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ABSTRACT

Local adaptation to environmental heterogeneity across a landscape can result in population divergence and formation of lineages. On
Guadeloupe Island, the active volcano, La Grande Soufriére, peaks at 1460 m a.s.l,, with rainforest at low elevations transitioning to humid savan-
nahs at high elevations. Two endemic sister species of Eleutherodactylus frogs are co-distributed across this habitat gradient, and previous studies
have reported phenotypic differences between lowland and high-elevation populations in each species, in addition to potential ongoing hybrid-
ization between the species at high-elevation sites. Here we generate mitochondrial DNA and nuclear DNA genomic data along the elevational
transect to quantify population genetic structure, provide historical context for the diversification of these island endemics, and identify poten-
tial bottlenecks attributable to the eruptive history of the volcano. We find that both taxa exhibit population clusters that correspond to low- and
high-elevation localities; however, genetic divergence is not associated with climate variables or geographical distance. The timing of divergence
between the species is estimated at ~3.75 Mya; demographic models indicate low levels of migration between the species after divergence, and
we find that ongoing hybridization is likely to be limited. Finally, we find moderate heterozygosity across populations, suggesting that they were
minimally impacted by recent volcanic activity. A version of this abstract translated to French can be found in the Supplementary Data. Une ver-
sion de ce résumé traduite en frangais est disponible dans les Données Supplémentaires.

Keywords: double digest restriction-site associated DNA sequencing (ddRADseq); Eleutherodactylus barlagnei; Eleutherodactylus pinchoni;
elevational gradient; hybrid; population genetics; volcanism

INTRODUCTION volcanic islands is the role that natural disasters can have on re-
setting parts of ecosystems or entire ecosystems (Dammerman
1929, Feuillet et al. 2002, Markse 2007, Samper et al. 2007),
how these might impact genetic diversity and divergence
(Carson et al. 1990, Goodman et al. 2012), and, in turn, the
ecological and evolutionary trajectories of island communities
(Beheregaray et al. 2003). Here we investigate population struc-
ture and potential incipient speciation in two co-distributed
species of landfrogs (Eleutherodactylus) across their elevational

Environmental heterogeneity can generate population diver-
gence and clinal variation within a species that might eventually
lead to the formation of unique evolutionary lineages (Coyne
and Orr 1998). Local adaptation to different environmental
conditions along such a cline might include a range of pheno-
types including ecological selection for background matching
and crypsis (Rosenblum 2006), variation in traits associated
with intra- or intersexual selection (Stuart-Fox and Ord 2004,

Stuart-Fox and Moussalli 2008), or both (Mufioz et al. 2013). A [ange on the volcanically active island of Guadeloupe in the
fascinatingly complex aspect of environmental heterogeneity on Lesser Antilles.
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The oceanic island of Guadeloupe in the Lesser Antilles
archipelago of the eastern Caribbean is composed of two main
landmasses, Grande-Terre and Basse-Terre, that have dis-
tinct geological origins and are separated by a narrow channel,
Riviére Salée, that is ~30-125 m wide and S m deep (Fig. 1).

Grande-Terre is a largely flat, limestone plateau that reaches only
~130 m elevation (Cambers 2010). By contrast, the island of
Basse-Terre was formed by five major eruptive complexes over
the last 3.5 Myr (Feuillet et al. 2002). The highest point is the ac-
tive volcano, La Grande Soufriére, which peaks at ~1460 m and
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Figure 1. Two species of Eleutherodactylus frogs are endemic to the island of Guadeloupe, both restricted to the western half of the island
(Basse-Terre): Eleutherodactylus barlagnei (blue) and Eleutherodactylus pinchoni (pink). On the southern side of Basse-Terre lies the active
volcano, La Grande Soufriére. Sampling localities are indicated with colours corresponding to genetic clusters within species (see Figs 4, 5).
Distribution maps were obtained from the International Union for Conservation of Nature Red List, map layers from Esri, NASA, NGA,

USGS, HERE, Garmin, Foursquare, FAO, METI/NAS, and TomTom.
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is the highest point of the Lesser Antilles archipelago. The steep
topography of Basse-Terre hosts a patchwork of environmental
conditions and habitat types over a small geographical area, ran-
ging from lush rainforest at lower elevations to a humid mossy
savannah at higher elevations (Imbert et al. 1996). La Grande
Soufriére last erupted in 1977, resulting in large-scale habitat dis-
turbance and subsequent geological activity including fumaroles
and thermal springs that continue to create a harsh environment
at the peak (Zlotnicki et al. 1992, Massaro et al. 2021).

