPHE collection of the
Biogeography and Ecology of the Vertebrates team in CEFE, Mont-
pellier) (Table S1). These consisted of buccal swabs stored dry and
frozen (live adults), tail clips stored in 96 % ethanol (tadpoles), and
skin/muscle pieces (preserved specimens). Most samples had been
analyzed in previous studies (Goncalves et al., 2015; Dufresnes and
Hernandez, 2021; Vliegenthart et al., 2023), and we either reused
available DNA extracts or isolated new DNA with the DNeasy Blood &
Tissue Kit (Qiagen). Except for A. muletensis, for which only captive-bred
specimens were available, samples broadly cover the ranges of each
species while avoiding putative contact zones and thus potentially
admixed individuals for the A. obstetricans complex (according to Gon-
calves et al., 2015; Maia-Carvalho et al., 2018).

2.2. RAD-seq

A genomic library was prepared using a modified version of the
double-digest RAD (ddRAD) protocol of Brelsford et al. (2016). Briefly,
this involves enzymatic digestion by Sbfl and Msel restriction endonu-
cleases, adaptor ligation (with unique 4-8 bp barcodes on the SbfI end),
duplicate PCR amplification of the ligated fragments, and size selection
between 400 bp and 500 bp. Compared to the original protocol, two PCR
replicates were run, and size selection was performed with a PippinPrep
(Sage Science). The purified final library was sequenced (paired-end) on
an Illumina NextSeq 550. Raw reads were demultiplexed with STACKS
2.59 (Catchen et al., 2013) and trimmed to 100 bp. We then used the
denovo_map.pl pipeline of STACKS to construct RAD loci, assembly and
cataloging, with default -m, -n, and -M values, which provided a good
balance between data quality and quantity (Paris et al., 2017). The
STACKS catalog contained 357,379 loci, with an average coverage of 18
reads (SD = 5.5). Loci were then filtered using the module populations for
downstream analyses, as described below.

2.3. Population genetic analyses of the A. obstetricans complex

A genotype matrix was obtained for the 38 individuals of the
A. obstetricans complex, considering only the markers present in all six
lineages, and in 70 % of the samples of each (filter -r 0.7). This repre-
sented 3,487 RAD-tags, and to avoid physically linked loci, only a single
SNP per RAD-tag was retained (filter -write-random-snp). The Bayesian
clustering algorithm of STRUCTURE 2.3.4 (Pritchard et al., 2000) was
used to infer individual ancestries to genetic groups, based on the
admixture model with uncorrelated allele frequencies. Clustering solu-
tions for K = 1 to 10 were explored through at least five replicate runs
per K, each of 200,000 iterations after a burnin period of 20,000. Run
convergence was assessed by inspecting the STRUCTURE barplots and
by monitoring the run likelihood L(P|K). Converged runs were compiled
and summary statistics (L(P|K), AK) were computed for each K with
STRUCTURE HARVESTER (Earl & vonHoldt, 2012). A neighbor joining
tree plotting allele frequency divergences among STRUCTURE clusters
for K = 6 was computed. In addition, a Principal Component Analysis
(PCA) was performed with the R package adegenet (Jombart, 2008).
Because PCA does not tolerate missing data — these need to be replaced
by average allele frequencies — one individual (MNCN.68632) that
featured an excessively large proportion of missing data (85 %) was
excluded from the analysis.

To independently validate population differentiation and assign-
ment, we constructed a co-ancestry matrix from our RAD-seq data using
fineRADstructure (Malinsky et al., 2018), considering all the variation
(20,449 SNPs) found at the 3,487 RAD-tags. The loci were first reor-
dered according to linkage disequilibrium (software-provided script).
We used a 100,000 burnin followed by 100,000 MCMC steps sampling
every 1,000 steps and the tree was constructed with 10,000 hill-climbing
iterations. The results were visualized using the R scripts provided with
the software package.

To measure genetic distances between lineages and test specific
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hypotheses regarding the origin of A. o. pertinax (see Results), another
genotype matrix was generated from a subset of 26 “pure” individuals, i.
e., considered free of recent admixture (ancestry > 0.95 to their corre-
sponding clusters, see Results and Table S1), using the same filtering
parameters as above. This dataset contained 3,669 unlinked SNPs. We
computed pairwise genetic distance (Fs) between lineages with the R
package hierfstat (Goudet, 2005). Approximate Bayesian Computation
(ABC) analyses were then performed in DYIABC 2.1.0 (Cornuet et al.,
2014). Five scenarios were designed, in which the pertinax lineage either
diverged from obstetricans (scenario I), or has a hybrid origin, namely
between obstetricans (its mitochondrial ancestor and closest relative in
nuclear trees) and another lineage (scenarios II-V). Coalescent events
followed the most likely topology of the complex, as retrieved by our
phylogenetic analyses, with model parameters including the effective
population size of each lineage (N.), their coalescent time (Tq4), and the
admixture rate for scenarios II-V. Preliminary analyses were run to
check and optimize prior distributions, validate the choice of summary
statistics, and pre-evaluate scenario-prior combinations, hence ensuring
that the simulated datasets overlapped with the observed dataset and
underlie realistic scenarios. For the final models, we kept uniform prior
distributions and set the bounds for the N, parameters to 1-20,000 in-
dividuals, and for T4 parameters to 10-100,000 generations, with prior
conditions on Ty to avoid incongruencies in respect to the topology. We
used the one-sample (genetic diversities), two-sample (Fs and Nei ge-
netic distances) and three-sample (maximum-likelihood coefficient of
admixture) summary statistics that pertained to the pertinax lineage, for
a total of 60 statistics. For final analyses, we generated five million
simulations, i. e., one million per scenario (the optimal amount recom-
mended by the software), and we evaluated which scenario was the
closest to the observed data by calculating their posterior probabilities
from the direct (Pg;;) and logistic (Pjog) methods among the best 500 and
10,000 simulations, respectively.

