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ABSTRACT

Mountains contribute disproportionately to global biodiversity, yet the ecological and evolutionary processes that make them important centres 
of speciation remain poorly understood. Here, we use a complex of Gomphocerinae grasshoppers distributed across the Pyrenees as a model 
system to investigate the process of speciation in mountain regions. Clustering analyses revealed a marked genetic fragmentation of populations 
and divergence time estimates indicated that all lineages split during the Pleistocene (<0.9 Mya). Although all taxa currently exhibit allopatric 
distributions, fine-scale temporal distribution modelling suggests that their ranges probably overlapped across extensive areas during glacial periods. 
Despite ample opportunities for historical hybridization, introgression tests indicate that gene flow was restricted to peripheral populations and 
only one population exhibited a high degree of admixed ancestry. Accordingly, our analyses reveal abrupt genetic discontinuities corresponding 
to the distributional boundaries of each taxon. Although taxa have probably not achieved complete reproductive isolation, semi-permeable species 
boundaries do not appear to have compromised their evolutionary independence. These results emphasize the interplay between high rates of 
lineage formation and the rapid evolution of reproductive barriers in promoting microgeographic speciation in topographically complex landscapes, 
shedding light on the proximate processes underlying the high levels of neo-endemism observed across mountain ranges worldwide.
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I N T RO D U CT I O N
Speciation hotspots—geographic areas where species of one or 
more taxonomic groups originate and accumulate at dispropor-
tionally high rates—represent unique natural laboratories for 
studying the microevolutionary processes underlying lineage for-
mation and understanding how such lineages persist and ulti-
mately give rise to full-fledged species (Davis et al. 2008). 
Mountains are recognized as both speciation and biodiversity 
hotspots, harbouring a high number of species compared to other 
ecosystems, many of which are narrow endemics of significant 
conservation concern (Wollenberg et al. 2008, Steinbauer et al. 

2016, Noroozi et al. 2018, Rahbek et al. 2019). Despite their dis-
proportionate contribution to global biodiversity, our understand-
ing of the proximate ecological and evolutionary processes that 
make mountain regions key centres of speciation remains limited 
(Antonelli et al. 2018, Rahbek et al. 2019, Perrigo et al. 2020). 
Several abiotic factors have been proposed to contribute to moun-
tain biodiversity, including the role of dispersal barriers in pro-
moting population isolation and igniting lineage formation, and 
the presence of steep environmental gradients that provide oppor-
tunities for ecological speciation and create microclimatic refugia 
where species may persist under unfavourable environmental 
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conditions (Sandel et al. 2011, Steinbauer et al. 2013, Steinbauer 
et al. 2016). Within this ecological context, reproductive isolation 
may evolve rapidly, reducing the potential for genetic exchange 
among lineages following secondary contact (Dynesius and Jans-
son 2014). Conversely, under scenarios of incomplete speciation, 
closely related lineages with adjacent distributions may merge (i.e. 
speciation reversal; Kearns et al. 2018) as a result of secondary 
contact during range expansions (Klicka and Zink 1997; e.g. Maier 
et al. 2019). Thus, the interplay between the particular physiogra-
phy of mountain ecosystems, range dynamics driven by Pleisto-
cene climate oscillations, species-specific life-history traits (e.g. 
dispersal capacity, generation time), and the pace at which repro-
ductive isolation evolves is probably key to understanding the rates 
at which new lineages arise and how they persist through evolu-
tionary time and progress toward speciation (Tzedakis 2009, 
Feliner 2014, Dynesius and Jansson 2014).

A major challenge in studying speciation in mountain systems 
lies in the difficulty of delineating independently evolving lineages 
within complexes of closely related taxa that are typically allopat-
ric and for which reproductive isolation cannot be readily assessed 
in natural populations ( Joshi et al. 2024). Numerous allopatric 
narrow-endemic species have been described in different groups 
of alpine and montane organisms based on subtle morphological 
differences and limited or no evidence of evolutionary indepen-
dence (i.e. genetically and reproductively distinct populations that 
qualify as full-fledged species), raising concerns about their taxo-
nomic validity [i.e. taxonomic inflation sensu Isaac et al. (2004), 
e.g. Pallarés et al. (2024)]. Moreover, the disruption of gene flow 
by topographic complexity in dispersal-limited alpine and mon-
tane species often results in marked genetic structures, leading to 
a pattern of population divergence that is confounded with spe-
ciation by current coalescent-based species’ delimitation 
approaches (Sukumaran and Knowles 2017, Tonzo et al. 2019, 
Huang 2020). In this context, fine-scale population sampling can 
help evaluate whether proposed taxonomic units correspond to 
full-fledged species or instead reflect mere genetic discontinuities 
across the landscape shaped by historical or contemporary barri-
ers to gene flow (e.g. Pyron et al. 2023, Burbrink et al. 2024, Pyron 
et al. 2024). This information, combined with reconstructions of 
past range dynamics and inferences about the timing and extent 
of historical hybridization (or its lack thereof) among putative 
species, offers a powerful framework for assessing the evolutionary 
independence of lineages that are currently allopatric (e.g. Ortego 
and Knowles 2022).

In this study, we used four closely related taxa from the complex 
Chorthippus (Glyptobothrus) superspecies binotatus (Defaut, 
2011) (Orthoptera: Gomphocerinae), distributed across the Pyr-
enees, as a model system to investigate the processes promoting 
the formation and persistence of recently diverged lineages and 
to understand the high rates of local neo-endemism—i.e. recently 
formed, range-restricted species—that characterize mountain 
systems in the Mediterranean region (e.g. Tzedakis 2009, Feliner 
2014). The complex includes two species—C. binotatus (Char-
pentier, 1825) and C. saulcyi (Krauss, 1888)—and three subspe-
cific taxa—C. saulcyi saulcyi (Krauss, 1888), C. saulcyi moralesi 
Uvarov, 1954, and C. saulcyi vicdessossi Defaut, 2011—with adja-
cent distributions, making it an ideal system for exploring the 
mode and tempo of lineage formation along the ‘grey zone’ of the 

speciation continuum (Roux et al. 2016). Although all taxa are 
currently allopatric, some peripheral populations are separated by 
very short geographical distances (<10 km), suggesting that sec-
ondary contact probably occurred during range shifts driven by 
Pleistocene climatic oscillations and provided opportunities for 
past hybridization. A preliminary genomic-based species’ delim-
itation study supported the distinctiveness of all taxa within the 
complex (Noguerales et al. 2018). However, the limited number 
of populations analysed (one population per taxon), combined 
with strong genetic differentiation among populations within the 
complex (Noguerales et al. 2016), may have led the coales-
cent-based methods used for delineating species to conflate pop-
ulation genetic structure with species boundaries, potentially 
overestimating the number of taxa (Sukumaran and Knowles 
2017). Furthermore, unresolved phylogenetic relationships 
among taxa suggest incomplete lineage sorting due to recent diver-
gence and/or post-divergence gene flow, casting further doubt 
about their full-fledged species’ status (Noguerales et al. 2018).