Basse-Terre hosts two endemic species of Caribbean landfrogs:
the Guadeloupe stream frog (Eleutherodactylus barlagnei Lynch,
1965) and the Guadeloupe forest frog (Eleutherodactylus pinchoni
Schwartz, 1967). These species are sister taxa (Hedges et al.
2008) and are sympatric across Basse-Terre, with distributions
that span lowland humid forests to the high-elevation savannahs
at the peak of La Grande Soufriere (Fig. 1). Eleutherodactylus
barlagnei has slightly webbed feet and is strongly associated with
torrents and streams, where individuals can be found perched
on rocks surrounded by water (Breuil 2002). Even in the high-
elevation savannah, E. barlagnei individuals shelter under stones
near flowing water. Previous authors have noted that the male
advertisement calls differ between low- and high-elevation
populations of this species, suggesting that there might be add-
itional undescribed species on this island (Hardy 1984, Kaiser
1993). Likewise, differences in coloration, size, and behaviour
between lower- and higher-elevation populations of E. pinchoni
have been noted previously (Hardy 1984). In particular, individ-
uals at high elevation are slightly larger, more darkly pigmented,
and live on mossy ground surfaces, whereas individuals at lower
elevations are slightly smaller, have more vibrant coloration, and
live in humid leaf litter on the forest floor. In addition, male ad-
vertisement calls differ between low- and high-elevation popula-
tions of E. pinchoni (Hardy 1984). The transition between these
phenotypes coincides with the elevational transition between
humid forest and more open, high-elevation savannah, at which
individuals with intermediate phenotypes have been observed
(Breuil 2002). Furthermore, some high-elevation individuals
exhibit phenotypic characteristics of both E. barlagnei and E.
pinchoni, suggesting that there might be ongoing hybridization
between these species (Breuil 2002). Guadeloupe also hosts two
additional species of Eleutherodactylus: the Lesser Antillean frog
(Eleutherodactylus johnstonei Barbour, 1914), which observa-
tions (Hedges 1989) and genetic data (Yuan et al. 2022) indicate
to be an introduced species on the island, and the Martinique
frog [Eleutherodactylus martinicensis (Tschudi, 1838)], whose
native vs. introduced status across its extensive distribution in
the Lesser Antilles has not yet been clarified thoroughly with
genetic data (Kaiser 1992).

Here we used genetic data to investigate the evolutionary his-
tory of endemic landfrogs on Guadeloupe and to characterize
contemporary patterns of genetic diversity across an elevational
transect. Specifically, we test the hypothesis that in both E.
barlagnei and E. pinchoni, populations at high and low elevations
along La Grande Soufriere are genetically distinct. In addition,
we compare patterns of genetic diversity between higher- and
lower-elevation populations to test for potential population
bottlenecks in response to volcanic activity and the poten-
tial for hybridization between the species at high elevations,
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as suggested by Breuil (2002). We discuss the results of these
genetic analyses with respect to transitions in environment and
phenotype (advertisement call and coloration) along this eleva-
tional transect that have been noted by previous authors.

MATERIALS AND METHODS

Data generation and bioinformatics

We obtained 114 tissue samples (20 E. barlagnei and 94 E.
pinchoni) collected from the southwest side of Guadeloupe in
1984 (Fig. 1) and three E. martinicensis to include as an outgroup.
One of these individuals (SBH 102142) was identified as a po-
tential E. barlagnei X E. pinchoni hybrid in the field. We extracted
DNA using protein precipitation (Qiagen, Valencia, CA, USA),
eluted DNA in 100 pL of distilled H,0, and quantified extrac-
tions with QuBIT v.2.0 (Thermo Fisher Scientific, Waltham,
MA, USA). All samples were cleaned using sparQ magnetic
beads (Quantabio) to remove any inhibitors that might af-
fect enzymatic activity. We sequenced the cytochrome b mito-
chondrial gene using newly designed primers that sit inside the
target region sequenced in previous studies of Eleutherodactylus
(Velo-Antén et al. 2007) for a target sequence length of 782 bp:
EleuthGuade 93F: TI'GAYCTCCCMACACCMKCW; and
EleuthGuade 729R: CCGAYAGCGTCTITTRTATGWR.
Genomic DNA was amplified using 0.2 uL of Invitrogen
DreamTaq following the manufacturer’s guidelines in 25 pL re-
actions, adding 0.5 uL of each primer, 1 uL of MgCl,, 3.5 uL of
Dream Buffer, and 0.5 yL of bovine serum albumin. PCRs were
run for S0 cycles with an annealing temperature of 48°C (94°C
for 45's, 49°C for 30s, and 72°C for SS's) and final extension
for 2 min at 72°C. Amplified PCR products were cleaned using
ExoSAP-IT (United States Biochemical), and cleaned amplicons
were sequenced using the BigDye Terminator Cycle Sequencing
(Applied Biosystems) by ElimBio (Hayward, CA, USA). DNA
sequences were edited in GENEIOUS PRIME v.2022.2.2.

We generated a double-digest restriction site-associated DNA
(ddRAD; Peterson et al. 2012) dataset for a subset of the spe-
cimens from each locality. These ddRAD libraries were pre-
pared following a modified protocol by Peterson et al. (2012)
as published by Grant et al. (2022). Approximately 3000 ng of
genomic DNA was digested using the restriction enzymes Sphl
and EcoRI (NEB, Ipswich, MA, USA) for 3 h at 37°C. Samples
were ligated to a universal P2 adapter, and 24 uniquely barcoded
P1 adapters were used. Following the ligation step, samples were
combined in pools of eight, and a bead clean-up step was per-
formed. Libraries were size selected for 400-600 bp using the
Blue Pippin (Sage Science, Beverly, MA, USA) 2% gel cassettes
and the internal V1 marker. The size selected pools were amp-
lified for 8-10 cycles using TruSeq 8 bp Unique Dual Index
(UDI) barcodes on both primers to catch and remove potential
index hopping (Costello et al. 2018). Samples were sequenced
on a partial Illumina NovaSeq S4 run with 150 bp paired-end
reads at the UC Davis DNA technologies core facility, with a
sequencing depth ranging from 0.048 to 15.5 (mean = 5.8) mil-
lion reads per sample.