2.4. Phylogenetic analyses

For comparative analyses, we designed three sets of n samples
representative of all Alytes species and lineages (Table S2). For each set,
a series of 11 concatenated supermatrices was obtained by varying the
number of individuals in which each locus must be present (filter -p),
ranging from all of them (-p = n), to all but ten of them (-p = n-10). The
first sample set included the 52 individuals of the study. The second
sample set included 45 individuals identified as “pure” by the popula-
tion genetic analyses of the A. obstetricans complex (ancestry > 0.95 to
their corresponding clusters, see Results). The third sample set included
38 individuals of the second set that featured < 10 % of missing data
under the intermediate filtering solution (-p 40). This spectrum of filters
thus allowed to explore the balance between the number of retained loci
and the completeness of supermatrices, while the different sample sets
allowed to account for potential biases driven by substantial recent
admixture and missing data on the retrieved phylogenies. All alignments
were exported with (option -phylip-var-all), and without invariant sites.

The 33 supermatrices (3 sample sets x 11 filtering options) were
analyzed under three different phylogenetic analyses. First, we per-
formed Bayesian inferences (BI) in BEAST 2.6 (Bouckaert et al., 2019) on
concatenated alignments (including invariant sites), using a birth-death
tree model, a strict molecular clock and a GTR + G + I model of sequence
evolution. To time-calibrate the tree, we set up a normally distributed
prior of 5.33 + 1.0 million years (My) for the diversification of the
common ancestor of the North African A. maurus, the Balearic
A. muletensis and the Iberian A. dickhilleni, which corresponds to the end
of the Messinian Salinity Crisis. This period is marked by the reopening
of the Gibraltar Strait, which, by refilling of the Mediterranean Sea,
putatively isolated North African and European populations of Alytes
(Arntzen and Garcia-Paris, 1995), a hypothesis consistent with previous
mitochondrial dating (Martinez-Solano et al., 2004; Ehl et al., 2019).
Trees were sampled every 10,000 iterations and chains were run until
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stationarity and large (>200) effective sample sizes of parameters were
reached, as monitored in Tracer 1.7 (Rambaut et al., 2018). The sampled
trees were visualized in DensiTree 2.0 (Bouckaert and Heled, 2014),
applying a burnin threshold of 20 %, and a maximum-clade credibility
tree was produced in the BEAST module TreeAnnotator. Second, we
performed maximum-likelihood (ML) phylogenetic reconstructions on
supermatrices restricted to variable sites (SNPs) with PhyML 3.1
(Guindon et al., 2010), using a GTR + G + I model and the aLRT SH-like
method as an approximate estimation of node support, with 100 boot-
strap replicates. Third, distance-based neighbor-joining (NJ) trees were
also inferred from the SNP supermatrices in SeaView 5 (Gouy et al.,
2021), with 100 bootstrap replicates. In each analysis, the dominant
topology was recorded, and the tree was considered robust if all internal
branches received at least 0.95/95 of node support. For visualization, we
also illustrated the most plausible Alytes tree by a phylogenetic network
built in SplitsTree 4.18.3 (Huson and Bryant, 2006), using the uncor-
rected P method.

In addition, we attempted to reconstruct species trees with the
multispecies coalescent of SNAPP (Leaché et al., 2014b) implemented in
BEAST 2. Specifically designed for phylogenetic analyses of unlinked
SNP data, SNAPP is nevertheless limited by the need for each locus to be
genotyped in each pre-defined group, which drastically reduces the
number of informative loci between diverged species, even with relaxed
bioinformatic filters. To maximize the number of informative loci and
minimize computational times, we selected 25 individuals from sample
set 3 above, to retain a maximum of three individuals per lineage
(Table S2). We then exported three SNP datasets that differed in filtering
stringency, keeping RAD loci sequenced in either all (n-p = 0), 20 (np =
5) or 15 individuals (n-p = 10), and calling a single SNP per RAD-tag
(filter -write-random-snp). SNAPP analyses were performed on each
dataset with model parameters and priors optimized following the rec-
ommendations of Leaché and Bouckaert (2018). The chain was sampled
every 1,000 iterations and ran at least 1 million iterations, by which
long-term stationarity was reached. Results were visualized by cloudo-
grams in DensiTree 2.0, with a burnin of 50 %.