Here, we integrate fine-scale population genomic data with 
reconstructions of range dynamics through time to evaluate the 
status of the different taxa within the studied complex and to gain 
insights into the processes that have contributed to the formation 
and persistence of the lineages over evolutionary time. Specifically, 
we first reconstructed phylogenetic relationships among popula-
tions and performed clustering analyses to assess the status of 
putative taxa under both the phylogenetic and genotypic cluster 
species concepts, which are supported by the reciprocal mono-
phyly of populations within taxa and by sharp genetic discontinu-
ities corresponding with the boundaries of taxa distributions, 
respectively (De Queiroz 2007). Second, we tested for evidence 
of genetic admixture and/or introgression among the delineated 
taxa and related these genomic signals to reconstructions of his-
torical range overlap based on lineage-specific distribution models 
projected into the past at fine temporal resolution. Historical range 
overlap in the absence of gene flow would indicate reproductive 
isolation and the completion of speciation, whereas signals of 
introgression combined with well-defined taxonomic boundaries 
(i.e. genetically and phenotypically cohesive population groups) 
would suggest that incomplete reproductive isolation has not 
compromised their evolutionary independence. Finally, we used 
simulation-based demographic modelling to compare alternative 
scenarios of species’ formation, to estimate key demographic 
parameters, and to infer the pace and mode of speciation in the 
study system.

M AT E R I A L S  A N D  M ET H O D S
Study area and sampling

The study area encompasses the Pyrenees Mountains and foothills 
in north-eastern Spain and southern France, where four taxa of 
the Chorthippus (Glyptobothrus) superspecies binotatus exhibit 
adjacent distributions (Cigliano et al. 2025). We sampled 28 local-
ities (hereafter referred to as populations) within this species 
complex, comprising the taxa C. binotatus (N = 5 populations, 39 
individuals), C. saulcyi moralesi (N = 15 populations, 98 individ-
uals), C. saulcyi saulcyi (N = 5 populations, 23 individuals), and 
C. saulcyi vicdessossi (N = 3 populations, 20 individuals). Speci-
mens of C. reissingeri Harz, 1972 were used as an outgroup in 
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phylogenomic analyses and D-statistic tests, whereas an extra-Py-
renean population of C. binotatus was used as a non-introgressed 
reference population in D-statistic tests (see below). Spatial coor-
dinates were recorded using a Global Positioning System (GPS) 
device, and whole specimens were preserved at –20°C in 1500 µL 
of 96% ethanol until needed for genomic analyses. Further details 
on taxa, geographic location of populations, and number of gen-
otyped individuals per population are provided in the Supporting 
Information, Table S1.

Genomic library preparation and processing
We extracted and purified DNA from each specimen using Nucle-
oSpin Tissue kits (Macherey-Nagel, Düren, Germany). Genomic 
libraries were prepared using the double-digest restriction-site-as-
sociated DNA sequencing (ddRAD-seq) protocol described by 
Peterson et al. (2012) and detailed in the Supporting Information, 
Methods S1. Raw sequences were demultiplexed and prepro-
cessed with stacks v.1.35 (Catchen et al. 2013) and de novo 
assembled using pyrad v.3.0.66 (Eaton 2014). Unless otherwise 
indicated, downstream analyses were performed using datasets of 
unlinked single nucleotide polymorphisms (SNPs) (i.e. one ran-
dom SNP per RAD locus) obtained with pyrad considering a 
clustering threshold of sequence similarity of 85% (Wclust = 0.85) 
and discarding loci that were not present in at least 25%–50% of 
individuals (minCov = 0.25–0.50). Further details on genomic 
data filtering and assembly are provided in the Supporting Infor-
mation, Methods S2.

Phylogenomic analyses
We inferred phylogenetic relationships among populations using 
two independent approaches: the maximum-likelihood (ML) 
method implemented in raxml v.8.2.12 (Stamatakis 2014) and 
the coalescent-based approach implemented in svdquartets 
(Chifman and Kubatko 2014). Eight individuals of C. reissingeri 
were used as the outgroup.

raxml—We ran raxml using a matrix of concatenated SNPs 
(all SNPs per locus; .snp file from pyrad) edited using the r v.4.4.3 
(R Core Team 2025) package ‘phrynomics’ (B. Banbury, http://
github.com/bbanbury/phrynomics) to remove non-binary and 
invariant sites. This filtering step yielded an input dataset including 
70 789 SNPs. As in previous studies using concatenated SNP data, 
we considered a GTR-GAMMA model of nucleotide evolution 
(e.g. Kim et al. 2018, Barley et al. 2022). We applied an ascertain-
ment bias correction using the conditional likelihood method, 
performed 100 rapid bootstrap replicates, and searched for the 
best-scoring ML tree.

svdquartets—We ran svdquartets analyses in paup* 
v.4.0a169 (Swofford 2002) using a dataset of 3205 unlinked SNPs 
(.usnp file from pyrad). To reduce computational demands, we 
selected the three individuals per population with the lowest pro-
portion of missing data. We exhaustively evaluated all possible 
quartets and performed 100 non-parametric bootstrap replicates 
to assess topological support.