We processed the raw Illumina reads with 1IPYRAD v.0.9.92
(Eaton and Overcast 2020) using the de novo paired ddRAD
pipeline. Reduced representation sequencing has revolutionized
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the field of systematic biology and population genetics (Carstens
et al. 2012). However, careful considerations of data analysis are
needed to confirm that homologous loci are being assembled
(Harvey et al. 2015), particularly within taxa with large repeti-
tive genomes, such as amphibians. Of particular interest is the
clustering threshold set for RADseqg-like data assembly, which
will determine how divergent two sequence reads can be to
merge them into the same homologous locus rather than split-
ting true homologous reads into paralogous loci. The choice of
clustering thresholds can result in very different datasets and will
ultimately influence biological inferences for empirical systems
(Harvey et al. 2015, Rodriquez-Ezpeleta et al. 2016, Shafer et al.
2017). Most parameters in IPYRAD were left as default; however,
we tested 11 different clustering thresholds ranging from .88 to
.98 for the intraspecific datasets and from .88 to .98 at even inter-
vals for six different thresholds for the interspecific dataset. These
clustering thresholds span a range from potentially over-splitting
natural allelic variation to lumping paralogous loci (McCartney-
Melstad et al. 2019).

After applying IPYRAD filters for potentially paralogous loci,
it is possible to examine the relationship between the clustering
threshold and the percentage of clusters retained, where the ex-
pectation is that there will be a positive relationship between
increased clustering threshold values and the percentage of re-
tained clusters. Here, the optimal threshold for retaining true
homologues should be in the shallow declining slope of the rela-
tionship between these two variables (McCartney-Melstad et al.
2019). Finally, estimated levels of heterozygosity can also help
to determine optimal clustering thresholds. For example, thresh-
olds set too low will result in clustering of paralogous loci, which
will then be discarded in further filtering; this will ultimately
lead to increased levels of estimated heterozygosity with higher
clustering thresholds. The recommendation is that the optimal
clustering threshold will result in the maximum level of esti-
mated heterozygosity (McCartney-Melstad et al. 2019). The es-
timated sequencing error rate can also be used to help determine
the best clustering thresholds (as has been suggested by the de-
velopers of IPYRAD; https://ipyrad.readthedocs.io/en/0.9.93/
assembly _guidelines.html).

Thus, to determine the best clustering threshold for the data,
we used three metrics: the percentage of non-paralogues after
filtering (McCartney-Melstad et al. 2019); the level of heterozy-
gosity per sample (Ilut et al. 2014) from step S in IPYRAD; and the
estimated sequencing error rate reported after running IPYRAD
step 7. All these metrics are accessible from IPYRAD outputs at
steps S and 7 and do not require further processing of genetic
data, making the evaluation of numerous thresholds straightfor-
ward across a broad range of taxa. To estimate the percentage of
non-paralogues, we first calculated the total number of clusters
after filtering by depth (hidepth_clusters = clusters_total — fil-
tered_by depth), then the percentage of non-paralogous
clusters  {%non-paralogues = [hidepth_clusters — (filtered
by maxH + filtered by maxAlleles)]/hidepth clusters}  in
base R (R Core Team 2008). Finally, we used the estimated
error rate (error_est in the final statistics file) to evaluate the
cluster threshold; the known Illumina NovaSeq error rate is
~.001 (Stoler and Nekrutenko 2021); we therefore selected
the clustering threshold with the closest error to this value as

estimated in 1PYRAD (Eaton and Overcast 2020; https://ipyrad.
readthedocs.io/en/0.9.93/assembly _guidelines.html).

After determining the best clustering thresholds for these
datasets based on a combination of all three criteria (96%;
Supporting Information, Fig. S1), we filtered the single nucleo-
tide polymorphism (SNP) matrices further, to allow no more
than 50% missing data at eachlocus using VCFTOOLS (Danecek
et al. 2011). Samples were dropped if they were sequenced for
<50% of the retained loci, and we retained one SNP perlocus for
all population genetic analyses, resulting in 17 748 SNPs across
44 individuals for the combined dataset, 18 217 SNPs for eight
samples in the E. barlagnei-only dataset, and 21 627 SNPs across
36 samples for the E. pinchoni-only dataset.

Mitochondrial DNA phylogenetic and dating analysis

We used IQ-TREE v.2.1.3 (Minh et al. 2020) to estimate a mito-
chondrial DNA (mtDNA) gene tree of all sequenced individ-
uals, with 1000 ultrafast bootstraps to assess support (Hoang et
al. 2018). We used MODELFINDER, implemented in IQ-TREE
(Kalyaanamoorthy et al. 2017), to select the best-fitting model
of nucleotide evolution for the mtDNA sequence data. For
outgroups, we used the three E. martinicensis sequenced in
the present study and three E. johnstonei (GenBank accessions
0OM928288-0M928290).

To estimate a time-calibrated mtDNA gene tree, we used
BEAST v.2.6.7 (Bouckaert et al. 2019), following the calibration
used in previous analyses of Lesser Antillean Eleutherodactylus
(Heinicke et al. 2007, Yuan et al. 2022). Two mtDNA sequences
of both Eleutherodactylus species (E. barlagnei and E. pinchoni;
one from a high-elevation and one from a low-elevation col-
lecting site), in addition to the outgroups E. martinicensis
(this study), E. johnstonei (GenBank accession OM928290),
and Eleutherodactylus cooki Grant 1932 (GenBank accession
HQ831648), were aligned using MUSCLE (Edgar 2004). We
then used JMODELTEST2 (Darriba et al. 2012) to determine the
best-fitting model of sequence evolution using the Akaike in-
formation criterion; this model was then implemented in the
BEAST analysis. With BEAST, we used a birth—death prior, a
random local clock, and a log-normally distributed calibration
for the divergence between E. martinicensis and E. cooki (16.9
Mya; 11.6-24.4 Mya) that was previously estimated from fossil
and geological calibrations (Heinicke et al. 2007). The Markov
chain Monte Carlo chain was run for 2.5 x 107 iterations,
sampling every 2500 iterations. To evaluate convergence, we
examined TRACER plots and estimated effective sample sizes
of parameters in TRACER v.1.7 (Rambaut et al. 2018). Using
TREEANNOTATOR (Bouckaert et al. 2019), 10% of the posterior
sample was removed, and a consensus gene tree was estimated.