Finally, to allow comparison with our nuclear inferences, we rean-
alyzed the mitochondrial alignment of Maia-Carvalho et al. (2014),
which spans 10 gene fragments for a total of 9,045 bp, by a time-
calibrated phylogenetic inference in BEAST. Invariant sites were
included, and the same parameters of model of sequence evolution,
clock model, tree prior, and the time calibrations were applied as above.

3. Results
3.1. Genetic structure in the A. obstetricans complex

Based on 3,487 unlinked SNPs, genetic clustering of 38 individuals
from the A. obstetricans complex roughly matched the mitochondrial
lineages delimited and barcoded in previous studies (Fig. 1). In the
STRUCTURE analysis, L(P|K) steadily increases up to K = 6, above
which the runs do not converge but drastically fluctuate between low
likelihood solutions (Fig. S1); inspections of K = 7-10 runs reveal no
additional patterns of structure. Consequently, the AK showed a strong
spike for K = 6 (AK = 57,242; Fig. S1). The six clusters correspond to the
lineages identified as A. a. almogavarii (yellow in Fig. 1), A. a. inigoi
(beige), A. o. obstetricans (red), A. o. pertinax (orange), A. o. boscai (blue),
and A. o. cf. boscai (green). Although individuals were sampled in pre-
sumably “pure” populations, according to previous phylogeographic
studies (Dufresnes and Hernandez, 2021), the analysis identified long-
range admixture among the two most closely related pairs of taxa: be-
tween A. o. obstetricans and A. o. pertinax in the Cantabric coast and
adjacent Pyrenees; between A. a. almogavarii and A. a. inigoi in the
Central Spanish Pyrenees (including the holotype of A. a. inigoi,
Table S1). The co-ancestry matrix and associated dendrogram obtained
with fineRADstructure independently confirmed the population clus-
tering results (Fig. S2). All six lineages of the A. obstetricans complex are
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distinguished, and individuals flagged as admixed were further differ-
entiated yet grouped close to the lineages they shared most ancestry
with (Fig. S2). Moreover, the PCA delimited four clusters by the first two
axes (Fig. 1C): A. o. boscdi, A. o. cf. boscai, A. o. obstetricans/pertinax, and
A. a. almogavarii/inigoi, the latter pairs being arranged in mixes of pure
and admixed individuals. Pairwise Fg confirmed the strong genetic
distances between all six lineages (0.52-0.82; Table S3, Fig. S3).

It is worth noticing that low K values did not perfectly group the
“pure” A. o. pertinax samples with the cluster assigned to A. obstetricans,
but these shared ancestry with other clusters, especially A. almogavarii
(K =2)orA. o. boscai/cf. boscai (K = 3) (Fig. 1B). To understand whether
this pattern reflects ancestral polymorphism or historical admixture, we
designed ABC simulations modelling the origin of A. o. pertinax
(Fig. 2A). A hybrid origin was retrieved as the most likely demographic
scenario (Fig. 2B). Posterior probabilities of scenario choice (Pg; and
Pyog) were both null for the hypothesis of simple genetic divergence from
A. o. obstetricans (scenario I). Instead, most of the best simulations were
obtained under scenarios IV and V, where A. o. pertinax resulted from an
admixture event between A. o. obstetricans and either A. a. almogavarii
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(Pgir = 0.43 and Py, = 0.87) or its sister lineage A. a. inigoi (Pg;r = 0.45
and Py, = 0.12), respectively. Simulations under alternative hybrid or-
igins contributed little in comparison (scenario II: Pg;r = 0.07 and Pjy =
0.01; scenario III: Pg;r = 0.06 and Pjog = 0.00).

3.2. Phylogenetic analyses

The 33 datasets built for the phylogenetic analyses, which differed by
sampling schemes (all samples, n = 52; without admixed samples, n =
45; without admixed samples and samples with high rate of missing
data, n = 38) and by filtering stringency (number p of samples where a
locus must be present), consisted of alignments ranging from 1,473 bp
(50 SNPs) to 696,719 bp (35,214 SNPs). As expected, the number of loci
(and thus the length of alignments) was higher for the smaller sample
sets, and when loci dropout is tolerated for a higher number of samples
(n-p) (Fig. 3, Fig. S4).

The three sets of phylogenetic analyses (BI, ML, NJ) on these 33
datasets provided mostly consistent results (Fig. 3). All trees featured the
three main Alytes clades/subgenera: (1) A. cisternasii (subgenus
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Fig. 2. Approximate Bayesian Computation (ABC) hypotheses of the origin of A. o. pertinax based on 3,669 unlinked SNPs. (A) Graphical displays of scenarios where
A. o. pertinax diverged from A. o. obstetricans (I) or originates from admixture between A. o. obstetricans and one of the other lineages (II-V); (B) Proportions (posterior
probabilities) of each scenario in the best simulations, as calculated with the direct (Pg;) and logistic (Py,,) methods.
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Fig. 3. Topologies obtained in respect to alignment length (bp) and the number of individuals allowed for locus dropout (n-p) for three defined sample sets and three
methods of analyses. Sample set 1 corresponds to all 52 individuals of the study (including admixed individuals and individuals with a high proportion of missing
data); sample set 2 is restricted to the 45 individuals identified as “pure”; sample set 3 is restricted to the 38 individuals identified as “pure” and with low proportions
of missing data (see Methods for details). Analyses include Bayesian inference (BI) on concatenated supermatrices, and Maximum-Likelihood (ML) as well as
Neighbor-Joining (NJ) on SNP alignments. The four competing topologies, as illustrated by the trees (white: no single major topology recovered), are distinguished
by colors. Asterisks denote robust topologies (all posterior probabilities/bootstraps of major nodes above 0.95/95).