Estimation of divergence time
The phylogenetic tree inferred using svdquartets was used as a 
fixed topology in A00 analyses in bpp v.4.7.0 (Flouri et al. 2018) 
to estimate posterior distributions of divergence times (τ). We 

used a custom UNIX script (https://github.com/OrtegoLab/
ipyrad2bpp) to edit and convert the .loci file from pyrad into the 
bpp input format. Due to computational constraints, we limited 
the dataset to 1000 loci and one representative individual per pop-
ulation. We excluded from the analyses the admixed Montan de 
Tost (TOST) population (see Results). We set uniform rooted 
trees as species’ tree prior, applied an automatic adjustment of 
fine-tune parameters, set the diploid option to indicate that the 
input sequences are unphased, and adjusted inverse-gamma prior 
distributions for θ (α = 3, β = 0.04) and 𝜏 (α = 3, β = 0.07) according 
to empirical estimates calculated based on the number of segre-
gating sites per site (Huang et al. 2020). Note that bpp analyses 
do not require a defining outgroup, as the program samples the 
root position along with the other nodes of the tree. In order to 
ensure the convergence of the runs (ESS > 200), we ran two inde-
pendent replicate analyses for 2 000 000 generations, sampling 
every two generations, after a burn-in of 100 000 generations. We 
estimated divergence times using the formula 𝜏 = 2𝜇t, where 𝜏 is 
the divergence in substitutions per site estimated by bpp, 𝜇 is the 
per-site mutation rate per generation, and t is the absolute diver-
gence time in years (Walsh 2001). We considered the mutation 
rate per site per generation of 2.8 × 10−9 estimated for Drosophila 
melanogaster (Keightley et al. 2014), which is similar to the spon-
taneous mutation rate estimated for the butterfly Heliconius mel-
pomene (2.9 × 10−9; Keightley et al. 2015).

Testing for introgression
We used four-taxon ABBA/BABA tests based on the D-statistic 
to evaluate whether the different populations of a given taxon have 
experienced genetic introgression from other taxa (Durand et al. 
2011). Assuming that the sister-taxa P1 and P2 diverged from P3 
and an outgroup species O, the D-statistic is used to test the null 
hypothesis of no introgression (D = 0) between P3 and P1 or P2. 
D-values significantly different from zero indicate gene flow 
between P1 and P3 (D < 0) or between P2 and P3 (D > 0). Tests 
were designed to evaluate introgression from one taxon (P3) into 
each population of another taxon (P1). To this end, for both P2 
and P3 we used reference populations with no signatures of 
genetic introgression from other taxa based on inferences from 
exhaustive D-statistic tests. In the case of C. binotatus, we used as 
reference an extra-Pyrenean conspecific population from Sierra 
Espuña, south-eastern Spain (Supporting Information, Table S1). 
Chorthippus reissingeri was used as the outgroup (P4) in all anal-
yses (Supporting Information, Table S1). Due to the limited dis-
tribution range of C. saulcyi vicdessossi and the difficulty in 
establishing a non-introgressed reference population for this 
taxon, D-statistic tests were exclusively focused on comparisons 
involving C. binotatus, C. saulcyi moralesi, and C. saulcyi saulcyi and 
pairs of taxa with adjacent or partially overlapping distributional 
ranges.

Genetic diversity, structure, and admixture
We calculated haplotype diversity (Hd) and nucleotide diversity 
(π) for each population in dnasp v.6.12.03 (Rozas et al. 2017). 
We used the Bayesian Markov chain Monte Carlo clustering 
method implemented in the program structure v.2.3.3 
(Pritchard et al. 2000) to quantify genetic structure and admixture 
across populations of the four focal taxa (Supporting Information, 
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Table S1). To fully explore population genetic subdivision and 
admixture, we initially analysed the data from all taxa and popu-
lations jointly and, subsequently, we ran independent analyses 
focused on populations assigned to each taxon (e.g. Ortego et al. 
2024). We ran structure analyses assuming correlated allele 
frequencies and admixture and without using prior population 
information. The number of genetic clusters (K) considered 
ranged from K = 1 to K = 10 in analyses including all taxa and 
from K = 1 to K = N + 1 for each dataset of N populations in tax-
on-specific analyses. We conducted 15 independent runs for each 
K value to estimate the most likely number of genetic clusters with 
200 000 MCMC cycles, following a burn-in step of 100 000 itera-
tions. We retained the 10 runs having the highest likelihood for 
each value of K and determined the number of genetic clusters 
that best describes our data according to log probabilities of the 
data [LnPr(X|K); Pritchard et al. 2000] and the ΔK method 
(Evanno et al. 2005), as implemented in structure harvester 
(Earl and vonHoldt 2012). We used clumpp v.1.1.2 and the 
Greedy algorithm to align multiple runs of structure for the 
same K value ( Jakobsson and Rosenberg 2007) and distruct 
v.1.1 (Rosenberg 2004) to visualize the individuals’ probabilities 
of cluster membership as bar plots. In addition, we performed 
principal component analyses (PCAs) as implemented in the r 
package ‘adegenet’ ( Jombart 2008). Before running PCAs, we 
replaced missing data by the mean allele frequency of the corre-
sponding locus estimated across all samples ( Jombart 2008). Both 
structure and PCA analyses were performed with datasets only 
including SNPs with a minor allele frequency (MAF) >1% (for 
details on datasets, see Supporting Information, Table S2).

Mode and timing of speciation and admixture
D-statistic tests and Bayesian clustering analyses in structure 
indicated that the putative population of C. binotatus from Montan 
de Tost (TOST) was admixed, with approximately 25% of its 
ancestry originating from the eastern lineage of C. saulcyi moralesi 
(see Results). Based on this finding, we used fastsimcoal2 
(Excoffier et al. 2021) to infer the divergence mode and to estimate 
the timing of the split between C. binotatus and C. saulcyi moralesi, 
as well as the secondary contact event that gave rise to the admixed 
TOST population. We tested four competing demographic mod-
els, including scenarios of (i) divergence in strict isolation fol-
lowed by an admixture event (Model A), (ii) divergence in strict 
isolation followed by an admixture event and contemporary gene 
flow (Model B), (iii) divergence with gene flow followed by an 
admixture event and no contemporary gene flow (Model C), and 
(iv) divergence with gene flow followed by an admixture event 
and contemporary gene flow (Model D) (Supporting Informa-
tion, Fig. S1). For these analyses, we included the admixed TOST 
population and selected one representative population for each 
parental taxon: MONT for C. binotatus and ERRM for C. saulcyi 
moralesi. These two parental populations were selected because 
they were assigned to the same genetic clusters than the admixed 
TOST population at high-level hierarchical analyses in struc-
ture (K = 7) and had no signatures of genetic introgression from 
other taxa (see Results). Further details on fastsimcoal2 anal-
yses and model selection are presented in the Supporting Infor-
mation, Methods S3.