Population clustering and genetic diversity
To conduct a discriminate analysis of principal components, we
used the adegenet package in R (DAPC; Jombart 2008). This was
performed first with both taxa grouped together, then separately
for each species to assess whether there is evidence of interspe-
cific gene flow (e.g. hybridization) and to quantify intraspecific
genetic structure. Akaike information criterion scores were used
to determine the number of ancestral populations (K) in all three
analyses. Additionally, we used principal component analysis
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(PCA) implemented in adegenet to visualize genetic variation
and population clustering between and within these two species.
To ensure that missing data were not biasing clustering results,
we removed all missing data from the interspecific dataset using
VCFTOOLS (Danecek et al. 2011) and reran a PCA. For the
intraspecific analyses, we plotted principal component (PC) 1
of genetic variation against the elevation at which each sample
was collected. We estimated individual-level heterozygosity in
the R package popgenstuff v.0.0.0.9 (Bradburd 2012; https://
github.com/gbradburd/popgenstuff) using the individual spe-
cies datasets, and then, using linear regression in R, tested for a
correlation between heterozygosity and the elevation of the col-
lecting locality.

To visualize the extent of admixture between the two spe-
cies and assess population structure within species, we used the
R package LEA to run sparse non-negative matrix factorization
(sNMF; Frichot et al. 2015). The sNMF analysis was run on the
combined dataset, E. barlagnei-only dataset, and E. pinchoni-only
dataset, for K = 1-4, using 100 repetitions for each value of K,
100 iterations of the SNMF algorithm, and the default a value.
The K value was determined using cross-entropy scores.

Lastly, we constructed a haplotype network based on the
mtDNA for each species using the R package pegas (Paradis
2010). Individuals within these networks were colour-coded
according to the elevation (low/high for E. barlagnei; low/me-
dium/high for E. pinchoni) at which they were collected.

Isolation by distance and environment

We tested for associations between genetic distances and geo-
graphical distances [a pattern of isolation by distance (IBD)] and
between genetic distances and environmental distances [isola-
tion by environment (IBE)]. For IBD, we calculated genetic
distances between collection sites using the R package adegenet
(Jombart 2008) and geographical distances between sites with
fossil (Vavrek and Matthew 2011). A Mantel test was then con-
ducted between these two distance matrices using the R package
ade4 (Dray and Dufour 2007). Additionally, we tested for both
IBD and IBE using generalized dissimilarity modelling (GDM;
Ferrier et al. 2007). This matrix regression technique models as-
sociations between distance matrices and fits non-linear relation-
ships between these matrices (Ferrier et al. 2007). For example,
this method can test for correlations between the dependent
variable (genetic differentiation) and numerous independent
variables, such as annual mean temperature, annual precipita-
tion, and geographical distances (Garcia-Rodriguez et al. 2021).
Climate data were extracted from the 19 Chelsa Bioclim vari-
ables (Karger et al. 2017) for each collecting locality. We then
fitted generalized dissimilarity models with the gdm R package
(Manion et al. 2016), performing 100 matrix permutations for
model and variable significance testing.

Diversification and population demographic history

To understand the context of in situ diversification for these
island endemic frogs, we used the program GADMA v.2.0
(Noskova et al. 2023) to estimate gene flow and changes in
population size since initial divergence. GADMA uses a genetic
algorithm to assess historical demography without prespecifying
a model of population divergence. This analysis was run twice,
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once with all samples and again with the removal of individual
SBH 101896, which was found to be admixed between the two
species. We converted the unlinked SNP data in wvcf format
to the folded site frequency spectrum (SFS) using EASYSFES
(https://github.com/isaacovercast/easySFS), downsampling E.
barlagnei to four diploid samples and E. pinchoni to 16 diploid
samples to average over possible resampling schemes and con-
struct a more complete data matrix. Although sample sizes were
uneven between the two species, it has been demonstrated that
the accuracy of SFS-based analyses is contingent on the number
of segregating sites, and including more individuals does not in-
crease this accuracy (Terhorst and Song 2015). We therefore
follow the suggestion by Noskova et al. (2020) in considering
the limitations of such approaches by implementing a simplified
demographic model. Within GADMA, we used the moments
engine (Jouganous ef al. 2017) and allowed asymmetric migra-
tion rates, specified an initial and final structure with one time
period per divergence (i.e. 1,1), and used 100 optimizations of
the genetic algorithm to arrive at the final demographic model.
Genome-wide mutation rates are largely unknown in amphib-
ians; therefore, we ran GADMA without a mutation rate, which
allowed us to infer a model in which these two taxa would have
diverged with relative scales for divergence time, effective popu-
lation sizes, and migration rates.