Ammoryctis); (2) A. maurus/dickhilleni/muletensis (subgenus Baleaph-
ryne); (3) the A. obstetricans complex (subgenus Alytes). In the latter,
three subclades were always retrieved: A. a. almogavarii/inigoi; A. o.
boscai/cf. boscai; A. o. obstetricans/pertinax.

Yet, two main discrepancies, both involving closely related nodes,
arose among the analyses: the relative position of A. maurus and
A. dickhilleni within subgenus Baleaphryne, and the relative position of
A. a. almogavarii/inigoi and A. o. boscai/cf. boscai within subgenus Alytes.
This resulted in four competing topologies (Fig. 3), in which either
A. maurus and A. o. boscai/cf. boscai (blue-coded topology), A. dickhilleni

and A. o. boscai/cf. boscai (red-coded topology), A. dickhilleni and A. a.
almogavarii/inigoi (yellow-coded topology), or A. maurus and A. a.
almogavarii/inigoi (green coded topology), are the first to diverge in their
respective clades.

The predominant topology and its support varied mostly in respect to
the number of loci of the datasets, the inclusion of admixed individuals,
and the method of analysis (Fig. 3). Only one topology per dataset was
retrieved in most cases, with robust support in the BI analysis. The
shorter alignments (<150 kb, obtained with n-p < 4-8) alternatively
retrieved the red, yellow, or blue topologies, while the longer
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alignments (>150 kb, obtained with n-p > 5-9) eventually recovered
only the green topology. We observed the same pattern in the ML and NJ
analyses, although, with these methods the ambiguous nodes were
robustly supported only in the larger datasets (>50-100 kb SNPs, ob-
tained with n-p > 5-9). In general, the most variable results were ob-
tained from the first sample set, which included several admixed
samples. In contrast, the second and third sample sets, which differed by
the inclusion of samples featuring high rates of missing data, provided
mostly similar patterns.

Based on a subset of 25 samples (1-3 per lineage), SNAPP, which
only considers loci sequenced across all lineages, could only exploit a
limited number of informative loci, namely 220, 587 and 630 SNPs
depending on filtering stringency. None of these inferences converged
towards a single robustly supported tree, although the green topology
(notably the basal position of A. almogavarii/inigoi in the A. obstetricans
complex) was predominantly represented in the analysis of the largest
dataset (Fig. S5).

From these observations, we consider the green topology as the most
likely Alytes tree. A maximum-clade credibility consensus tree summa-
rizing the time-constrained BI analysis is reported in Fig. 4, with ter-
minal branches detailed in Fig. S6. Inferences obtained from the
corresponding ML and NJ analyses are reported in Fig. S7 and Fig. S8,
respectively. A phylogenetic network is also available in Fig. S9.

Our time tree indicates a Mid-Miocene origin for the early divergence
of A. cisternasii (9.9 Mya), followed by the split between subgenera Alytes
and Baleaphryne (7.7 Mya). Subgenus Baleaphryne diversified at the Mio-
Pliocene transition, with the nearly simultaneous evolution of A. maurus
(5.33 My, our calibration), A. muletensis and A. dickhilleni (4.9 My). In
subgenus Alytes, A. almogavarii and A. obstetricans diverged in the Plio-
cene (3.9 Mya), and the latter was then subdivided into A. o. obstetri-
cans/pertinax and A. o. boscai/cf. boscai (3.2 Mya). All three diversified
at the beginning of the Pleistocene, with the split between A. a. almo-
gavarii and A. a. inigoi (2.2 Mya), between A. o. boscai and A. o. cf. boscai
(2.5 Mya) and between A. o. obstetricans and A. o. pertinax (2.0 Mya),
noting that the latter age is not meaningful since A. o. pertinax most
likely appeared by hybridization with A. almogavarii (Fig. 2).

The nuclear tree features three main discordances with the mito-
chondrial tree (Fig. 4). Both A. a. almogavarii and A. o. boscai carry
mtDNA related to A. o. obstetricans/pertinax, even though these taxa

Alytes

* *

nuclear

Baleaphryne

E3
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show deeper nuclear divergences, being more closely related to A. a.
inigoi and A. o. cf. boscai, respectively. According to the mtDNA tree
topology and divergence estimates, the discordances suggest that A. a.
almogavarii and A. o. boscai putatively lost their mtDNA through hy-
bridization with the ancestor of A. o. obstetricans/pertinax during the
Pleistocene, namely around 1.8 Mya for the former and 0.7 Mya for the
latter (Fig. 4). The very young mitochondrial split between A. o.
obstetricans and A. o. pertinax, consistent with the hybrid origin of the
latter, was even more recent (0.5 Mya). In subgenus Baleaphryne, the
mtDNA and nuclear trees suggest that the first species to diverge were
A. muletensis and A. maurus, respectively, although this part of the
mtDNA phylogeny is unresolved (Fig. 4). Node ages in the nuclear and
mitochondrial trees are provided with their 95 % HPD in Table S4.