Comparing taxa’s environmental space
We used available occurrence records and a comprehensive suite 
of environmental variables to test for differences in environmental 
space among taxa. For each record, we extracted (i) elevation from 
the 90-m-resolution digital elevation model from NASA Shuttle 
Radar Topographic Mission (SRTM Digital Elevation Data; 
http://srtm.csi.cgiar.org/), and (ii) 19 bioclimatic variables (Sup-
porting Information, Table S3) from the CHELSA database 
(http://chelsa‐climate.org/bioclim/; Karger et al. 2017). To sum-
marize variation and to reduce strong redundancy among vari-
ables, we ran a principal component analysis (PCA) with varimax 
rotation and obtained scores for the first three principal compo-
nents (eigenvalues > 1), which cumulatively explained 88.75% of 
the variance (PC1: 43.65%; PC2: 37.32%; PC3: 10.77%; see fac-
tor loadings in Supporting Information, Table S4). Then, we per-
formed a MANOVA to compare elevation and bioclimatic 
conditions (PC1, PC2, and PC3 scores) among the four taxa and 
used post hoc Tukey tests to examine differences in environmental 
variables between each pair of taxa. All statistical analyses were 
performed in spss v.26 (IBM, NY, USA).

Environmental niche modelling
We built environmental niche models (ENMs) to reconstruct 
the distribution of climatically suitable areas for the four focal 
taxa from the last glacial maximum (LGM, c. 22 ka) to present. 
We used this information to infer distributional shifts experi-
enced by each taxon in response to Quaternary climatic oscilla-
tions and (i) determine across different time-periods the extent 
of climatically suitable areas and patterns of population fragmen-
tation/connectivity resulted from the spatial configuration of 
hypothetical barriers to dispersal and (ii) the temporal dynamics 
of range overlap between each pair of taxa. To build ENMs, we 
used the maximum entropy algorithm implemented in maxent 
v.3.4.1 (Phillips et al. 2006, Phillips and Dudik 2008), occur-
rence records available for each taxon, and the 19 bioclimatic 
layers (30-arcsec resolution) from the CHELSA database 
(http://chelsa‐climate.org/bioclim/; Karger et al. 2017). To 
estimate environmental suitability from the LGM to the present, 
and dynamics of range overlap between each pair of taxa, we 
projected taxon-specific ENMs to bioclimatic conditions during 
the last 22 000 years at 100-year time intervals (i.e. from ce1990 
to the LGM, for a total of 220 snapshots) using bioclimatic layers 
available at a high resolution (30-arcsec) from the CHEL-
SA-TraCE21k v.1.0 database (https://chelsa-climate.org/; 
Karger et al. 2023). Further details on ENM are presented in the 
Supporting Information, Methods S4.

R E SU LTS
Genomic datasets

After filtering loci, the final dataset, including all individuals (min-
Cov = 25%), retained 8885 SNPs. Taxon-specific datasets (min-
Cov = 50%) retained 6847 SNPs for C. binotatus, 3839 SNPs for 
C. saulcyi moralesi, 8100 SNPs for C. saulcyi vicdessossi, and 7844 
SNPs for C. saulcyi moralesi. Other attributes of the genomic data-
sets used in each specific analysis are presented in the Supporting 
Information, Table S2.
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Phylogenomic analyses and estimation of divergence time
Phylogenomic reconstructions using raxml and svdquartets 
revealed two main clades: one comprising all populations of C. 
binotatus and another including the three subspecific taxa within 
C. saulcyi (Fig. 1; Supporting Information, Fig. S2). The C. saulcyi 
clade was structured into two sister-subclades: one including all 
populations of C. saulcyi moralesi, and another comprising C. saul-
cyi vicdessossi and C. saulcyi saulcyi (Supporting Information, Figs 
1 and S2). Within C. saulcyi moralesi, three lineages were identi-
fied, distributed across the western, central, and eastern Pyrenees 
(Fig. 1; Supporting Information, Fig. S2). Nodes separating the 

main clades were poorly supported in svdquartets’ analyses, 
with bootstrap support (BSS) values <50% (Supporting Informa-
tion, Fig. S2). In contrast, raxml analyses based on concatenated 
SNP data showed strong support for the nodes separating C. bino-
tatus from C. saulcyi, and C. saulcyi vicdessossi from C. saulcyi saulcyi 
(Fig. 1). Divergence-time estimates in bpp suggested that C. bino-
tatus and C. saulcyi diverged c. 0.4 Mya, while the three subspecies 
within C. saulcyi split c. 0.3 Mya (Chibanian period; Fig. 2). Note 
that these estimates assume no post-divergence gene flow (i.e. a 
strictly bifurcating model), and may thus underestimate actual 
divergence times (see fastsimcoal2 analyses below).

Figure 1. (A, C) results of genetic assignments based on structure and (B) phylogenetic relationships inferred with raxml for the four taxa 
of the Chorthippus binotatus species complex from the Pyrenees Mountains. A, pie charts on map show the geographic location of genotyped 
populations and their respective genetic assignments for K = 7. C, In barplots, each individual is represented by a horizontal bar partitioned into 
K coloured segments showing the individual’s probability of belonging to the cluster with that colour; thin horizontal black lines separate 
individuals from different populations. B, In phylogenetic tree, black dots on nodes indicate bootstrap support (BSS) values >0.95%; estimated 
BSS values are indicated on the right side of nodes separating main clades. Population codes as described in Supporting Information, Table S1.
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Testing for introgression
D-statistic tests revealed significant genetic introgression (i) from 
C. saulcyi moralesi into most populations of C. binotatus (BORA, 
BUER, GUAR, and TOST) and into the two westernmost pop-
ulations of C. saulcyi saulcyi (BATE and CABR); (ii) from C. saul-
cyi saulcyi into the two easternmost populations of C. saulcyi 
moralesi (CREU and QUER); and (iii) from C. binotatus into the 
two northernmost populations of C. saulcyi saulcyi (BATE and 
ALBE) (Fig. 3; Supporting Information, Table S5). However, 
D-statistic tests did not show significant genetic introgression 
from C. binotatus into any population of C. saulcyi moralesi (Fig. 
3; Supporting Information, Table S5).