RESULTS
Mitochondrial DNA phylogenetic and dating analysis

The best-fitting model of sequence evolution for the cytochrome
b alignment is GTR+G+I, and the maximum likelihood gene
tree inferred from IQ-TREE strongly supports E. barlagnei and
E. pinchoni as sister species (bootstrap support = 100; Fig. 2).
Divergence dating analyses in BEAST indicate that E. barlagnei
and E. pinchoni diverged from one another 3.75 Mya (95%
highest posterior density 1.91-5.82 Mya; Fig. 2). Divergence
times estimated between high- and low-elevation populations in
each species are ~0.46 Mya (95% highest posterior density 0.09—
0.93 Mya for E. barlagnei and 0.05-0.97 Mya for E. pinchoni).

Population clustering and genetic diversity

The DAPC results of the combined dataset identify three dis-
tinct groups, with clear separation between the sister species
(Fig. 3A). These groups are also identified in the SNMF analysis
(Fig. 3B), with the eight individuals identified in the field as E.
barlagnei having >90% assignment to one population cluster
(shown in blue in Fig. 3B). The 36 remaining individuals were
all identified in the field as E. pinchoni and exhibit >90% assign-
ment to one of the other two population clusters (pink clusters
in Fig. 3B). The only exception is sample SBH 101896, which ex-
hibits intermediate assignment probabilities to all three genetic
groups (Fig. 3B). This individual is also intermediately placed in
PC space when clustering both species (Fig. 3A). In the PCA
with no missing data (2503 SNPs), the assignment of sample
SBH 101896 is identical to the PCA inferred from a dataset with
missing data (Supporting Information, Fig. S2). We examined
the morphological voucher specimen (USNM 565006) to as-
sess whether it displays traits of one or both species as described
by Schwartz (1967; E. barlagnei has a larger snout-vent length,
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Eleutherodactylus cooki

E. johnstonei
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E. martinicensis

E. barlagnei high elevati

E. barlagnei low elevati
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——

E. pinchoni low elevation

25 20 15 10
Millions of years ago

Figure 2. Divergence times estimated from mitochondrial DNA sequence data in BEAST. All nodes are supported with a posterior probability
of 1.0 unless otherwise noted. Blue bars at nodes represent the 95% highest posterior density of estimated divergence times. Photographs on
the right, from top to bottom, are Eleutherodactylus barlagnei from a high-elevation site, E. barlagnei from a low-elevation site, Eleutherodactylus
pinchoni from a high-elevation site, and E. pinchoni from a low-elevation site.

webbed feet, and an overall lack of colour pattern). We found
that this potential hybrid is a male with a snout-vent length
of 18.3 mm, a chevron dorsal colour pattern, and lack of web-
bing between the toes, all morphological traits consistent with
E. pinchoni. By contrast, the individual identified in the field as
a potential E. barlagnei x E. pinchoni hybrid (SBH 102142) ex-
hibits clear assignment to E. pinchoni in analyses of nuclear DNA
(nuDNA) and has an E. pinchoni mtDNA haplotype.

Within E. barlagnei, the DAPC results identify two distinct
groups (Fig. 4A) that correspond to samples from low (120 m)
and high (950-1325 m) elevations (Fig. 4B). These groups are
also identified in the SNMF analysis (Fig. 3C), with all individ-
uals exhibiting limited admixture. Within E. pinchoni, the DAPC
results identify two groups (Fig. SA) that form a gradual tran-
sition from low (337 m) to high (1460 m) elevation (Fig. SB).
The sNMF analysis, however, identifies three distinct clusters
with extensive admixture (Fig. SC). Samples assigned to the first
group in SNMF (>75%) were collected at lower elevations (337~
685 m; dark pink in Fig. 5), those assigned to the second group
at intermediate elevations (950-980 m; medium pink in Fig. 5),
and those in the third group at higher elevations (1100-1460 m;
light pink in Fig. S). The fully sampled phylogeny and haplo-
type networks reveal distinct lineages and haplotype groups in
each species. In E. barlagnei, we do not find shared haplotypes
among low- and high-elevation sampling localities (although the
haplotypes are not clearly structured by elevation), whereas in

E. pinchoni we find extensive haplotype sharing across all
sampling sites (Figs 4D, SD; Supporting Information, Fig. S3).

Genome-wide estimates of heterozygosity for E. barlagnei in-
dividuals range from .15 to .30, and within E. pinchoni heterozy-
gosity ranges from .09 to .12. Heterozygosity was not correlated
with elevation in either species (P = .09 in E. barlagnei; P = .92
in E. pinchoni).

Isolation by distance and environment

We do not find support for IBD using a Mantel test in either E.
barlagnei (P = .07) or E. pinchoni (P = .06), suggesting that geo-
graphical distance between sampled localities does not have a
significant influence on genetic variation. Generalized dissimi-
larity models indicate geographical distance, mean diurnal air
temperature range (bio2), and isothermality (bio3) as potential
predictors of genetic distance within E. barlagnei; however, this
model is not significantly supported in permutation analyses
(P > .0S). Within E. pinchoni, GDMs indicate mean diurnal air
temperature range (bio2), isothermality (bio3), annual range of
air temperature (bio7), and amount of precipitation in the wet-
test month (bio13) as potential predictors of genetic distance;
however, this model is also not significant (P > .05).