4. Discussion
4.1. Diversification and taxonomy in the A. obstetricans complex

Our study sheds light on several instances of phylogeographic
discordance affecting the A. obstetricans complex (subgenus Alytes).
First, we show that the Central Pyrenean A. a. inigoi represents a genuine
taxon (i.e., not a ghost mitochondrial lineage) closely related to the
Eastern Pyrenean A. a. almogavarii (Figs. 1, 4). This relationship was
previously suspected by hierarchical microsatellite clustering analyses
(Maia-Carvalho et al., 2018), guiding the description of inigoi as a sub-
species of A. almogavarii (Dufresnes and Hernandez, 2021). Second, in
Western Iberia, the northwestern and southwestern populations, both
attributed to the subspecies A. o. boscai, were retrieved as sister lineages.
In the mitochondrial tree, however, A. almogavarii and A. o. boscai are
both paraphyletic (Martinez-Solano et al., 2004; Goncalves et al., 2015;
Fig. 4). It now appears clear that these taxa experienced hybridization
and mitochondrial capture from A. obstetricans ancestors, which reset
their mitochondrial divergence at two different moments of the Pleis-
tocene (Fig. 4). Third, ABC analyses suggested that A. o. pertinax rep-
resents a homoploid hybrid subspecies formed by introgressive
hybridization between A. o. obstetricans and A. almogavarii (Fig. 2), an
event that presumably occurred during the last stages of the Pleistocene
according to the weak mitochondrial divergence (Fig. 4). This striking
result feeds back early genetic studies on Alytes: based on allozyme
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Fig. 4. Time-calibrated Bayesian phylogenies of the genus Alytes, based on nuclear (278,265 bp) and mitochondrial (9,045 bp) sequence alignments. The nuclear
dataset consists of 45 non-admixed samples (sample set 2), considering the loci present in at least 35 of them (n-p = 10). Geographic origins of these samples are
shown on the map (circles: subgenus Alytes; squares: subgenus Baleaphryne; triangles: subgenus Ammoryctis). The mitochondrial sequences were taken from Maia-
Carvalho et al. (2014). Asterisks denote high posterior probabilities (>0.95). Taxa highlighted in bold feature phylogenetic position that differ between the nuclear
and the mitochondrial trees. Grey bars show the 95 % HPD of the divergence time estimates.
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polymorphism, Garcia-Paris (1995) hypothesized the presence of
A. almogavarii alleles as far as Central Spain (Sierra de Guadarrama),
now known to be inhabited by A. o. pertinax. Major cyto-nuclear dis-
cordances thus appear common in refugial areas, especially in the Ibe-
rian (e.g., Renoult et al., 2009; Poschel et al., 2018; Dufresnes et al.,
2020a) and other European peninsulas (e.g., the Balkans, Wielstra and
Arntzen, 2020; Dufresnes et al., 2021c), which acted both as hotspots
and melting pots of genetic diversity during Quaternary climatic oscil-
lations. Moreover, the A. obstetricans complex supports a prominent role
of hybridization and reticulate evolution in shaping phylogeographic
diversifications, as seen from the hybrid origin of an increasing number
of populations/taxa revealed by multilocus studies, e.g., in toads
(Dufresnes et al., 2019b; Firneno et al., 2020), snakes (Zinenko et al.,
2016) and birds (Brelsford et al., 2011).

Adding to the confusion, previous nuclear analyses provided a bulk
of different, weakly supported topologies in Alytes. For instance, ~4kb of
intron sequences branched A. a. inigoi with the lineages assigned to
A. obstetricans (Maia-Carvalho et al., 2014). Microsatellite analyses of
northeastern Iberian populations grouped A. a. almogavarii and A. a.
inigoi together but nested them within the high diversity of A. o.
obstetricans/pertinax in this part of the range, and in a different order
depending on analyses (Lucati et al., 2022). All these observations
emphasize the potential unreliability of conventional markers for
phylogenetic inferences, including introns when they are used in low
numbers (e.g., Cruaud et al., 2014), and especially microsatellites,
which are known to retain high ancestral polymorphism that confounds
lineage-diagnostic alleles (van Oppen et al., 2000).