Genetic diversity, structure, and admixture
structure analyses, including all populations and taxa, showed 
that ΔK peaked at  K = 2 and had a secondary peak at K = 7, while 
LnPr(X|K) reached an asymptote at K = 7–8 (Supporting Infor-
mation, Fig. S3A). Genetic clusters inferred at K = 2–3 were 
inconsistent with phylogenomic inferences and current taxo-
nomic assignments (see Supporting Information, Fig. S4), which 
might be a consequence of uneven population sampling across 
taxa/lineages (Puechmaille 2016) and/or reflect the difficulties 
of structure to identify higher level clustering schemes and to 

assign individuals from complex genetic histories into too few 
clusters (Kalinowski 2011, Funk et al. 2020). From K = 4 to K = 7, 
structure analyses showed a hierarchical split among taxa and 
within-taxon lineages consistent with phylogenomic inferences 
(Fig. 1). The population from TOST was identified as admixed, 
with approximately 25% of its ancestry deriving from the eastern 
lineage of C. saulcyi moralesi (Fig. 1). Genetic diversity of this 
admixed population was significantly higher than in parental pop-
ulations of C. binotatus (one-sample t-tests, Hd: t = –4.43, 
P = .011; π: t = –4.07, P = 0.027) and C. saulcyi moralesi 
(one-sample t-tests, Hd: t = –9.39, P < .001; π: t = –10.74, 
P < .001), and was the highest among all analysed populations 
(Supporting Information, Table S1). structure analyses showed 
that all other populations presented limited signatures of genetic 
admixture with other taxa (Fig. 1). Analyses restricted to individ-
ual taxa (excluding TOST for C. binotatus) revealed strong genetic 
structure within each, with most populations forming distinct 
clusters at higher K values (Supporting Information, Figs S3B–E, 
S5). Admixture among genetic clusters within taxa was absent or 
limited, mostly involving nearby populations of the more densely 
sampled taxon C. saulcyi moralesi. Principal component analyses 
(PCA) of genetic variation showed a genetic clustering of popu-
lations similar to that inferred by structure analyses 

Figure 2. Population tree inferred with svdquartets and divergence times estimated using bpp (analysis A00). Bars on nodes indicate 95% 
highest posterior densities (HPD) of divergence times estimated considering a genomic mutation rate of 2.8 × 10−9 per site per generation and a 
one-year generation time. Background colours indicate geological divisions of the Quaternary. Population codes as described in Supporting 
Information, Table S1.
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(Supporting Information, Figs S6, S7). Remarkably, in the PCA 
including all taxa (Supporting Information, Fig. S6), the popula-
tion ESCT of C. saulcyi vicdessossi was largely differentiated along 
PC1 from the rest of populations. This population harboured the 
lowest level of genetic diversity across all analysed populations 
(one-sample t-tests, Hd: t = 12.03, P < .001; π: t = 10.93, 
P < .001; Supporting Information, Table S1), indicating that it 
has probably experienced strong genetic drift.

Mode and timing of speciation and admixture
The best-fitting model was a scenario in which C. binotatus and C. 
saulcyi moralesi diverged in strict isolation followed by an admix-
ture event that led to the formation of the hybrid population from 
TOST and contemporary gene flow (Model B; Table 1; Fig. 4). 

Alternative models received lower support (ΔAIC > 2; Table 1). 
Considering one generation per year, the split between C. binota-
tus and C. saulcyi moralesi was estimated to take place during the 
early Pleistocene (c. 0.866 Mya; Calabrian age; Table 2; Fig. 4). 
The admixture event that led to the formation of the hybrid pop-
ulation of TOST was estimated to have occurred during the pen-
ultimate glacial period (c. 182 kya; Table 2; Fig. 4). In line with 
inferences from structure (see Results), c. 73% of the ancestry 
of TOST was estimated to have originated from C. binotatus and 
27% from C. saulcyi moralesi (Table 2; Fig. 4). Contemporary 
effective migration rates per generation between the admixed 
population from TOST and C. binotatus was estimated to be more 
than five-fold higher than between TOST and C. saulcyi moralesi 
(Table 2; Fig. 4).

Figure 3. Analyses of introgression based on four-taxon D-statistic (ABBA/BABA) tests. Analyses were designed to test for introgression from 
one taxon (P3) into each population of the focal taxon (P1; circles and stars on maps). For both P2 and P3, we used reference populations with 
no signatures of genetic introgression from other taxa. Chorthippus reissingeri was used as an outgroup (P4) in all analyses. Stars indicate 
populations presenting significant (P < .05) genetic introgression. Colours of circles and stars show the absolute value of the inferred D-statistic 
estimate for each focal population. Background dots represent occurrence records of taxa involved in each comparison, as a proxy of their 
current distribution. Statistics for all analyses are presented in Supporting Information, Table S3. Population codes as described in Supporting 
Information, Table S1.
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Comparing taxa’s environmental space
MANOVA revealed significant differences among taxa in the envi-
ronmental spaces they occupy (Wilk’s λ = 0.214, F12, 387 = 25.52, 
P < .001; Fig. 5). One‐way ANOVAs showed significant differ-
ences among taxa in all analysed variables (elevation: F3, 149 = 37.00; 
P < 0.001; bioclimatic PC1: F3, 149 = 9.39; P < .001; bioclimatic 
PC2: F3, 149 = 39.76; P < .001; bioclimatic PC3: F3, 149 = 42.54; 
P < .001; Fig. 5). Post hoc tests indicated significant pairwise dif-
ferences in most cases, especially between C. binotatus and any 
subspecies of C. saulcyi (Supporting Information, Table S6).