Population demographic history

The GADMA analysis without the admixed sample converges on
amodel with gradual population size growth in both species and
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Figure 3. A, principal components (PC) analysis for the combined dataset (17 748 single nucleotide polymorphisms) including both
Eleutherodactylus barlagnei (blue dots) and Eleutherodactylus pinchoni (pink dots) as identified in the combined dataset discriminate analysis of
principal components. B, sparse non-negative matrix factorization barplot depicting admixture coeflicients for each specimen of E. barlagnei
and E. pinchoni and its corresponding mitochondrial DNA haplotype (for complete mitochondrial DNA results, see Supporting Information,
Fig. S3). Within species, the samples are ordered by sampling locality elevation (see Supporting Information, Appendix), with the exception of
SBH 101896, which had intermediate assignment to E. barlagnei and E. pinchoni and was collected at 1142 m elevation. This sample is indicated
with a star in both panels. Abbreviations: Elev,, elevation; nuDNA, nuclear DNA.

limited, asymmetric migration between the two species, with
more migrants per generation from E. pinchoni to E. barlagnei
(Fig. 6). The analysis that included the admixed sample con-
verges on a similar demographic history, but with no population
growth in E. barlagnei and with a higher rate of migration from E.
barlagnei to E. pinchoni (Supporting Information, Fig. $4).

DISCUSSION

In situ diversification of the endemic landfrogs of Guadeloupe

The island of Guadeloupe has a complex geological history,
with two major landmasses, Grande-Terre and Basse-Terre,
that have distinct origins and present-day environmental con-
ditions. The endemic frogs of the island are restricted to the
more humid, western half of the island, Basse-Terre, which was
formed over the last 3.5 Myr (Feuillet ef al. 2002). Phylogenetic
analyses of Caribbean Eleutherodactylus indicate that the two
Guadeloupe endemics are sister species (Hedges et al. 2008,
Yuan et al. 2022) and that they diverged from their closest re-
latives [Eleutherodactylus amplinympha (Kaiser et al., 1994),
E. johnstonei, E. martinicensis, and Eleutherodactylus montserratae
Hedges, 2022] during the Miocene. Our estimates of divergence

between the sister species on Guadeloupe based on the mtDNA
dataset indicate that they last shared a common ancestor ~3.75
Mya, suggesting that in situ diversification coincided with
the earlier stages of formation of Basse-Terre. Unfortunately,
our sampling is concentrated in the geologically younger,
southwestern portion of the island (Samper et al. 2007); there-
fore, we are unable to assess intraspecific genetic structure be-
tween older and younger volcanic regions of Basse-Terre to gain
a better understanding of the geographical and temporal con-
text of in situ diversification. Our modelling analyses of popu-
lation demographic history based on the nuDNA dataset found
support for limited migration between the species throughout
their history. This pattern suggests that although the species are
sympatrically distributed at present, divergence largely occurred
in allopatry. Allopatric speciation is considered the dominant
mechanism by which speciation occurs, even on small oceanic
islands (Mayr 1963, Losos and Ricklefs 2009). Volcanic activity
on oceanic islands, in particular, can result in landscape barriers
that fragment populations and result in periods of allopatry,
even across small spatial scales, and these periods of allopatry
can lead to both genetic and phenotypic divergence that might
result in speciation (e.g. Stenson ef al. 2002, Garrick et al. 2014,
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Figure 4. A, principal component analysis (PCA) for the Eleutherodactylus barlagnei-only dataset (21 627 single nucleotide polymorphisms),
with samples coloured as identified in the discriminate analysis of principal components. B, principal component 1 (PC 1) axis from the PCA
with respect to the elevation at which a given specimen was collected. C, sparse non-negative matrix factorization barplot depicting admixture
coefficients for each specimen and its corresponding mitochondrial DNA (mtDNA) haplotype. The samples are ordered by sampling locality
elevation (see Supporting Information, Appendix). D, mtDNA haplotype network for all 20 E. barlagnei individuals sequenced in this study.
Colours correspond to high- (blue) and low-elevation (turquoise) localities. Abbreviation: nuDNA, nuclear DNA.

O’Connell ef al. 2021). More comprehensive genetic sampling
of the Guadeloupe Eleutherodactylus across their ranges would
enable landscape-scale analyses and potentially reveal additional
genetic variation not detected in the present sampling that would
perhaps provide more insights into the geographical mode of
speciation in this endemic radiation.

Secondary sympatry among sister taxa is typically associated
with divergence in ecological and/or reproductive traits be-
tween the species, suggesting that differences in these traits are
necessary for closely related species to coexist (Pigot and Tobias
2018, Krishnan and Tamma 2016, Friis and Mil4 2020). Despite
differences in ecology, morphology, and reproductive traits, pre-
vious authors have suggested that E. barlagnei and E. pinchoni
might hybridize at high elevations on La Grande Soufriére,
based on observations of morphologically intermediate individ-
uals (Breuil 2002). Across our genetic assessment of 114 sam-
ples (20 E. barlagnei and 94 E. pinchoni), we found evidence of
introgression in only one individual (SBH 101896 = USNM
565006) that exhibited an E. pinchoni mtDNA haplotype and
majority assignment to E. pinchoni in the PCA and sNMF ana-
lysis of the nuDNA dataset. The majority assignment to E.
pinchoni in the nuDNA analyses suggests that the individual
is not a first-generation (F1) hybrid, and indeed, the morpho-
logical specimen exhibits characters diagnostic for E. pinchoni

(Schwartz 1967). An alternative hypothesis to explain the ob-
served admixture of this sample is that this individual has re-
tained a large proportion of unsorted genetic variation from the
most recent common ancestor of E. pinchoni and E. barlagnei.
Although incomplete lineage sorting could lead to patterns of
mixed ancestry in admixture coefficients, we would expect to ob-
serve this admixture in several individuals sampled rather than
only a single specimen. Furthermore, as we noted previously, the
model of historical population demography indicated limited
gene flow between the species over evolutionary time scales.
Collectively, these results indicate that although there is not
complete reproductive isolation between the species, hybrid-
ization and introgression are relatively rare, despite their largely
sympatric distributions across Basse-Terre.