Several pending issues regarding the taxonomy of the A. obstetricans
taxonomy can now be clarified. In their comparison of anuran
amphibian hybrid zones, Dufresnes et al. (2021b) showed that specia-
tion progresses gradually with genetic divergence, with half of the lin-
eages studied showing signs of reproductive isolation by ~ 3 My. The
nuclear divergence we estimated between A. almogavarii and
A. obstetricans (~3.9 My) is thus fully consistent with their narrow area
of admixture in Catalonia (Dufresnes and Martinez-Solano, 2020) and
supports the decision to split them as two distinct species (Speybroeck
et al., 2020). Following this rationale, A. a. inigoi should retain its sub-
species status, as per its more recent divergence (2.2 My) and extensive
gene flow with A. a. almogavarii (Fig. 1). In fact, we detected intro-
gression in populations that were supposedly pure according to micro-
satellite analyses (Maia-Carvalho et al., 2018; Lucati et al., 2022). Even
the holotype of A. a. inigoi featured A. a. almogavarii alleles (15 %),
which causes a nomenclatural problem (see also the case of Triturus
arntzeni, Wielstra and Arntzen, 2014). The International Code for
Zoological Nomenclature states that “A species-group name established
for an animal later found to be a hybrid [Art. 17] must not be used as the
valid name for either of the parental species, even if it is older than all
other available names for them.” (Article 23.8) — noting that taxa of
hybrid origin (e.g., hybrid or hybridogenetic species) make exceptions
(Article 17.2). The availability of A. a. inigoi thus lies in what the Code
implies by the vague term “hybrid”. Because in the taxonomic context,
“hybrid” generally refers to F1 offspring, we assume that partial traces of
introgression do not compromise the use of this name for the Central-
Pyrenean lineage. However, a neotype collected from truly pure pop-
ulations of A. a. inigoi (e.g., further west in its range) may be designated
to affirm the name to this taxon, should it be needed by future amend-
ments of the Code. Anyhow, this case exemplifies an urgent need for
clarification of the Code regarding the definition and status of hybrid
specimens, especially the maximum proportion of foreign ancestry
tolerated for name-bearing types to remain valid. Given the over-
whelming role of hybridization in evolution, and the increased resolu-
tion offered by genomics to detect it, we predict this issue to become
more frequent than currently appreciated.

With 3.2My of divergence from A. o. obstetricans/pertinax, the
Western Iberian A. o. boscai/cf. boscai clade falls in the middle of the
grey zone of speciation sensu Dufresnes et al. (2021b). Although none of
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our specimens showed traces of introgression, these originate far from
the area of parapatry. Using microsatellites, Maia-Carvalho et al. (2018)
did report numerous populations of intermediate ancestry in Central
Spain that could indicate admixture between A. o. pertinax and A. o. cf.
boscai. In time, investigations of their hybrid zones with genomic data
will inform on the taxonomic status of the Western Iberian clade, and
here we provisionally maintain these populations as conspecific of
A. obstetricans. In any case, the deep phylogenetic divergence of the
southwestern Iberian lineage (A. o. cf. boscai) calls for its taxonomic
description, and to assess the transition with A. o. boscai, which pre-
sumably extends along the Douro River in northern Portugal (Maia-
Carvalho et al., 2018).

Finally, our data highlighted admixture over several hundred kilo-
meters between A. o. obstetricans and A. o. pertinax, which is consistent
with their recent origin and subspecies rank. In Cantabria, two micro-
satellite studies identified an endemic genetic cluster, assigned to A. o.
obstetricans as per mtDNA barcoding (B1b in Maia-Carvalho et al., 2018;
PEU in Lucati et al., 2022). From our data, however, these populations
consist of A. o. pertinax recently admixed by A. o. obstetricans, and no
additional structure was detected (Fig. 1, Fig. S1). The naturally high
genetic variation of admixed populations, even more so if one parental
taxon has a reticulate origin, combined with the potentially unstable
demographic history of the Cantabrian populations during the Quater-
nary (generating then fixing private alleles), could have thus artefac-
tually mimicked genetic structure in the microsatellite data.

4.2. Evolutionary relationships and biogeography in Alytes

Phylogenetic relationships among the dry-adapted subgenus
Baleaphryne have been a matter of debate (Arntzen and Garcia-Paris,
1995; Altaba, 1997; Arntzen & Garcia-Paris, 1997), in part due to the
remarkable morphological and behavioral differences of the Mallorcan
A. muletensis compared to the continental species A. maurus (North Af-
rica) and A. dickhilleni (southwestern Spain), and the initial misplace-
ment of A. maurus in subgenus Alytes based on allozymes (Arntzen and
Szymura, 1984). Our phylogenomic analyses confirmed that all three
species diverged nearly simultaneously (hence the difficulty to retrieve a
single topology), which is very consistent with the refilling of the
Mediterranean Sea that isolated the Balearic Archipelago, Africa, and
Iberia at roughly the same time (Arntzen and Garcia-Paris, 1995, 1997).
Furthermore, we confirm that A. cisternasii was the first extant species to
arise, justifying its recognition as a separate subgenus, Ammoryctis
(Dubois, 1987), but not necessarily as a separate genus (as in Dubois
et al., 2021) given its relatively recent divergence (~10-16 My, Fig. 4)
and close resemblance with other midwife toads in terms of shape and
mating calls.