Environmental niche modelling
Climatically suitable areas predicted by taxon-specific ENMs are 
highly congruent with their respective present-day observed dis-
tributions (Supporting Information, Figs S8–S11). Currently 
suitable areas correspond to the Pyrenean and pre-Pyrenean 

foothills for C. binotatus (Supporting Information, Fig. S8B), sub-
alpine-montane habitats in the central Pyrenees for C. saulcyi 
moralesi (Supporting Information, Fig. S9B), the northern central 
Pyrenean foothills for C. saulcyi vicdessossi (Supporting Informa-
tion, Fig. S10B), and the eastern Pyrenean foothills and pre-Py-
renean mountains for C. saulcyi saulcyi (Supporting Information, 
Fig. S11B). Details on the performance and parameters of tax-
on-specific models are presented in Supporting Information, 
Table S7. Projections of taxon-specific ENMs under bioclimatic 
conditions from the LGM to the present, at 100-year intervals, 
indicate that all taxa underwent downslope range shifts and expan-
sions during the last glacial period. However, the inferred range 

Figure 4. Schematic of the best-supported model (i.e. divergence in 
strict isolation followed by an admixture event and contemporary 
gene flow; see Table 1) for divergence of Chorthippus binotatus and 
C. saulcyi moralesi and the event leading to the formation of the 
admixed population from Montan de Tost (TOST). Parameters 
include mutation-scaled ancestral (θANC, θANC-MONT, and θANC-ERRM) 
and contemporary (θMONT, θTOST, and θERRM) effective population sizes 
(proportional to thickness of vertical bars), effective migration rates 
per generation (m01, m10, m12, and m21, proportional to arrow 
thickness), the proportion of lineages transferred from parental 
lineages to the admixed population of TOST (r and 1–r, propor-
tional to thickness of horizontal bars), and the timing (scale bar on 
left) of divergence (TDIV) and admixture (TADMIX). Migration rates 
(m) are presented as 2Nm and estimates of time are given in years, 
assuming one generation per year. Contemporary effective popula-
tion size of C. binotatus (θMONT) was calculated from levels of 
nucleotide diversity (π) and fixed in fastsimcoal2 analyses to 
enable estimation of other parameters (see Materials and methods 
for further details). Demographic parameter values and confidence 
intervals are detailed in Table 2. Population codes as described in 
Supporting Information, Table S1.

Table 1. Alternative models of divergence and admixture tested using 
fastsimcoal2.

Model lnL k AIC ΔAIC ωi

ModelA –1600.18 8 3216.35 13.30 0.00
ModelB –1591.52 10 3203.05 0.00 0.76
ModelC –1595.51 9 3209.02 5.97 0.04
ModelD –1591.87 11 3205.74 2.69 0.20

Models include scenarios of divergence in strict isolation followed by an admixture 
event (Model A), divergence in strict isolation followed by an admixture event and 
contemporary gene flow (Model B), divergence with gene flow followed by an 
admixture event and interruption of contemporary gene flow (Model C), and 
divergence with gene flow followed by an admixture event and contemporary gene flow 
(Model D) (see Supporting Information, Fig. S1). The best-supported scenario is 
highlighted in bold and depicted in Figure 4. The site frequency spectrum used for 
fastsimcoal2 analyses contained 1014 variable SNPs.
lnL, maximum likelihood value of the model; k, number of parameters in the model; 
AIC, Akaike’s information criterion value; ΔAIC, difference in AIC value from that of 
the strongest model; ωi, AIC weight.

Table 2. Parameters inferred from coalescent simulations with 
fastsimcoal2 under the most-supported scenario of divergence of 
Chorthippus binotatus and C. saulcyi moralesi and the event leading to 
the formation of the admixed population from TOST (Model B).

Parameter Point 
estimate

Lower bound Upper bound

θANC 29 536 66 853 98 526
θANC-MONT 377 466 358 680 398 651
θANC-ERRM 456 830 435 055 474 562
θMONT 774 140
θTOST 846 828 810 570 878 188
θERRM 448 919 426 702 461 465
m01 0.799 0.729 0.795
m10 0.874 0.779 0.856
m12 0.165 0.128 0.156
m21 0.087 0.067 0.081
r 0.727 0.712 0.732
TDIV 865 855 783 967 849 916
TADMIX 181 610 173 107 188 102

Table shows point estimates and lower and upper 95% confidence intervals for each 
parameter, which include the mutation-scaled ancestral (θANC1, θANC2, and θANC3) and 
contemporary effective population sizes (Chorthippus binotatus: θMONT; C. saulcyi 
moralesi: θERRM; admixted population: θTOST), effective migration rates per generation 
(m01, m10, m12, and m21), the proportion of lineages transferred from C. binotatus to the 
admixed population of TOST (r), and the timing of divergence (TDIV) and admixture 
(TADMIX). Migration rates (m) are presented as 2Nm and estimates of time are given in 
years, assuming one generation per year. The model is illustrated in Figure 4. 
Contemporary effective population size of C. binotatus (θBIN) was calculated from its 
levels of nucleotide diversity (π) and fixed in fastsimcoal2 analyses to enable the 
estimation of all other parameters (see Materials and methods for further details).
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dynamics were taxon-specific. The extent and connectivity of 
suitable areas for the Mediterranean-montane C. binotatus (Sup-
porting Information, Fig. S8A) and C. saulcyi saulcyi (Supporting 
Information, Fig. S11A) peaked around the LGM c. 22–18 kya) 
and then declined abruptly from the end of the last glacial period 
until the onset of the Holocene (c. 18–10 kya), when both taxa 
experienced a gradual and slight range expansion until the present 
day (Supporting Information, Figs S8a and S11a). In contrast, the 
extent of suitable areas for the subalpine-montane C. saulcyi 
moralesi (Supporting Information, Fig. S9A) and C. saulcyi vicdes-
sossi (Supporting Information, Fig. S10A) reached a minimum 
around the LGM (c. 20–18 kya), expanded abruptly c. 18 kya ago, 
and then progressively decreased from c. 15 kya ago until the pres-
ent day (Supporting Information, Figs S9A, S10A). Consistent 
with these predictions, the extent of range overlap between taxa 
peaked at the end of the last glacial period (c. 22–18 kya for C. 
saulcyi moralesi-C. binotatus and c. 18–15 kya for the remaining 
species pairs) but remained very limited from the onset of the 
Holocene to the present day (Fig. 6).