Although the presence of a multi-generation hybrid individual
indicates that some proportion of hybrid progeny are viable and
fertile (Blair 1964), the apparent low frequency of hybrid indi-
viduals in the population suggests that there might be sex dif-
ferences in the viability and/or fertility of hybrid crosses (i.e.
partial intrinsic reproductive isolation; Malone and Fontenot
2008) and/or that hybrids exhibit lower fitness relative to par-
ental phenotypes owing to either ecological or sexual selection
against intermediate phenotypes (i.e. extrinsic postzygotic iso-
lation; Hatfield and Schluter 1999). The hybrid individual was
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Figure S. A, principal component analysis (PCA) for the Eleutherodactylus pinchoni-only dataset (18 217 single nucleotide polymorphisms),
with samples coloured as identified in the clustering analyses. Discriminate analysis of principal components (DAPC) identified two genetic
groups (shown in light and medium pink). The individuals coloured in dark pink belong to the medium pink group in the DAPC analysis

and exhibited >50% assignment to the third genetic group identified in the sparse non-negative matrix factorization (sNMF) analysis. B,
principal component 1 (PC 1) axis from the PCA with respect to the elevation at which a given specimen was collected. C, sNMF barplot
depicting admixture coefficients for each specimen and its corresponding mitochondrial DNA (mtDNA) haplotype. The samples are ordered
by sampling locality elevation (see Supporting Information, Appendix). D, mtDNA haplotype network for all 94 E. pinchoni individuals
sequenced in this study. Colours correspond to high- (light pink), mid- (medium pink), and low-elevation (dark pink) localities. Abbreviation:

nuDNA, nuclear DNA.

collected at >1100 m elevation, consistent with reports of indi-
viduals with intermediate phenotypes at higher elevation (Breuil
2002). Consequently, additional genetic screening of samples
along the slopes of La Grande Soufriere might clarify whether
hybridization is truly restricted to higher elevations and whether
there are differences in the environmental context in these high-
elevation habitats that lead to the partial breakdown of repro-
ductive barriers.

Intraspecific structure along an elevational gradient
Local adaptation along elevational gradients can result in pat-
terns of intraspecific genetic and phenotypic divergence that
might eventually lead to the formation of unique evolutionary
lineages (Coyne and Orr 1998). In Guadeloupe landfrogs, ob-
servations of differences in advertisement calls and coloration
between low- and high-elevation populations suggest that these
distinct phenotypes might be under divergent selection or rep-
resent undescribed species (Hardy 1984, Kaiser 1993). For
both E. barlagnei and E. pinchoni, our data reveal genetic struc-
ture among populations from low to high elevations along the
slopes of La Grande Soufriére, which is consistent with these

prior observations of phenotypic differences between popula-
tions. Our sampling for E. barlagnei is more limited, yet we iden-
tify clear genetic structure in the nuDNA dataset (and no shared
mtDNA haplotypes), with no evidence of gene flow between the
populations. This result might reflect the non-continuous nature
of our sampling; however, as a stream-dwelling species, the dis-
tribution of E. barlagnei across the island is fragmented, and
migration between suitable habitats might be more limited, re-
sulting in more pronounced population structure (e.g. Paz et al.
2015). Unfortunately, we do not have vouchered advertisement
call data from low- and high-elevation populations to compare
to our genetic data; however, our results highlight that this spe-
cies merits further taxonomic attention. In E. pinchoni, we found
support for two or three populations in clustering analyses of
nuDNA that largely corresponded to low- and high-elevation (or
low-, middle-, and high-elevation) populations, with extensive
admixture between these groups at geographically proximate
sites. The transition between the low- and high-elevation genetic
groups at ~1000 m elevation coincides with the habitat transi-
tion from montane forest to high-elevation savannas (Howard
et al. 1980) and with observations of slightly larger, more darkly
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Figure 6. Best-fitting demographic model from GADMA using the moments engine after the removal of the admixed sample SBH 101896.
Because of a lack of reliable genome-wide mutation rates for amphibians, the divergence times, effective population sizes, and migration rates
between Eleutherodactylus barlagnei and Eleutherodactylus pinchoni are represented as scaled units. This model suggests that both species have
increased in effective population size since divergence and that there has been asymmetric gene flow between the two taxa, with more migrants
per generation from E. pinchoni into E. barlagnei. Results including the admixed sample SBH 101896 are shown in the Supporting Information

(Fig. S4).

pigmented frogs (Breuil 2002). Unfortunately, we do not have
robust coloration data for the individuals included in the present
study to test for an association between elevation, coloration,
and genetic background. Although the mtDNA phylogeny re-
vealed two lineages in E. pinchoni, these haplotypes were not
geographically structured, suggesting that migration and gene
flow are less fragmented across low and high elevations in E.
pinchoni than in E. barlagnei. This pattern does not necessarily
preclude the possibility of local adaptation in E. pinchoni if only
a few loci are under divergent selection (e.g. Mufioz et al. 2013,
Brown et al. 2016, Tigano and Friesen 2016), and future studies
of functional genetic variation might be fruitful once genomic
resources become available in this species.