None of the Baleaphryne or Ammoryctis species show substantial
phylogeographic structure despite their currently fragmented ranges
(Fig. 4, see also De Pous et al., 2013 for A. maurus). The taxonomy of
these species should thus remain stable, and the present disconnections
must be relatively recent. Accordingly, projections of climatic niches
identified continuous suitable areas across expected ranges (Beukema
et al., 2013; Maia-Carvalho et al., 2018; Rodriguez-Rodriguez et al.,
2020; Donaire-Barroso et al., 2022). Rather than phylogeographic
breaks, the genetic structure retrieved by conservation genetic studies in
A. dickhilleni (Dias et al., 2015), A. cisternasii (Goncalves et al., 2009),
and A. muletensis (Kraaijeveld-Smit et al., 2005) more likely reflect
recent population subdivisions during the Holocene and the Anthro-
pocene, potentially associated to the declines of these threatened
species.

Proposed biogeographical scenarios for the diversification of Alytes
are mostly consistent with our phylogenomic results (Arntzen & Garcia-
Paris, 1995; Fromhage et al., 2004; Martinez-Solano et al., 2004). The
early split of A. cisternasii was tentatively attributed to the opening of the
Betic sea strait (Betic crisis), which isolated southern from northern
Iberia around 16-14 Mya, connecting the former to Africa (Arntzen and
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Garcia-Paris, 1995). This hypothesis initially relied on allozyme- and
mitochondrial-based phylogenies, where the split of A. cisternasii was
dated around 13 and 16 My, respectively (Maia-Carvalho et al., 2014),
in line with the rich fossil record of this epoch (Bastir et al., 2014). Our
time-calibrated nuclear tree points to a more recent origin for this spe-
cies, namely around ~ 10 Mya, which can be attributed to two alter-
native geoclimatic events (Ehl et al., 2019): the accretion of the Rift-
Betic Cordillera some 10 Mya (Lonergan and White, 1997), or the
fragmentation of the insular Betic region from 12 to 6 Mya (momentarily
connecting the region to Africa). The latter event could also explain the
split between ancestral Baleaphryne (presumably in Africa) and Alytes
(presumably in northern Iberia), which we dated to 7.7 Mya. Baleaph-
ryne would have later spread across Iberia and the Balearic Islands
during the Messinian Salinity Crisis (5.96-5.33 Mya) and evolved in
vicariance when the Gibraltar Strait reopened. Subgenus Alytes later
diversified throughout northern Iberia during the Plio-Pleistocene,
presumably as the climate cooled down and promoted a typical
refugia-within-refugia dynamic (Gomez and Lunt, 2007; Abellan and
Svenning, 2014).

4.3. Phylogeographic analyses with RAD-seq

The genus Alytes makes the case of how genomic phylogeography
can help settling on the evolution and taxonomy of species complexes,
especially when the patterns of structure and diversity could not be
comprehensively retrieved by limited sets of mtDNA and nuclear loci
due to limited phylogenetic resolution combined with pervasive his-
torical and present hybridization (see also e.g., Firneno et al., 2021).
Nevertheless, by comparing the outcomes of numerous phylogenetic
datasets generated from our RAD-seq library, we also highlighted that
the results remained sensitive to the sampling scheme, and most
importantly, the number of loci included in respect to the proportion of
missing data (Fig. 3). While RAD-seq analyses can answer diverse
questions in molecular ecology (Davey and Blaxter, 2010; Peterson
et al., 2012), their use in phylogeography still lacks a proper practical
framework (Shafer et al., 2017), and some of the lessons learnt here
might be helpful to design future surveys.

A notorious issue in phylogenetic analyses is the inclusion of unex-
pectedly introgressed samples. These may branch with intermediate
positions between their parental clades, thus giving false impressions of
divergence, and can further skew the topology of the tree by affecting
the reconstruction of ancestral state characters (e.g., Schilling et al.,
2018; Wang et al., 2019; Appelhans et al., 2020; Firneno et al., 2020).
The issue is exemplified by the analyses of our sample set 1 in Fig. 3,
which includes A. a. almogavarii/inigoi and A. o. obstetricans/pertinax
recently admixed individuals, and where the correct topology was
robustly retrieved only in larger alignments/SNP matrices compared to
the other sample sets. A key step in any phylogenetic study is to select
samples representative of the populations of interest that should be free
of recent admixture, i.e., located far away from transition zones. When
dealing with species complexes however, the targeted lineages are
usually young, their genomes have remained mostly compatible, and
depending on opportunities for secondary contacts, they may admix
over hundreds of kilometers (e.g., Dufresnes et al., 2019a; Rivera et al.,
2022). In this respect, we have shown how conventional barcoding in-
formation may be misleading to choose reference populations, both due
to cyto-nuclear discordance and the difficulty to quantify admixture
from few loci that were not designed for lineage-diagnosticity (e.g.,
microsatellites). We thus strongly encourage to first exploit genomic
datasets to verify the nature of samples by population genetic analyses,
before including them in phylogenomic inferences.