D I S C U S S I O N
Our comprehensive suite of analyses on a complex of recently 
diverged (<0.9 Mya) grasshoppers distributed across the Pyrenees 
has revealed that the formation and persistence of narrow endemic 
lineages in mountain systems probably results from: (i) population 
isolation and divergence driven by the interplay among limited 
dispersal capacity, topographically complex landscapes, and range 
dynamics driven by Pleistocene climatic oscillations (i.e. igniters 
of lineage formation); and (ii) long-term persistence thanks to the 
continuous presence of climatically suitable refugia and short spe-
ciation times that facilitate recently formed lineages became repro-
ductively isolated (i.e. lineage persistence) (Dynesius and Jansson 
2014). Despite all taxa within the studied complex currently pres-
ent adjacent distributions and had ample opportunity for hybrid-
ization during historical periods of secondary contact, clustering 
analyses showed abrupt genetic discontinuities coinciding with 
the distributional limits of each putative taxon, and introgression 
tests revealed that historical hybridization was restricted to bound-
ary populations. These findings support the taxonomic status of 
the two currently recognized species and the genotypic distinc-
tiveness of the three narrowly distributed subspecific lineages, 
emphasizing the role of Mediterranean mountains as key centres 
of speciation and hotspots of local endemism.

Species’ delimitation under incomplete lineage sorting and 
introgression

Phylogenomic analyses revealed two main clades corresponding 
to the currently recognized species C. binotatus and C. saulcyi, with 
subclades aligning with the three subspecific taxa within C. saulcyi 
and the phylogeographic breaks reported in a previous microsat-
ellite-based study for C. saulcyi moralesi (Noguerales et al. 2016). 
However, coalescent-based phylogenetic analyses showed weak 
support for most internal nodes (BSS < 60%; Supporting Infor-
mation, Fig. S1; see also: Noguerales et al. 2018), probably reflect-
ing both historical hybridization (see Results) and incomplete 
lineage sorting due to recent divergence (Carstens and Knowles 

2007). Phylogenetic dating under a strictly bifurcating tree (Fig. 
2) and fastsimcoal2 simulations accounting for post-divergence 
gene flow (Fig. 4) both estimated recent divergence of all taxa 
(<0.9 Mya). This may explain the weak phylogenetic support for 
main lineages, which is probably driven by incomplete lineage 
sorting (Carstens and Knowles 2007), along with other factors 
such as short DNA sequences and limited phylogenetically infor-
mative characters. Although low nodal support does not fulfil the 
reciprocal monophyly criterion required to define independently 
evolving lineages (Knowles and Carstens 2007), different lines of 
evidence support the distinctiveness of the all taxa under the geno-
typic cluster species concept (Mallet 1995). All putative taxa, 
whether specific or subspecific, showed sharp genetic discontinu-
ities aligned with their respective distributional boundaries, sup-
porting that the inferred high-level hierarchical genetic clusters 
do not correspond with genetic clines resulted from within-spe-
cies differentiation (e.g. isolation by distance; e.g. Pyron et al. 
2023, Ortego et al. 2024, Pyron et al. 2024). Except for the 
admixed population of TOST (see Results), we found little evi-
dence of admixture among hetero(sub)specific populations, sup-
porting that all taxa are separated by well-defined genetic 
boundaries.

Admixture and genetic introgression
Introgression analyses based on the D-statistic revealed that his-
torical gene flow among taxa was limited and exclusively involved 
boundary populations (Fig. 3). Although all taxa are currently 
allopatric, inferences from taxon-specific ENMs suggest that their 
distributional ranges largely overlapped during glacial periods, 
probably leading to secondary contact and allowing for hybrid-
ization. Comparisons of spatial patterns of genetic introgression 
and inferred range shifts of C. binotatus and C. saulcyi morale-
si—the two taxa with broader distributions—provide significant 
insights into the proximate processes underlying historical hybrid-
ization dynamics. Despite their current adjacent ranges, C. saulcyi 
moralesi typically occupies higher elevations in the central Pyre-
nees, while C. binotatus is mainly found at lower elevations in the 
foothills and pre-Pyrenean ranges (Fig. 5A; Supporting Informa-
tion, Figs S8, S9). Whereas D-statistic tests showed that most 
populations of C. binotatus are introgressed with C. saulcyi moralesi, 
there was no evidence for significant introgression in the opposite 
direction, indicating that historical hybridization between the two 
taxa was asymmetric. This pattern aligns with inferences from 
taxon-specific ENM, which showed that populations of C. saulcyi 
moralesi probably expanded downslope into the range of C. bino-
tatus during glacial periods, while C. binotatus has never colonized 
the subalpine and montane zones currently occupied by C. saulcyi 
moralesi in the central Pyrenees (Supporting Information, Figs S8, 
S9).

Among all genotyped populations, only TOST showed a high 
admixed ancestry resulting from historical hybridization between 
C. binotatus and one of the lineages of C. saulcyi moralesi (Fig. 1). 
fastsimcoal2 analyses showed that C. binotatus and C. saulcyi 
moralesi probably split c. 0.9 Mya (Calabrian age), whereas the 
admixture event that led to the formation of the hybrid population 
of TOST was estimated to happen during the penultimate glacial 
period c. 182 kya (Late Pleistocene; Fig. 4). Unlike other 
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populations with subtle signatures of genetic introgression—
imperceptible in Bayesian clustering analyses—the high level of 
admixed ancestry in TOST probably reflects a stable hybrid swarm 
originating from parental populations that contributed substantial 
portions of their genomes. However, despite its high admixed 
ancestry, the two parental species did not contribute equally to 
the genome of this hybrid population. Coalescent-based analyses 
estimated that c. 73% and 27% of the ancestry of TOST population 
originated from C. binotatus and C. saulcyi moralesi, respectively 
(Fig. 4), which is in line with inferences from structure analyses 
(Fig. 1) and consistent with the taxonomic assignment of this 
population to C. binotatus (Llucià-Pomares 2002). The population 
of TOST is established at 1190 m.a.s.l., in an area with a Mediter-
ranean vegetation (Quercus ilex, Buxus sempervirens, and Thymus 
sp.), characteristic of the typical habitats occupied by C. binotatus 
in the Pyrenean foothills. Notably, gene flow between the admixed 
population of TOST and C. binotatus was estimated to be five 
times higher than with C. saulcyi moralesi, suggesting that ecolog-
ical, genetic, and/or phenotypic similarities may have facilitated 

subsequent gene flow with the taxon that contributed most to its 
genome (Fig. 4). Collectively, the phenotypic and ecological sim-
ilarity of the admixed TOST population to C. binotatus illustrates 
how even substantial levels of admixture do not necessarily lead 
to detectable evolutionary outcomes (e.g. via phenotypic assimi-
lation by one of the parental species; Huang 2016) and may often 
go unnoticed without genomic data.