Population genetic structure and diversity on the slopes of an
active volcano
Despite clear qualitative patterns of genetic structure with respect
to elevation in E. barlagnei and E. pinchoni, our more quantitative
assessments of IBD and IBE in both species were non-significant.
These results might reflect limited power to detect these patterns
with our present genetic sampling and the coarse resolution of
environmental variables for the small geographical area that we
sampled. Alternatively, these results might indicate that other
factors are responsible for structuring populations. In particular,
recurring volcanic eruptions of La Grande Soufriére might have
played a significant role in population vicariance (e.g. Malhotra
and Thorpe 2000) and perhaps even extirpation of populations
(e.g. Mufioz and Hewlett 2011), as proposed for other small ver-
tebrates on volcanic islands in the Lesser Antilles. Over the last
12 000 years alone, La Grande Soufriére has erupted 16 times,
and pyroclastic flows favoured the eastern and southern sides of
the volcano (Global Volcanism Program 2023). This high level

of volcanic activity might have generated temporary patchworks
of vicariant barriers across the southeastern portion of the island,
resulting in isolated populations. For instance, in E. pinchoni the
sNMEF analysis of nuDNA supported a third population that cor-
responds to samples collected from <500 m on the southeastern
slopes of La Grande Soufriére. More fine-scale genetic sampling
on all sides of La Grande Soufriére would enable explicit tests of
whether genetic structure and secondary contact align with vol-
canic activity, as demonstrated in other oceanic island systems
(Stenson et al. 2002, Garrick et al. 2014, O’Connell et al. 2021).
Another prediction of catastrophic volcanic activity on small
oceanic islands is widespread declines or local extirpation of
species in the immediate vicinity of habitat disturbance, as ob-
served, for instance, for the island of Krakatoa (Whittaker et al.
1989, Whittaker and Jones 1994). Even smaller-scale, more lo-
calized eruptions can wipe out entire populations or communi-
ties, and harsh environmental conditions might have long-lasting
effects on the availability of suitable habitats for adjacent popu-
lations to recolonize the impacted areas. For instance, following
the 1995 eruption of the Soufriere Hills volcano on Montserrat
(Robertson et al. 2000), anoles were still scarce in the exclu-
sion zone on the southern half of the island nearly 1§ years
later (Mufioz and Hewlett, 2011). Population declines in re-
sponse to volcanic activity might be detectable as population
bottlenecks, depending on the magnitude and duration of the
bottleneck (e.g. Beheregaray et al. 2003). For instance, surveys
of the Montserrat exclusion zone in 2018 detected anoles at two
localities, and serial estimates of genetic diversity in this region
found similar levels of diversity pre- and post-eruption, sug-
gesting that the exclusion zone was eventually recolonized by
individuals from populations that were genetically similar to the
pre-eruption inhabitants ( Jung et al. 2024). Although we do not
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have pre-eruption samples for the Guadeloupe Eleutherodactylus
for a direct temporal comparison with post-eruption diversity,
we did not find low genetic diversity in populations near the
summit of La Grande Soufriére where we predicted the direct
impacts of volcanic activity would be most pronounced. Instead,
we found moderate to high heterozygosity across populations in
both species, suggesting that the frogs were minimally impacted
by eruptions and/or that populations recovered quickly.

Insights into the process of speciation

The results here complement and reinforce our current under-
standing of the genetic basis of speciation, especially regarding
the build-up of genomic incompatibilities (Coyne and Orr
2004; Hedges et al. 201S, Ravinet et al. 2017). Although
incompatibilities segregate within species at alow level (Corbett-
Detig et al. 2013), it is their build-up in isolation, geographical
or otherwise, that eventually leads to a reproductive barrier and
speciation. A survey of diverse organisms (vertebrates, inverte-
brates, and plants) found that the modal time to speciation was
~1-3 Myr (Hedges et al. 2015). Therefore, the divergence of E.
barlagnei and E. pinchoni (3.75 Mya) would indicate that they are
sufficiently divergent to be reproductively isolated. This agrees
with our results that they are genetically distinct while being
broadly sympatric, and the one hybrid that we detected is not
unexpected in two closely related sympatric species. By contrast,
based on the young divergence time estimated for upper- and
lower-elevation populations of E. pinchoni (0.5 Mya), they are
not expected to be distinct species, and that prediction is born
out in our analyses of nuDNA data and sharing of mitochondrial
haplotypes. Thus, E. pinchoni might represent a species in which
populations accumulated some genomic incompatibilities in
isolation, but then the barrier was lost, and gene flow is in the
process of ‘resetting’ the speciation clock (Hedges et al. 2015).
Further ecological and genetic research on these frogs might
provide a better understanding of the early stages of speciation.

SUPPLEMENTARY DATA

Supplementary data is available at Zoological Journal of the
Linnean Society online.

Table S1. Voucher specimen and sampling locality informa-
tion.

Figure S1. Values of each metric used to decide the best clus-
tering threshold in ipyrad, these include inferred levels of het-
erozygosity, the percent of non-paralogous loci after filtering in
ipyrad, and the estimated sequencing error rate from ipyrad.

Figure S2. PCA with no missing data (2,503 SNPs).

Figure S3. Mitochondrial phylogeny with complete sampling
of Eleutherodactylus barlagnei and E. pinchoni.

Figure S4. Best fit demographic model from GADMA
using the moments engine with the inclusion of the admixed
sample SBH 101896.
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