In our comparative phylogenetic analyses, the size of the dataset,
which expectedly increased exponentially with the amount of locus
dropout allowed by bioinformatic filters (e.g., Wagner et al., 2013), was
a major factor affecting the topology (Fig. 3). Nearly complete but
comparatively small supermatrices (<150 kb of concatenated RAD tags)
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retrieved alternative trees, which were often robust in the BI analyses
(see e.g., Leaché et al., 2015). Because these trees appear well con-
structed, there is a risk to retain an erroneous phylogeny if longer
alignments are not considered due to their larger amounts of missing
data. The influence of missing data on phylogenetic reconstruction has
been intensively discussed in the past (e.g., Wiens, 2006; Rubin et al.,
2012; Huang and Knowles, 2016; Crotti et al., 2019; Cerca et al., 2021),
but it seems marginal for genomic datasets, where the number of poly-
morphic sites is always high (Eaton et al., 2017; Huang and Knowles,
2016; Rancilhac et al., 2019). For instance, RAD-seq studies on plants
(Karbstein et al., 2020) and fishes (Tripp et al., 2017) have shown that
adequate phylogenetic resolution can be obtained even with extreme
amounts of missing data (respectively 70 and 90 %). Accordingly, our
results were similar with (sample set 2) and without (sample set 3) in-
dividuals that bear outlier proportions of missing data, noting that these
remain in relatively low proportion overall (<20 %), even with the most
lenient thresholds (Fig. S4). We thus recommend exploring several
filtering combinations when building phylogenies from RAD-seq se-
quences, both to maximize the number of included loci and ensure that
results hold across datasets.

The phylogenetic method chosen may also be a source of discor-
dances between RAD-seq trees (Rancilhac et al., 2019; Widhelm et al.,
2019). Here, all three supermatrix-based analyses converged on a single
topology with sufficiently large datasets (>150 kb) (Fig. 3). The in-
ferences were only inconclusive for the multispecies coalescent (Fig. S5),
potentially because of the comparatively much lower number of loci
informative in SNAPP — where any loci not sequenced in all pre-defined
groups are automatically discarded. Obtaining enough RAD-seq loci
conserved across a whole diversification can be challenging due to locus
dropout, which increases with lineage divergence as mutations affect
enzyme restriction sites. While the present genomic data was seemingly
too limiting for SNAPP (<630 SNPs shared across Alytes lineages), the
approach performed appropriately in other anurans where at least three
times more markers could be obtained with the same RAD-seq protocol
(e.g., 3,157 SNPs in Rana, Dufresnes et al., 2020a, 2,448 and 9,097 SNPs
in Discoglossus and Pelodytes, respectively, Dufresnes et al., 2020c, 2,302
SNPs in Hyla/Dryophytes, Dufresnes et al., 2021d). Depending on the
prerequisites of analyses, obtaining enough loci to reach robust phylo-
genomic inferences may thus still remain challenging even with genomic
data.

RAD-seq was originally developed for intraspecific population ge-
netics (Baird et al., 2008), and the implementation of this approach in
multispecies phylogenies is not universally popular (Leaché et al., 2015;
McKain et al., 2018; Hiihn et al., 2022). Of particular concern is the
reliability to retrieve homologous loci across diverged species, and in
sufficient numbers for meaningful results (Paris et al., 2017). As such,
some recent phylogeographic studies use alternative methods of genome
reduction, such as target enrichment (Mamanova et al., 2010). Despite
these concerns, methodological surveys suggest that key bioinformatic
parameters involved in the building of RAD tag assemblies have limited
effects on downstream phylogenetic analyses (Clugston et al., 2019;
Scornavacca et al., 2020). As we show, the effect of SNP calling pa-
rameters also becomes negligible as long as large datasets are retrieved
(see also Rancilhac et al., 2019). RAD-seq thus remains a flexible tech-
nique for phylogeographic analyses, with limited costs and optimization
efforts.

While benefiting from an unprecedented resolution, species trees
built from genomic datasets may be particularly sensitive to historical
gene flow (Leaché et al., 2014a; Jiao et al., 2020). On the one hand, the
detection of fine levels of introgression and cyto-nuclear discordance
contributes empirical evidence that many young taxa have regularly
experienced hybridization during their progressive differentiation
(Cairns et al., 2021; Yang et al., 2021). These findings have been
changing our perception of gene flow in speciation — from an antago-
nistic force to an inevitable phenomenon promoting diversification
through reinforcement, adaptive introgression (Feder et al., 2012) and
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even the rise of new taxa (e.g., A. o. pertinax here). On the other hand,
the fact that many extant species carry foreign alleles may skew tree
topologies, perhaps in a similar way as contemporary hybrids (Fig. 3).
Yet, historical admixture is not as trivial to detect (e.g., Caeiro-Dias
et al., 2021) and there is no straightforward approach to account for
gene flow in phylogenomics. Available methods typically compare gene
trees to the species tree, but gene trees cannot be inferred from short
DNA sequences such as de novo assembled RAD tags. Besides, the
mitochondrial tree is typically used as the species tree, which can be
deceitful when cyto-nuclear discordance occurs. Inferences more
appropriate for genomic SNPs, such as site frequency spectrum or
Approximate Bayesian Computation (ABC) are restricted to test specific
hypotheses involving a few lineages (as we did here for the origin of A. o.
pertinax; see also Firneno et al., 2020). Phylogenetic relationships
among species-rich diversifications might thus remain difficult to settle
upon even in the genomic era (Caeiro-Dias et al., 2021), and midwife
toads will be worth reinvestigating with complementary approaches,
such as transcriptomes or long-read genome assemblies.
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