Drivers of microgeographic speciation
Multiple lines of evidence support that the formation of narrow 
endemic taxa in the studied complex was probably a consequence 
of high rates of lineage formation coupled with rapid evolution of 
reproductive isolation (i.e. short-speciation times) that allowed 
their persistence through evolutionary time (Dynesius and Jans-
son 2014). Bayesian clustering analyses revealed strong genetic 
structure within all taxa, with populations often forming discrete 
clusters and showing limited admixture (Supporting Information, 
Figs S5, S7). This structure probably reflects differentiation at 
contrasting spatiotemporal scales, from the disruption of gene 

Figure 5. (A) elevation and (B, C) scores of a principal component analyses (PCA) on bioclimatic variables (PC1, PC2, and PC3) for 
occurrence sites of the four taxa of the Chorthippus binotatus species complex from the Pyrenees Mountains. Violin plots show values for 
occurrence sites (small coloured dots) and mean and confidence intervals (black dots and vertical bars, respectively) for each taxon.
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flow among nearby populations separated by dispersal barriers to 
the formation of phylogeographic lineages resulting from histor-
ical range fragmentation. Factors contributing to genetic isolation 
and lineage formation include limited dispersal capacity of most 
grasshoppers (e.g. Voje et al. 2009, González-Serna et al. 2019, 
Ortego et al. 2021), the high topographic complexity of the region 
(i.e. landscape barriers to dispersal; e.g. Noguerales et al. 2016, 
Valbuena-Ureña et al. 2018, Tonzo et al. 2019), and population 
fragmentation resulting from distributional shifts due to Pleisto-
cene climatic oscillations (Supporting Information, Figs S8–S11). 
These processes are well-exemplified in C. saulcyi moralesi, which 
shows a marked population genetic structure at short geographical 
scales (<10 km; Supporting Information, Fig. S5B) and a major 
east–west phylogeographic break (Fig. 1B; see also: Noguerales 

et al. 2016). This transverse break (sensu Wallis et al. 2016), also 
reported in other co-distributed organisms (Charrier et al. 2004, 
Valbuena-Ureña et al. 2018, Tonzo et al. 2019), has been attributed 
to range fragmentation when glaciers covered extensive areas from 
the central part of the Pyrenees during the coldest stages of the 
Pleistocene (Ehlers et al. 2011).

The persistence of these recently formed lineages at such fine 
spatial scales is probably driven by short speciation times and the 
rapid evolution of reproductive barriers, which is instrumental in 
preventing lineage fusion and speciation reversal during periods 
of secondary contact (Fig. 6; e.g. Maier et al. 2019). Accordingly, 
dating analyses suggest that divergence occurred <0.9 Mya, within 
the range of speciation times reported for sister-lineages of Ortho-
ptera that are co-distributed and demonstrably reproductively 

Figure 6. Extent of range overlap between each pair of taxa as inferred from projections of taxon-specific environmental niche models (ENM) 
to bioclimatic conditions during the last 22 000 years (i.e. from ce1990 to the LGM) at 100-year time intervals. The degree of overlap in the 
distribution of each pair of taxa at each time interval was calculated as the number of cells where the two focal taxa were predicted to be present 
according to the maximum training sensitivity plus specificity (MTSS) logistic threshold for occurrence of their respective taxon-specific ENM.
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isolated (e.g. Ortego et al. 2021, 2024). Given the allopatric dis-
tributions of the studied taxa, speciation was most likely driven 
by the progressive accumulation of reproductive isolation due to 
strong genetic drift in small populations during extended periods 
of geographical isolation (e.g. Kalirad et al. 2024). This can include 
the development of both pre-zygotic (e.g. ecological isolation, 
gamete incompatibility, and/or divergence in internal genitalia 
and courtship behaviour) and post-zygotic (e.g. hybrid inviability 
or sterility; i.e. Dobzhansky–Muller incompatibilities) reproduc-
tive barriers, which can quickly accumulate in isolated populations 
(Coyne and Orr 1989, Bailey et al. 2004, Presgraves 2010, Lang-
erhans et al. 2016, Hagberg et al. 2022). Although geographical 
isolation is the most parsimonious driver of divergence at early 
stages of speciation, ecological divergence might have also played 
an important role on the formation and/or maintenance of species 
boundaries in the studied complex. For instance, whereas C. bino-
tatus exclusively feeds on scrub legumes, C. saulcyi is predomi-
nantly graminivore, a contrasting feeding regime that might have 
triggered diversification through niche partitioning (Noguerales 
et al. 2018, Noguerales and Ortego 2022). Likewise, although the 
presence of impassable barriers to dispersal (i.e. Pyrenees moun-
tains) seems to be the main driver explaining the allopatric distri-
bution of some taxa, ecological divergence might have also played 
an important role in the reproductive isolation between the Med-
iterranean C. binotatus and the subalpine-montane C. saulcyi 
moralesi, which occupy different habitats and elevational ranges, 
despite some of their respective populations being separated by 
<7 km (Fig. 1A). Future genotype–environment association anal-
yses and the investigation of lineage-specific selection signatures 
in particular genomic regions may help to clarify the potential role 
of selection in driving speciation and ecological adaptation in the 
studied complex (e.g. Soria-Carrasco et al. 2014, Chase et al. 
2021). Altogether, although introgression and admixture analyses 
suggest that taxa might have not achieved complete reproductive 
isolation, historical gene flow has been limited and spatially 
restricted, indicating that semi-permeable boundaries have not 
compromised their genetic distinctiveness and independent evo-
lutionary trajectories (e.g. Ortego and Knowles 2022, Ortego  
et al. 2024).

CO N CLU S I O N S
Collectively, our findings emphasize the interplay between high 
rates of lineage formation and rapid evolution of partial reproduc-
tive isolation in promoting microgeographic speciation in topo-
graphically complex landscapes. These results highlight the 
potential of integrative, multidisciplinary approaches to under-
standing spatial heterogeneity of speciation rates and to illuminate 
the mechanisms that make mountain systems important hotspots 
of speciation and centres of endemism.
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